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Summary

The aim of the experiments conducted in this thesis was to investigate the effect o f a range 

of lipid-based vehicles on the intestinal lymphatic transport o f triglycerides and o f two 

lipophilic compounds- DDT and cyclosporine, in vivo in a mesenteric lymph duct- 

cannulated model and in vitro in a Caco-2 cell culture model.

A range o f lipid-based vehicles was rationally designed with the aim o f enhancing the 

intestinal lymphatic transport of lipophilic molecules. These vehicles were characterised in 

terms of their appearance, particle size upon dilution, digestibility and drug solubilisation 

capacity in both preconcentrate and dilute forms. Initial in vivo studies were carried out 

using DDT, a model lipophilic compound, which is transported in appreciable quantities 

via the lymphatics. The rate and extent of lymphatic transport o f DDT and triglyceride 

from mixed and simple micelles and self-emulsifying drug delivery systems (SEDDS) 

(based on both long and medium chain based triglycerides such as olive, com, peanut, 

soybean, Miglyol 812 and Captex 355 oil), was compared following intraduodenal 

administration o f each formulation.

The SEDDS appeared to hold the most potential, in terms of rate and extent o f DDT 

l>'mphatic transport. Both long and medium chain triglyceride-based SEDDS promoted 

IjTnphatic transport of DDT to a similar extent, with the lack of difference between the two 

being attributed to the presence of excipients containing long chain fatty acids in both 

formulations. Simple micelles containing Tween 80 also promoted lymphatic transport but 

to a lesser extent than the SEDDS. The presence of DDT in these Tween 80 systems did 

not significantly alter lymph triglyceride output. The in vitro solubility o f DDT in isolated 

l>Tnph o f varying triglyceride was measured and was found to increase with increasing 

triglyceride content up to a certain triglyceride level, beyond which solubility remained 

constant. For most o f the lipid vehicles there was a strong positive correlation between the 

lymphatic transport o f DDT and lymph triglyceride output, suggesting that enhanced 

lymphatic transport was coupled with triglyceride (chylomicron) tumover. Doubling the 

administered DDT dose in a com oil-based SEDDS did not affect the rate or the extent of 

DDT lymphatic transport, suggesting that only a limited quantity o f DDT could be 

lymphatically transported.



The lymphatic transport o f cyclosporine from long chain triglyceride-based SEDDS was 

subsequently investigated. Cyclosporine lymphatic transport was significantly lower 

(typically less than 4% of the administered dose) than that of DDT. Increasing the 

cyclosporine dose administered appeared to increase lymphatic transport up to a certain 

point, beyond which no benefit was derived firom increasing the dose. Administration of 

the lipid vehicles did promote lymphatic transport but the dependence o f cyclosporine 

lymphatic transport on triglyceride output was less well defined compared to that o f DDT. 

This was evidenced by the lower correlation coefficients between cyclosporine and lymph 

triglyceride transport. Furthermore, administration o f a formulation that did not promote 

triglyceride output resulted in lower yet significant levels o f cyclosporine transport, 

suggesting the involvement o f other mechanisms in the intestinal lymphatic transport o f 

cyclosporine. The low extent of cyclosporine transport may be due to its lower log P  value 

and its high affinity for red blood cells. An affinity for red blood cells has been shown to 

result in a favouring towards partition of a drug molecule into the blood rather than the 

lymph. Unlike DDT, the presence o f cyclosporine in the formulations led to significant 

reductions in lymph triglyceride output. This reduction appeared to occur in a dose- 

dependent manner. Additionally, cyclosporine lymph solubility was much lower than that 

o f DDT and appeared to decrease after a certain triglyceride level was reached.

The effect of a selection o f the lipid vehicles on the metabolism and secretion of lipid in 

the Caco-2 cell culture model was also assessed. While the triglyceride secretion 

efficiency o f the in vitro model was substantially lower than that in the in vivo rat model, in 

general a good correlation existed between triglyceride secretion in the two models. 

Deviations fi*om in vivo trends occurred when MCT-based SEDDS and pre-digested 

formulations where incubated with the cells. The findings suggest that the Caco-2 cell 

culture may be potentially usefiil for screening lymphotropic vehicles but care should be 

taken if Caco-2 cell data is to be solely relied upon. The sensitivity o f the Caco-2 model to 

excipients at high concentrations is also a limitation of the model. There is potential to use 

the model to further elucidate mechanisms of lymphatic transport o f certain compounds.

VI
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Chapter 1- Origin and Scope

1. Origin and Scope

The lymphatic system is a specialised drainage network spread throughout the body. It 

shadows the blood circulatory system and its main function is to return fluid, which has 

leaked into the interstitial space, back to the blood (O’Driscoll, 1992). Advantages o f drug 

delivery to the intestinal lymphatic system include the avoidance o f first pass metabolism, 

increased bioavailability and the opportunity for sustained drug levels. In addition, 

targeting specific disease states known to spread through the lymphatic system such as 

certain cancers and HIV is possible (Porter and Charman, 2001). It is now well established 

that following oral administration, many lipophilic molecules are absorbed to a certain 

extent by the lymphatics. However, the mechanisms of absorption and transportation of 

lipophilic compounds through the lymphatics is to date, still poorly understood (Porter and 

Charman, 2001).

Strategies used to enhance lymphatic transport o f molecules exploit the different properties 

of the lymphatic system compared to that o f the blood circulatory system and include the 

use o f absorption enhancers (Yoshikawa et a l, 1981) and macromolecules (Hawley et al., 

1995). However, the strategy most utilised and which has met with most success exploits 

the intestinal lipid transport system.

The intestinal lymphatics play an essential role in the absorption o f products from lipid 

digestion, such as long chain fatty acids and lipid-soluble vitamins. When lipophilic drugs 

are co-administered with a lipid-based vehicle, the lipids stimulate the production of 

chylomicrons within the enterocyte. Lipophilic drugs enter the lymphatic system in the 

triglyceride core o f these chylomicrons (Pocock and Vost, 1974). While this method of 

enhancement o f lymphatic transport is still poorly understood, it is known that a range of 

factors act to influence the extent o f lymphatic transport o f a lipophilic drug. These factors 

include the physicochemical and pharmacokinetic properties o f the drug such as its log P  

value and triglyceride solubility (Charman and Stella, 1986b), the extent o f its red blood 

cell binding (Myers and Stella, 1992), and its susceptibility to P-gp and cytochrome 

mechanisms (Khoo et al., 1998a; Griffin, 2001). The properties o f the co-administered 

vehicle also influence the lymphatic transport of a compound with the chain length of the 

co-administered lipid (Palin et al., 1982; Caliph et al., 2000), its degree o f fatty acid
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Chapter 1- Origin and Scope

saturation (Clarke et a l, 2000) and the dispersion properties o f the vehicle (Porter et ah, 

1996b; Griffin, 2001) all intrinsic to the lymphatic transport o f a drug molecule.

Previous lymphatic transport studies in our lab used DDT as a model lipophilic compound 

(Griffin, 2001). DDT has a high log P  value (6.19) (Patton et al., 1984), high triglyceride 

solubility (97.5mg/ml in peanut oil) (Myers and Stella, 1992), is relatively metabolically 

stable (Kitamura et al., 2002) and is well transported by the intestinal lymphatics (Pocock 

and Vost, 1974; Sieber, 1976). These properties make it an ideal candidate to study the 

various parameters affecting lymphatic transport. The effect o f a range o f lipid-based 

vehicles on the intestinal lymphafic transport of DDT was investigated using the 

anaesthetised lymph duct- cannulated rat model. Administration o f DDT with mixed 

micelles containing long chain fatty acids was found to enhance lymphatic transport 

relative to simple micelles (Griffin, 2001).

Formulation o f oleic acid into a self-emulsifying drug delivery system (SEDDS) resulted in 

similar lymphatic transport to that fi'om the mixed micelles (Griffin, 2001). SEDDS are 

more desirable from a pharmaceutical point o f view, as they are capable o f solubilising 

higher concentrations of drug while providing a suitable vehicle for delivery in a soft gel 

capsule. With the emergence of commercial lipid-based formulations such as Neoral® 

(cyclosporine) and Fortovase® (saquinavir), much attention has been focused on the use of 

SEDDS for improving the extent and reproducibility o f absorption o f lipophilic drugs. 

However, relatively few studies have explored the effect of these formulations on the rate 

and extent o f lymphatic transport of lipophilic compounds. It would be prudent therefore, 

to further investigate lymphatic delivery of DDT from a wider range o f SEDDS containing 

different triglycerides and surfactants.

Suitable in vitro methods o f characterising and assessing these SEDDS are required. Many 

methods have been employed to characterise SEDDS including particle size analysis, 

conductivity and drug solubilisation (Gursoy and Benita, 2004). However, there is no 

general consensus as to exactly which properties confer advantages with regard to 

bioavailability enhancement or as to the most informative characterisation technique. 

Using information obtained fi'om both Caco-2 cells (Seeballuck, 2004) and fi'om previous 

animal studies conducted in our lab (Griffin, 2001), a range of lipid based vehicles were
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rationally designed, using excipients known to enhance triglyceride output and inhibit P- 

gp/ CYP enzymes, with the specific aim of lymphatic transport enhancement in mind.

Further studies in our lab investigated the intestinal lymphatic transport o f saquinavir, a 

HIV protease inhibitor (Griffin, 2001). Saquinavir is highly lipophilic (clog P  o f 4.7) 

(Griffin, 2001) and undergoes first-pass metabolism (Noble and Faulds, 1996), making it a 

potential candidate drug for lymphatic transport studies. When administered in a mixed 

micellar formulation, only 0.027% of a 5mg saquinavir dose was transported in the 

mesenteric lymph over an 8-hour period. This figure was increased to 0.17% when 

verapamil and ketoconazole, two P-gp/ CYP modulators were co-administered, 

demonstrating that the lymphatic transport o f a drug can be increased through this kind of 

modulation. The low level of lymphatic transport o f saquinavir can be rationalised in 

terms of its low triglyceride solubility, which is approximately 80- fold lower than that of 

DDT (Griffin, 2001). This lower triglyceride solubility means that saquinavir 

preferentially partitions into the blood rather than the lymph following absorption by the 

enterocyte. These studies illustrated the importance of considering other characteristics of 

a drug besides its log P. It is also important to note that while the use o f ‘ideal’ lymphatic 

candidates such as DDT provide useftil mechanistic information regarding lymphatic 

transport, it is through the use o f ‘non-ideal’ drugs that other factors influencing lymphatic 

transport will be discovered.

Cyclosporine is a lipophilic (log P  2.91) undecapeptide drug used clinically for its 

immunosuppressant properties (Ptachinski et a i,  1986). Its action is thought to be 

mediated via T-lymphocytes, which circulate through the lymphatic system (Wish, 1986). 

Hence, increasing cyclosporine concentration in the lymph is thought to be advantageous 

with regard to therapeutic efficacy. Early studies conducted in thoracic lymph duct- 

cannulated rats have suggested that less than 2% of a cyclosporine dose is transported in 

the lymph (Ueda et al., 1983). These earlier studies used relatively simple lipid and 

surfactant systems. There have been no further reports regarding the lymphatic transport 

o f cyclosporine from SEDDS, despite the introduction o f Neoral®, a commercially 

available SEDDS formulation containing cyclosporine. Furthermore in recent times 

generic versions o f Neoral® have emerged, but although reports indicating the 

bioequivalency of these products have been published (Koehler et al., 2002; Andrysek et 

al., 2003) no studies have addressed disposition o f the drug in the lymphatic system. There
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is also now some controversy as to whether the particle size o f a cyclosporine formulation 

is important in determining its bioavailability (Andrysek, 2003). Previous studies, using 

DDT have indicated that the dispersion o f lipid droplets into a finely emulsified state 

appears to be an essential step for intestinal absorption of both drug and lipid (Griffin, 

2001), as to whether this applies to cyclosporine remains unanswered.

Enhancing the transport o f cyclosporine through the lymphatics presents many challenges 

since the log P  of cyclosporine (2.91) is well below the postulated ‘ideal’ log P  value (>5) 

(Charman and Stella, 1986a) for significant lymphatic transport. Additionally, it has been 

suggested that co-administration o f cyclosporine with a lipid vehicle does not enhance its 

lymphatic transport as is the case for DDT and other lipophilic compounds (Takada et al., 

1986b), and that cyclosporine transport is independent o f chylomicron transport (Takada et 

al., 1986a). Cyclosporine is also known to preferably bind to red blood cells rather than 

plasma proteins in the blood (Ptachinski et al., 1986). It is also a substrate for P-gp and is 

subject to first-pass metabolism (Kolars et al., 1991). Thus, enhancing the lymphatic 

transport o f cyclosporine presents many challenges.

To date the majority o f research on lymphatic targeting has been conducted in the rat 

model (Pocock and Vost, 1974; Noguchi et al. 1985a; O’Driscoll et al., 1991; Holm et al., 

2001a; Holm et al., 2001b; Karpf et al., 2004), however there is an increasing trend toward 

the use o f larger animals such as the dog (Khoo et al. 2001), pig (Chen et al., 2000) and 

sheep (Charman et al., 2000) and toward the use of genetically modified animals (mouse) 

(Ng et al., 2000). Research in the lymphatic transport domain has been hindered by the 

lack of suitable high throughput in vitro methods to predict the rate and extent o f lymphatic 

transport o f a molecule. It has been suggested that the in vitro Caco-2 cell culture model 

may be used as a surrogate for animal studies for the investigation of lymphatic transport 

(O’Driscoll, 1998; Seeballuck et al., 2003). The Caco-2 cell model has long been 

established as a suitable model for investigation o f lipid metabolism, although limitations 

and differences to the in vivo response are well recognised (Levy et al., 1995).

In this thesis, a number o f lipid-based vehicles were formulated and characterised in vitro. 

They were then assessed in vivo in the mesenteric lymph-duct cannulated rat. Subsequent 

to this, a selection of formulations was administered to Caco-2 cell monolayers and the 

resulting effect on lipid metabolism and secretion investigated. Previous reports in our lab
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have suggested that the Caco-2 model needs further optimisation to predict accurately the 

lymphatic transport o f drug molecules, but that a good in vivo /  in vitro correlation exists 

for lipid metabolism and secretion in some cases (Seeballuck et a l,  2003; Seeballuck, 

2004). It is hoped that the use o f the Caco-2 model will enable screening of potential 

lymphotropic formulations.
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2 . Targeting of drugs to the lymphatic system

The advent o f combinatorial chemistry and high throughput screening has resulted in the 

rapid identification of many highly potent new chemical entities. However, there has been 

a developing trend toward the identification o f lead compounds with higher molecular 

weights and log octanol/water coefficients (log P), and lower water solubilities. These 

compounds generally provide high affinity binding to drug targets but they do not 

necessarily have ideal biopharmaceutical profiles, which often results in failure to progress 

into clinical development (Porter and Charman, 2001). This trend toward identification of 

poorly water-soluble and highly lipophilic candidate drug molecules has led to an 

increased interest in lymphatic drug transport.

2.1. The lymphatic system

2.1.1. Function of the lymphatic system

The anatomy of the lymphatic system was almost completely characterised by the early 

IQ"* century. However whilst knowledge of the blood circulation continued to grow 

rapidly in the last century, understanding of the lymphatic system progressed at a much 

slower rate (Swartz, 2001).

The lymphatic system has three basic fianctions: 1) it transports interstitial tissue fluid, 

initially formed as blood filtrate, back to the blood, thereby maintaining the body’s water 

balance by returning excess fluid, protein and waste product from the tissue space back to 

the circulatory system; 2) it transports absorbed fat, lipid soluble vitamins and other 

xenobiotics from the small intestine to the blood; and 3) its cells, called lymphocytes, help 

to provide immunological defences against disease causing agents (Hawley et a i ,  1995; 

Fox, 1996).

2.1.2. Advantages of targeting drugs to the lymphatic system

Targeting drugs into the lymph has certain advantages, which arise mainly as a result of the 

unique anatomy and physiology of the lymphatic system. These include avoidance of first 

pass metabolism, direct delivery of cytotoxic drugs for the treatment o f certain cancers, 

and the possibility o f regulating the rate of drug delivery to the systemic circulation 

(O’Driscoll, 1992).
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More sustained blood levels may potentially be achieved through lymphatic transport. The 

time scale o f lymphatic transport is slower than that o f portal blood absorption owing to 

the complex sequence o f events inherent in lymphatic transport. Therefore, the plasma 

profile of a drug absorbed via the portal blood as well as transported via the lymphatics 

would typically be broad, reflecting the slow input of lipoproteins (and associated drug) to 

the systemic circulation. This may also result in the appearance of double peaks in the 

plasma profiles (Edwards et al, 2001).

B- and T- lymphocytes, which play a major role in maintaining the immune system, also 

circulate through the lymphatics in relatively high concentrations compared with the 

systemic blood. Consequently there is considerable interest in the specific delivery o f anti- 

infective or anti-viral agents to the lymph to combat lymphocyte destruction by, for 

example, human immunodeficiency virus (Porter and Charman, 2001; Griffin, 2001).

2.1.3. Anatomy and physiology of the lymphatic system

The lymphatic system consists o f an elaborate network of specialised thin walled vessels, 

nodes and areas o f aggregated lymphoid tissue, distributed throughout the vascular regions 

o f the body (Figure 2.1). These thin walled vessels drain fluid (lymph) from the interstitial 

spaces. Like the vascular system, the lymph is responsible for the transport of fluids and 

cellular elements around the body; however unlike blood vessels, the lymphatics do not 

form a circular system, rather the flow is unidirectional, recovering fluid from the 

periphery and returning it to the vasculature (Yoffrey and Courtice, 1970).

There are five main components in the lymphatic system; the capillaries (sometimes called 

initial or terminal lymphatics), collecting vessels, lymph nodes, trunks and ducts. Their 

sizes range in diameter from 10|am (lymphatic capillaries) to 2mm (thoracic duct) (Swartz, 

2001). Lymph forms when interstitial fluid, which is derived from plasma exudate, moves 

into the lymphatic capillaries. Consequently, lymphatics are only found in tissues that 

possess blood vessels. No lymphatics are found in cartilage or in the optic cornea and lens. 

Lymph drains from the capillaries into the collecting vessels, which pass through at least 

one, but usually several clusters of lymph nodes. Collecting vessels both enter (prenodal) 

and exit (postnodal) the nodes, where lymph has access to the blood via the nodal 

vasculature. These vessels then drain into larger trunks, which in turn lead into the ducts.
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Finally, the ducts return the lymph back into the blood stream, completing the circuit of 

fluid transport (O’Driscoll, 1992).

Lymphatic capillaries are generally thought to be blind-ended structures. They are 10- 

60|am in diameter (Casley-Smith, 1980) and are comprised o f one endothelial layer, 

typically made up of one or two nonfenestrated, highly attenuated cells in cross-section. 

They have a continuous or absent basal membrane and are non-contractile. Lymphatic 

capillaries are absent in the central nervous system, due to its ability to restrict the 

extravasation of plasma proteins from the lumen, thus eliminating the need for capillaries 

(Hawley et a i, 1995). Lymphatic capillaries rely on tethering elastic fibres, called 

anchoring filaments, to couple them to the framework of the extracellular matrix (ECM) 

and thus facilitate fluid convection and lymphatic drainage (Swartz, 2001). Electron 

microscopy has enabled the distinguishing features o f the lymphatic capillaries to be 

described. They are as follows: 1) the lymphatic capillaries are usually much bigger than 

blood capillaries, they have irregular walls, and are often collapsed; 2) the endothelial cells 

lack a continual basal lamina; 3) numerous cytoplasmic projections extend from both 

luminal and abluminal surfaces to give an irregular shape compared to blood capillaries; 4) 

lymphatic capillaries are held open by anchoring filaments and 5) neighbouring endothelial 

cells overlap and ‘open’ intercellular junctions are formed (Leak, 1984).

Unlike the capillaries the collecting lymphatics are generally not tethered to the ECM but 

contain smooth muscle. They also contain one-way valves to aid in lymph propulsion and 

promote unidirectional flow (Hawley et al., 1995). Segments o f collecting lymphatics 

between valves are termed lymphangions, which serve as contractile compartments that 

propel lymph into the next compartment (Swartz, 2001). All collecting lymph vessels pass 

through lymph nodes, which are capsular and organised in clusters throughout the 

lymphatic system. There are hundreds o f lymph nodes in the human body varying in size 

from 1mm to 1cm in diameter (O’Driscoll, 1992). Lymph nodes function as filters and 

reservoirs, and are ideal as incubators for white blood cells (and sometimes tumour cells), 

which proliferate and gain access to the blood through high endothelial venules while in 

the lymph nodes (O’Driscoll, 1992). Furthermore, the white cells in the nodes may 

phagoc>1ose molecules and particles (Adair et al., 1982).
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Lymphatic trunks are the largest lymphatic vessels, which drain lymph from the final set of 

lymph nodes into the ducts. However, the lymphatics from the intestinal, hepatic and 

lumbar areas drain directly into the cistema chyli, a sac-like structure at the distal end of 

the thoracic duct. The thoracic duct is the final branch of the lymphatic system and enters 

the lower region o f the chest by passing through the aortic opening o f the diaphragm and 

joins the blood system at the junction o f the jugular and the left subclavian veins (Hawley 

et al., 1995). By avoiding the liver, a drug molecule which enters the lymphatic system 

from the small intestine, may potentially avoid hepatic first pass metabolism (O’Driscoll, 

1992; Swartz, 2001).

Two components contribute to the net flow rate in the lymphatics: lymph formation and 

lymph propulsion (Swartz, 2001). Formation o f lymph is influenced by the relative 

permeabilities of the blood capillary endothelium and the lymphatic capillary endothelium. 

Normal blood capillaries are permeable to proteins of molecular weight less than 40kD 

which may leak out and accumulate in the interstitium. Persistent leakage and 

accumulation would eventually result in oedema formation. The lymphatic system avoids 

this by removing the excess tissue fluids and plasma proteins and returning them to the 

bloodstream. The blood capillary endothelium is only semipermeable to colloid o f protein 

molecular size. Consequently, only relatively small amounts o f the total plasma protein 

cross the blood capillary wall (O’Driscoll, 1992). The forces that drive lymph propulsion 

through the lymphatics include systemic forces such as respiration, blood pressure, 

exercise and massage. In addition, lymph formation rates may indirectly affect lymph 

propulsion since the smooth muscle contraction o f collecting vessels is stretch sensitive 

(Swartz, 2001).

In general, the chemical composition o f the lymph is very similar to that of plasma and 

many components differ only in concentration. The concentrations of various components 

in the lymph differ depending on species and the region in the body. The major 

components of the lymph are proteins, enzymes, electrolytes, nonelectrolytes such as urea, 

amino acids and creatinine, iron and transferrin and coagulation factors (Yoffrey and 

Courtice, 1970; O ’Driscoll, 1992; Fox, 1996). A major function of the lymphatic system is 

the transport of dietary fats from the gastrointestinal tract via the intestinal lymphatics. 

The concentration o f lipid in the thoracic and intestinal lymph is therefore elevated post- 

prandially, but the concentration of lipid in the peripheral lymph is generally lower than in
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the plasma. Lipids found in the lymph are similar to those in the plasma, with 

concentrations in the lymph being lower except in the case o f the intestinal lymphatics. 

These lipids include triglycerides, phospholipids, cholesterol esters and free cholesterol 

and are present as lipoproteins. Mesenteric lymph collected after fat ingestion contains 

chylomicron lipoproteins, very low-density lipoproteins (VLDL), low-density lipoproteins 

(LDL) and high-density lipoproteins (HDL) (Sakono et al., 1997; Porter et a l,  1996). The 

lipid compositions o f chylomicrons from experimental animals and man are similar, as are 

the apoprotein compositions o f the chylomicrons (Green and Glickman, 1981).
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Figure 2.1. Diagram showing the distribution of the lymphatic system throughout the 

human body

11



Chapter 2- Targeting o f  drugs to the lymphatic system

2.1.4. Anatomy and physiology of the intestinal lymphatics

The anatomy and physiology o f the lymphatic system varies in different regions o f the 

body (O’Driscoll, 1992). There are many reports of drugs accessing the lymphatics after 

parenteral and subcutaneous administration and these are comprehensively reviewed by 

Porter (1997). The majority of drug lymphatic transport studies and the work in this thesis 

has focussed on drug delivery via the intestinal lymphatics after oral/intraduodenal 

administration. For this reason, the anatomy and physiology of the intestinal lymphatics 

are o f particular interest.

The lymphatics o f the small intestine are characterised by the presence in each villus, o f a 

centrally located vessel called a lacteal (Figure 2.2). These lacteals are 20)im in diameter 

and are located about 50|j,m from the epithelial cells (O’Driscoll, 1992), The lacteals join a 

plexus o f lymphatic capillaries in the glandular layer o f the mucosa and then pass down to 

a submucosal network of collecting lymphatics. The superior mesenteric collecting 

lymphatic vessel drains the small intestine and part o f the large intestine (the ascending and 

transverse colon), while the inferior mesenteric vessel drains another part o f the large 

intestine (the descending and sigmoid colon). The mesenteric lymph drains into the 

cistema chyli and is returned to the general circulation via the thoracic duct, thus avoiding 

the liver and potential first-pass metabolism (Barrowman, 1978; O ’Driscoll, 1992). 

Lymphatic vessels in the large intestine are fewer in number and smaller in size. They 

originate deep in the mucosa and near the base o f the glands and are 300-400|o,m ft’om the 

surface of the epithelium (O’Driscoll, 1992).

Intestinal lymph flow rates vary between species and are influenced by lipid and food 

intake. A large difference exists between intestinal lymph and blood flow rates, with the 

relative portal blood flow rate to intestinal lymph flow rate being approximately 500:1 

(Charman and Stella, 1986b; O’Driscoll, 1992). The rate o f lymph formation in the small 

intestine is influenced mainly by the rate o f fluid filtration across the capillaries and the 

rate o f fluid absorption by the mucosal membrane, both o f which affect the hydrostatic and 

oncotic pressure (O’Driscoll, 1992; Swartz, 2001).
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Figure 2.2. Structure of the lacteal, A denotes the central artery, V the central vein 

and L, the lacteal (Barrowman, 1978)

As a result of lipid digestion and absorption, chylomicrons are synthesised within the 

enterocytes and excreted by exocytosis. As they are too large to enter the blood capillaries, 

they are taken up exclusively by the lymphatics. After leaving the enterocyte, the 

chylomicrons must cross approximately 50|im of interstitium before arriving at the central 

lacteal, where the particles enter through both interendothelial cell junctions and vesicles 

(Sabesin and Frase, 1977). Chylomicron formation is important with respect to intestinal 

lymphatic transport o f lipophilic drugs since their transport has been shown to occur in 

association with the chylomicron (Pocock and Vost, 1974; Porter et al., 1986; Holm et al., 

2003). Co-administration o f lipid vehicles, which stimulate chylomicron production have 

been used to enhance lymphatic transport o f drugs following oral administration (Porter, 

1997; Porter and Charman, 1997; Porter and Charman, 2001; O’Driscoll, 2002).

2.1.5. Tumours and lymphatic metastasis

The lymphatics serve as a primary route for the dissemination of many solid tumours, 

particularly those o f epithelial origin including the breast, colon, lung and prostate. Some 

cancers metastasise solely through the blood, some through the lymphatics, and some use 

both routes at various stages o f their development. Because of its important role in the 

dissemination o f some of the most common and deadly cancers, the lymphatic route shows 

great potential for targeted drug delivery to lymph node metastases. A number of studies

13



Chapter 2- Targeting o f  drugs to the lymphatic system

have demonstrated the presence of lymphatics in tumours and have shown that the extent 

of metastasis is directly correlated to the degree o f tumour lymphangiogenesis (Swartz, 

2001).

The lymphatics offer many advantages over the blood circulation as a transport route for a 

metastasising tumour cell. The smallest lymphatic vessels are still much larger than blood 

capillaries and flow velocities are much slower. Lymph fluid is nearly identical to 

interstitial fluid and promotes cell viability (O’Driscoll, 1992). Lymph nodes are ideal cell 

incubators, with long residence times, areas o f flow stagnation and access to the 

bloodstream via high endothelial venules, hi contrast, tumour cells in the bloodstream 

experience serum toxicity, high shear stresses and mechanical deformation, leading to an 

extremely low success rate for metastasis (Weiss, 1992). One focus in the study of 

lymphatic metastasis has been the route o f entry o f the neoplastic cell. Many researchers 

believe that the tumour simply grows into the nearby lymphatics (de Waal et al., 1997), 

while on the other hand there is evidence that tumour cells may induce lymphangiogenesis 

or at least some form of lymphatic sprouting or hyperplasia near their periphery (Swartz, 

2001). Further studies are needed to understand the interactions between tumour cells and 

lymphatics.

2.2. Animal models for assessing lymphatic transport

Cannulation of the thoracic duct has been reported in humans (Horst et al., 1976), however 

this is not generally practical or possible since it involves neck dissection surgery. 

Lymphatic transport o f drugs in humans is therefore assessed indirectly via blood 

measurements (since lymphatically transported compounds eventually enter the blood 

stream). The majority o f lymphatic transport studies to date have been conducted in rats. 

Significant differences exist in the methods and animal models used to study intestinal 

lymphatic drug transport, making comparison across data sets difficult. Different animal 

and surgical models may impact on the apparent efficacy o f lymphatic transport of a drug 

molecule. As lymphatic transport can be affected by experimental factors such as the site 

of cannulation, the period o f fasting prior to dosing, the site o f vehicle and drug 

administration (Charman et al., 1986a; Porter and Charman, 1997), and the rehydration 

protocol (Raub et al., 1992), it is important to standardise procedures when comparing
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studies. A number o f animal models have been described in the literature for the 

investigation o f lymphatic transport of drugs, these include the rat, dog, pig and sheep and 

mouse models (Edwards et al., 2001).

2.2.1. The unconscious rat model

Until recently, much of the lymphatic transport studies (including the work presented in 

this thesis) were performed using the anaesthetised rat model. Numerous experimental 

protocols have been reported for the assessment o f intestinal lymphatic transport in the rat 

(DeMarco and Levine, 1969; Pocock and Vost, 1974; Sieber 1976; Charman and Stella, 

1986a; Charman, 1992; Porter et al., 1996a; Porter et al., 1996b). The general 

methodological differences associated with the different protocols include the site of 

cannulation and lymph fistulation, feeding, rehydration, dosing and sampling procedures in 

the rat before and after surgery. The procedure used in this thesis is based on that 

described by Noguchi et al. (1985a), with minor modifications. This model allows for 

cannulation of the mesenteric lymph duct for collection o f lymph and cannulation of the 

duodenum to allow for vehicle administration and rehydration. Blood samples were taken 

via cardiac puncture instead of through cannulation o f the carotid artery and tracheotomies 

were performed only when required.

The use of anaesthetised animals in the study o f intestinal lymphatic drug transport has a 

number of advantages, most significantly the removal of problems associated with animal 

movement during lymph collection. Lymph flow rate is, however, influenced by the 

conscious state o f the animal. The lymph flow rates obtained in these studies ranged 

between 0.4 and Iml/h but in the unanaesthetised rat they may increase up to l-3ml/h 

(Edwards et al., 2001). This lower lymph flow rate may be disadvantageous with regard to 

analysis o f drug content in the lymph; if only a small sample of lymph is available for 

analysis, the sensitivity of the drug assay must be high if low drug levels present in the 

lymph are to be detected. Reduction in lymph flow can be explained by the decrease in 

motility and fiinction o f the gastrointestinal tract, altered capillary permeability and 

reduced interstitial fluid formation and venous return in anaesthetised, as opposed to 

conscious, animals (Edwards et al., 2001). Dosing o f anaesthetised rats is achieved via a 

duodenal cannula, whilst oral administration is generally employed in conscious animals, 

therefore gastric processing is only active in the orally dosed animals. The intestinal 

lymphatic transport of halofantrine was found to be lower after intraduodenal
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administration of a lipid formulation to anaesthetised rats when compared with oral 

administration to conscious rats. When the formulation was dispersed to form a micellar 

solution prior to dosing, the extent o f lymphatic transport was similar in both models 

(Porter e? a/., 1996b).

Another problem associated with the use o f the anaesthetised rat is the long periods (16-24 

hours including surgery) of anaesthesia required to determine the full pharmacokinetic 

profile o f some drug molecules. This presents logistical problems and is usually associated 

with high mortality rates. In the present studies rats were allowed one hour recovery and 

rehydration following surgery, followed by 8 hours sampling (approximately 10 hours in 

total). While there is also potential for interactions between the anaesthetic and drug under 

investigation, there have been no reports of this occurrence in the literature. Additionally, 

since formulations here are administered intraduodenally in a pre-dispersed state, the 

potential beneficial effect o f shear and mixing on gastric emptying and lipid digestion 

within the stomach are largely neglected.

2.2.2. Conscious rat models

Increasingly, conscious restrained animals have been employed in lymphatic drug delivery 

studies. The surgery is similar to that o f the unconscious model, except that the lymph and 

jugular vein cannulae are tunnelled under the skin to exit the animal at the back of the 

neck, where they are connected to a saddle/swivel leash arrangement to allow continuous 

infusion and sampling (Raub et al., 1992). The rats are dosed orally and rehydrated 

intravenously, so there is no need for intraduodenal cannulation. The model allows for oral 

dosing, continuous lymph collection over 12 hours and simultaneous systemic blood 

collection over 30 hours. While this model is an improvement over the anaesthetised 

model, the restraint and position o f the straddle strap may have a negative impact on lymph 

formation and flow by compromising venous return and normal gastrointestinal 

functioning.

A conscious un-restrained rat model has been developed to overcome the problems 

associated with the restrained rat model. Surgical procedures for orally dosed animals 

include mesenteric lymph duct fistulation for continuous lymph collection, carotid artery 

cannulation for systemic blood collection and intraduodenal cannulation for overnight 

hydration (Edwards et al., 2001). All procedures are carried out in non-fasted animals.
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thus facihtating better visualisation of the mesenteric lymph duct during surgery. Lymph 

flow rates are typically greater than Iml/h using this model (Caliph et al., 2000; Holm et 

a i,  2001). Again this model facilitates continuous collection o f lymph over 12 hours and 

simultaneous sampling of blood over 30 hours. Throughout the experiment the animals 

remain mobile and quickly resume normal grooming, drinking behaviour and excretory 

fiinction. Recently, a cannulated rat model has been developed where both the thoracic 

and mesenteric lymph ducts are accessed simultaneously for the assessment o f drug 

transported by the lymphatics, thus allowing determination of the percentage of lymphatic 

transport due only to intestinal lymphatic transport (Boyd et al., 2004).

In conclusion, lymph duct-cannulated rat models are robust, inexpensive and 

straightforward in regard to drug administration and sampling. The models used are 

relatively simple, inexpensive to set up and deliver a success rate o f approximately 70% 

when a trained person is used (Edwards et al., 2001). Unfortunately, limitations associated 

with the rat models make it difficult to confidently extrapolate absolute lymphatic transport 

data from rats to other pre-clinical and clinical situations. In the rat, bile flow is 

continuous and independent of food intake, whereas in higher species, food or lipid is 

required to stimulate the numerous digestion-related processes (Porter and Charman, 

2001). Therefore it is difficult to obtain pre- and postprandial intestinal environments in 

the rat, which are representative of the human situation. Additionally, the small size o f the 

rat precludes the administration of fiill size, human dose forms and therefore limits the 

examination of lymphatic transport after dosing o f realistic volumes of lipid.

2.2.3. Dog model

In an attempt to overcome the limitations associated with the rat model and to provide a 

more accurate assessment o f the modes o f absorption o f lipophilic drugs, a dog model has 

been developed. The use o f the dog model for collection of lymph has dated back to the 

1970’s (Gralla et al., 1973). These models involved carmulation o f the thoracic duct and 

difficult surgical procedures and were associated with high failure rates. Khoo et al. 

(1999a) have developed a simpler and more reliable method for the direct carmulation of 

the thoracic lymph duct as part o f a triple cannulated dog model to study intestinal 

lymphatic drug transport. In this model, intestinal lymphatic drug transport is determined 

directly via collection of thoracic duct lymph, and portal and systemic blood is sampled for 

assessment o f non-lymphatic drug absorption and possible enterocyte-based metabolism.
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Since the thoracic duct collects lymph from other regions o f the body, collection of lymph 

from this duct overestimates the level o f intestinal lymphatic transport. An advantage of 

the dog model is that it allows for oral administration of clinically relevant full size human 

dose forms in representative fed and fasted states.

2.2.4. Pig model

An anaesthetised pig model, which allows for the simultaneous sampling o f mesenteric 

lymph, hepatic portal blood and systemic blood was developed by White et al. (1991) on 

the basis o f the recognised similarities between the gastrointestinal profile o f the pig and 

human. This model allows only for periodic sampling and therefore quantitative 

assessment o f the extent o f intestinal lymph transport is not possible. Due to this, the 

anaesthetised pig model has not found widespread application elsewhere. A conscious pig 

model which employs an external thoracic duct shunt was recently developed (Chen et al., 

2000), but this has only been used to study lymphatic transport after parenteral 

administration of proteins. The thoracic lymph is returned to the systemic circulation thus 

allowing for long experiments and crossover designs. A drawback, however, is that lymph 

is only sampled, thus absolute mass o f drug transported via the lymph carmot be calculated.

2.2.5. Sheep model

A conscious sheep model has been developed to study the lymphatic transport of proteins 

after subcutaneous injection (Charman et al., 2000). The differences and complexity of the 

gastrointestinal tract of ruminants compared to monogastric species would likely limit its 

application to the examination o f lymph transport after oral administration.

2.2.6. Mouse model

Recent appreciation o f the role of membrane transporter systems and intracellular carriers 

in lipid digestion and absorption has led to utilisation o f genetically modified animals to 

examine specific parts of the pathway. These include animals deficient in proteins, various 

enzymes and transporters (such as the efflux protein, P-glycoprotein). These models will 

provide useful information regarding the mechanistic aspects of lymphatic transport. The 

m drla (P-glycoprotein) knockout mouse has already been used to demonstrate the large 

increase in bioavailability o f paclitaxel (an anticancer drug) achievable by inhibiting P-gp 

(Sparreboom et al., 1997). Ng et al. (2000) compared intestinal lipid absorption and 

lymphatic transport in a wild-type mouse, which synthesises only apo B48, to that in a
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knockout mouse capable of synthesising only apo BIOO. The results o f the work suggested 

that apo BIOO facilitates lipid transport as efficiently as apo B48.

The cost associated with the development of genetically modified animals means that to 

date, these studies have been restricted to mice. Improved thoracic lymph duct-cannulation 

models have been described in the mouse (lonac et a l, 1997; Zheng et a l, 1998), but these 

small animals are difficult to cannulate and dose with realistic drug formulations and their 

small size also preludes the sampling o f large enough volumes o f lymph or blood to 

facilitate drug assay by anything other than the most sensitive techniques such as 

radiolabelled tracers. Furthermore, lipid absorption appears to be less efficient in the 

mouse (Zheng et al, 1998).

2.3. Strategies to target drugs to the lymphatic system

Potentially there are three ways to target drugs to the intestinal lymphatics (Muranishi et 

al., 1997; Porter, 1997; Porter and Charman, 1997; O’Driscoll, 2002). Firstly, absorption 

enhancers may open up the paracellular route, resulting in increased absorption of 

hydrophilic macromolecules or macromolecular conjugates (Yoshikawa et al., 1981) into 

the enterocyte. Due to the porous structure o f the lymphatic capillaries and the large size 

o f the macromolecules, once they gain access to the enterocyte, targeting into the 

l>Tnphatics may be possible. Secondly, access to the lymphatics may be gained via gut 

associated lymphoid tissue (GALT). This route has mainly been investigated in the 

delivery of particulates and may have potential for vaccine delivery (Eldridge et al., 1990; 

Hawley et al., 1995). The third route involves transcellular transport, via the intestinal 

lipid transport system. This is the major mechanism of lymphatic delivery of lipophilic 

compounds when formulated with lipid-based vehicles (Porter and Charman, 1997; Porter 

and Charman, 2001). A range of different types o f lipid-based formulations including 

triglyceride emulsions, micellar systems and self-emulsifying drug delivery systems 

(SEDDS) have been studied in lymphatic animal models (O’Driscoll, 2002). The use of 

lipid-based vehicles to promote lymphatic transport o f lipophilic drugs will be discussed in 

greater detail in Chapter 3.
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2.3.1. Intestinal lymphatic transport of macromolecules

There is increasing evidence that small amounts o f macromolecular compounds including 

peptides and proteins may be absorbed intact across the gastrointestinal tract (Rubas and 

Grass, 1991). The physical size o f these molecules limits absorption into the portal blood 

and therefore promotes drainage into the intestinal lymphatics. Several groups have 

described the intestinal lymphatic transport of macromolecules such as botulinum toxin, 

enterostaphylococcal toxin, horseradish peroxidase, albumin and elastase. The barrier 

function o f the small intestine is, however, considerable and the extent o f macromolecular 

absorption and drainage into the lymph is generally small (less than 1% the dose) (Porter, 

1997).

The extent o f lymphatic transport o f a series of fluorescent-labelled dextrans was studied 

after administration to a rat, using a penetration enhancing formulation consisting of a 

mixed mi cellar solution of linoleic acid and polyoxyethylene lauryl ether (Yoshikawa, 

1984a). Fluorescent-labelled dextrans with molecular weights of 10, 20, 40 and 70kD 

were dissolved in the mixed micellar solutions and administered to either the small or large 

intestine. After absorption from the small intestine, the concentrations o f the lower 

molecular weight dextrans were similar in thoracic lymph and systemic blood. In contrast, 

the larger 40 and 70kD dextrans showed enhanced affinity for the lymph. Administration 

to the large intestine resulted in a similar trend, with the higher molecular weight dextrans 

favouring transport into the lymph. Hence, once absorbed into the enterocyte, the large 

size o f the 40 and 70kD dextrans led to their selective lymphatic transport.

Macromolecular prodrugs in combination with absorption-enhancing vehicles may be used 

to enhance lymphatic delivery o f small polar compounds, which would otherwise be 

absorbed via the portal blood. Yoshikawa et al. (1981 and 1983) examined the 

lymphotropic capacity of a simple macromolecular conjugate between the anti-cancer 

agent bleomycin (BLM) (a poorly absorbed, water-soluble glycoprotein with a molecular 

weight o f 1500) and an anionic high molecular weight dextran (500kD). Monolein-sodium 

taurocholate mixed micelles (40mM) were used to facilitate absorption o f the 

macromolecular complex across the enteral mucosa. Both free BLM and the 

macromolecular BLM-dextran (BLM-DS) prodrug were administered to the rat intestine 

either as an aqueous solution or dissolved in the mixed micelles (MM). Formulation with 

mixed micelles enhanced the absorption of free BLM and BLM-DS into both the blood and
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the lymph after administration to the rat large intestine. The lymph/plasma ratios obtained 

after administration of the BLM-DS prodrug (+MM) were significantly higher than those 

obtained after administration o f fi'ee BLM (+MM) illustrating the lymph selectivity o f the 

macromolecular prodrug. Absorption promoters such as mixed micelles are reportedly 

safe; however openings in the tight junctions o f the rectal epithelium (sufficient to allow 

the absorption o f colloids of up to 40nm in diameter) have been identified after 

administration of an oleic acid-HCO-60 mixed micellar system to rats (Fukui et a i, 1987), 

thus warranting considerable caution before investigating such systems.

2.3.2. Intestinal lymphatic transport of microparticulates

In addition to passage across the absorptive epithelia, macromolecules and particulates 

may access the intestinal lymph via uptake into the follicles of the gut associated lymphoid 

tissue (GALT). The potential for particulates to traverse the intestinal barrier is limited but 

increasing evidence suggests that a proportion o f the dose o f a particulate delivery system 

may be taken up by the lymphoid tissue o f the gut and in particular by the Peyer’s patches 

present (Hawley et al., 1995; Porter, 1997). Peyer’s patches consist of lymphoid tissue and 

are sites o f induction for the secretory immune response and for maximum uptake.

The GALT consists o f solitary and aggregated lymphoid follicles and diffuse collections of 

plasma cells and lymphocytes located throughout the GIT. GALT, in association with the 

overlying epithelia cells is responsible for the uptake o f macromolecules, bacteria, viruses 

and pathogens from the intestine. It also provides a pathway for the absorption, cellular 

processing and delivery o f antigens and pathogens to local populations o f B- and T- 

lymphocytes. The most efficient antigen sampling occurs in specific follicle associated 

epithelial cells (M cells), which are characterised by microfolds on their apical surface 

(O’Hagan et al., 1992). It is the endocytic mechanism of antigen sampling that is targeted 

by particulate drug delivery systems designed for entry into the GALT (Porter, 1997).

LeFevre and co-workers (1985) were among the first to describe the intestinal uptake of 

particulates via the Peyer’s patches o f the GALT tissues. They estimated that less than 

0.01% o f the dose o f 170nm to 250nm latex particles and 0.0555% of carbon particles 

were taken up across the intestine in a mouse model (Joel et al., 1978; LeFevre et al., 

1985). Later studies found that the particles were not extensively broken down during 

transit across the follicle-associated epithelium (Ebel et al., 1990) and that, although the
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extent of particle uptake from the GIT was low, the rate o f uptake was relatively rapid 

(microspheres were detected in the mesenteric lymph as soon as 5 minutes after dosing) 

and that absorption may occur in a phasic manner (Pappo and Ermak, 1989; Jenkins et al, 

1994).

In contrast, other studies suggested that larger quantities of particulates may be absorbed 

from the GIT. Jani et al. (1989 and 1990) showed that after chronic dosing (10 day) of 

model polystyrene particles (50nm, lOOnm, 300nm, 500nm and l|im ) to rats, the extent of 

particulate uptake ranged from as high as 33% of the dose for small (50rmi) particles to 

less than 5% for the larger l|am particles. Similar results were obtained by Alpar et al. 

(1989), who reported the absorption of relatively large quantities o f 1.1 |im and 3.1)jm 

albumin (40% and 13% of the dose respectively) microspheres after oral administration to 

rats. Particulate uptake into intestinal M cells is enhanced by coating particles with 

immunoglobulins such as secretory immunoglobulins (sIgA) (Porta et al., 1992) or specific 

antibodies such as anti-M-cell antibody (Pappo et al., 1991), and is inhibited by coating 

with the hydrophilic polymers poloxamer 188 or 407 (Florence et al., 1995).

A large number o f studies have examined the potential o f particulate delivery systems for 

the delivery of oral vaccines. These studies have typically not investigated the fate of 

orally administered particulates directly, but infer from the evidence provided in the 

literature that intact particles or partially degraded fragments are taken up by the M cells of 

the Peyer’s patches and presented to the underlying lymphoid cells, thereby promoting cell 

differentiation, migration and the development o f immunity (Porter, 1997). Many studies 

in mice suggest that antigens given orally to mice can stimulate an immune response 

giving rise to protective immunity. However, confirmation of these results in large 

animals and humans has not been reported. Recent confocal measurements in single cells 

suggest that particle uptake by M cells may be a less frequent event than previously 

thought (Brayden, 2001).

There is little evidence to suggest that colloid delivery systems such as emulsions, 

liposomes and mixed micelles are taken up intact by the GALT, although liposomes have 

been used as delivery vehicles for the induction of specific secretory immune responses 

after oral administration of antigens (Wachsman et al., 1985); and while histological 

details o f the uptake of liposomes by the GALT are less common than those illustrating
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microsphere uptake, Hposomal uptake by rat Peyer’s patches has been described 

(Tomizawa et a l, 1993). In summary, it would appear that the use o f  microparticulates to 

target the lymphatic system may be limited to the delivery o f  oral antigens and potent 

drugs, while access for conventional drugs to the lymphatics via GALT may be minimal.

2.4. Drug candidates for intestinal lymphatic transport

Despite the many potential advantages offered by lymphatic transport, only drug molecules 

with specific properties are capable o f  being lymphatically transported in appreciable 

amounts.

2.4.1. Physicochemical properties of drug candidates for lymphatic transport

Lymphatic transport o f  dietary and formulation-derived lipids is assured by the assembly 

o f the products o f  triglyceride re-synthesis into lipoproteins, the size o f which excludes 

their absorption into the blood. Appreciable lymphatic transport o f  certain drug molecules 

will therefore occur when the drug associates with lymph lipoproteins (chylomicrons) to a 

greater degree than to the blood. The importance o f  chylomicron formation for the 

lymphatic transport o f  certain lipophilic drugs is well established. For example in one 

study, a soybean emulsion containing fat-soluble vitamin D 3 which was prepared using 

milk fat globule membrane as an emulsifier, was administered to rats. The percentage o f 

vitamin D 3 recovered in the lymph over 12 hours was 19.2%. This was reduced to 2.05% 

when rats were pre-treated with colchicine, a chylomicron synthesis inhibitor (Liu et al., 

1995). There are m any other examples in the literature where chylomicron associated 

transport o f  lipophilic molecules has occurred (Pockock and Vost, 1974; Ichihashi et al., 

1992; Porter and Charman, 2001; O’Driscoll, 2002).

Interstitial blood flow is 500 times greater than lymph flow (Charman and Stella, 1986b; 

O ’Driscoll, 1992) and chylomicrons only make up approximately 1% o f the lymph (Tso et 

al., 1982, Shiau et al., 1985a). Given these facts, Charman and Stella (1986b) proposed 

that drug candidates for lymphatic transport should have a log P  > 5 and a triglyceride 

solubility >50mg/ml. The importance o f drug lipid solubility was illustrated by Charman 

and Stella (1986b). The lymphatic transport o f two lipophilic molecules; DDT (log F  6.19) 

and hexachlorobenzene (HCB) (log P  6.53) was compared following administration o f
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each in oleic acid vehicles. 33.5% of the DDT dose was lymphatically transported, while 

only 2.3% of the HCB appeared in the lymph. The difference in transport was attributed to 

the triglyceride solubility o f HCB, which was 13 times lower than that o f DDT.

A combined high log P  and high triglyceride solubility does not, however, always 

guarantee significant lymphatic transport. For example, penclomedine (a cytotoxic agent) 

has a log P  o f 5.48 and triglyceride solubility o f 175mg/ml, but only 3% of the dose was 

lymphatically transported when administered to rats (Myers and Stella, 1992). The authors 

suggested that the low level o f lymphatic transport was due to extensive plasma protein 

binding exhibited by this compound. If the drug has a high affinity for red blood cells 

relative to plasma, not only must it have a high affinity for the chylomicrons, but it must 

also overcome the added affinity for the red blood cells as well as plasma protein binding. 

Similarly, Haus et al. (1994) reported very low lymph levels (less than 1% of the dose) of a 

lipophilic lipid regulator (CI-976), which had a log P  o f 5.83 and triglyceride solubility 

greater than 1 OOmg/ml. While an inverse relationship was found to exist for the lymphatic 

transport of three highly lipophilic retinoids and their lipid solubility (Nankervis et al., 

1996). The authors suggested that the extent o f lymphatic transport o f the retinoids from 

the vehicles in which they were most soluble was limited by their preference for partition 

into the co-administered lipid vehicle rather than into the enterocyte. These observations 

highlight the complexities associated with the processing of a lipophilic drug prior to 

intestinal lymphatic drug transport and suggest that the initial guidelines may be too 

simplistic and may need to be altered.

Lymphatically transported lipophilic drugs associate with lipidic microdomains in the 

intestinal lumen and are also found to associate very specifically with lymph lipoproteins. 

The mechanism by which lipophilic drugs associate with lymph lipoproteins is not, 

however, well understood. Little is known o f the site o f association o f the lipophilic drug 

with lymph lipoproteins, nor o f the contribution o f microdistribution patterns within the 

enterocyte, or the potential role o f binding and transfer proteins (Porter and Charman, 

2001).
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2.4 .2 . DDT as a model lipophilic candidate for lymphatic transport studies

DDT (2,2- (p-chlorophenyl) 1,1,1-trichoroethane), the first of the chlorinated organic 

insecticides, was originally prepared in 1873, but it was not until 1939 that its effectiveness 

as an insecticide was discovered (Lesney, 2004). The use o f DDT increased enormously 

on a worldwide basis after World War II because of its effectiveness against the mosquito 

that spreads malaria and lice that carry typhus. DDT appeared to be the ideal insecticide 

due to its cheapness and relatively low toxicity to mammals (oral LD50 is 300-500mg/kg). 

However, problems relating to the extensive use of DDT began to appear in the late 

1940’s, when resistance to it developed and its high toxicity toward fish was discovered. 

These problems led to the banning of the use of DDT in many countries in the 1970’s. The 

chemical stability o f DDT and its fat solubility compounded the problem. DDT is not 

metabolised very rapidly by animals and is deposited and stored in fatty tissues for a long 

time (DDT has a half-life o f 8 years). DDT has caused chronic effects on the nervous 

system, liver, kidneys and immune system in experimental animals. The evidence 

regarding the carcinogenicity o f DDT is equivocal; it has been shown to cause increased 

tumour production in test animals such as rats, mice and hamsters in some studies, but not 

in others (www.extoxnet.com, accessed 2002).

Many o f the earlier studies probing the mechanistic aspects o f lymphatic transport used 

DDT as a model compound. This was because of its high log P  value (6.19), high lipid 

solubility (97.5mg/ml in peanut oil at 25°C) (Charman and Stella 1986b), its metabolic 

stability and the fact that it was well absorbed by the intestinal lymphatics (Pocock and 

Vost, 1974; Sieber, 1976; Noguchi et al., 1985b). DDT has been shown (in rat 

hepatocytes) to be a phenobarbital-type enzyme inducer, which induces the cytochrome 

P450 2B and 3A family subtypes (Lewis and Lake, 1997; Kitamura et al., 2001). A 

summary of the various lymphatic transport studies conducted using DDT is given in Table 

2 . 1.

The use o f DDT as a model lipophilic compound has led to the elucidation of many o f the 

fundamental aspects o f lymphatic transport o f lipophilic compounds. For example, Pocock 

and Vost (1974) showed that administration o f an oily vehicle resulted in increased 

chylomicron output and that upon administration o f DDT with such oils, transport of DDT 

in the lymph was in association with the chylomicrons or more specifically, in the 

triglyceride core o f the chylomicrons. Sieber (1976) verified the importance of
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administration o f DDT with an oily vehicle, whereby the lymphatic transport o f DDT 

doubled when administered with com oil compared to administration with ethanol. Palin 

et al. (1982) demonstrated the importance of the nature o f the co-administered oil vehicle 

with regard to lymphatic transport. Lymphatic transport was higher following 

administration with a long chain oil (arachis oil) compared to a medium chain triglyceride 

oil (Miglyol 812). Transport from a non-digestible oil (liquid paraffin) resulted in lower 

but nonetheless detectable DDT lymphatic transport levels. The effect o f lipid class on 

lymphatic transport was also determined (Charman and Stella, 1986b). Following 

intraduodenal administration o f DDT in peanut oil or oleic acid, the lymphatic transport 

from oleic acid was 2-fold greater.

Studies conducted by Charman et al. (1986a and 1986b) using DDT, led to optimisation 

and standardisation of experimental protocols for lymphatic transport studies. Lymphatic 

transport of DDT was affected by the timing and length of fasting o f the rats prior to 

administration o f the dose (Charman et al, 1986a). Furthermore, lymphatic transport of 

DDT from peanut oil was unaffected by the site o f dose administration (oral or intra

duodenal) whereas transport was 2-fold higher from the oleic acid vehicle following intra

duodenal administration compared to oral administration (Charman et al., 1986b). The 

dose volume o f co-administered lipid (50 or 200^1) did not appear to influence lymphatic 

transport of DDT (Charman and Stella, 1986a). This group also highlighted the positive 

correlation between lymph triglyceride output and DDT transport.

Lymphatic transport of DDT from an emulsion formulation administered intravenously and 

intraduodenally was assessed by O ’Driscoll et al. (1991). Following IV administration, 

approximately 1% of the dose was transported lymphatically and this transport was not 

significantly altered by prior administration o f a soybean emulsion (which would stimulate 

chylomicron formation). Myers and Stella (1992) compared the lymphatic transport o f 

DDT to that o f penclomedine and hexachlorobenzene, two lipophilic drugs. Lymphatic 

transport o f DDT was about 15-fold higher than that of penclomedine or 

hexachlorobenzene. The low lymphatic transport o f penclomedine was attributed to the 

high extent of plasma protein and red blood cell binding and the lower log P  value 

compared to DDT. While it was suggested that the low degree o f lymphatic transport o f 

hexachlorobenzene was related to its limited lipid solubility combined with considerable
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plasma protein and red blood cell binding, which may compete with chylomicron affinity 

in the dynamics o f intestinal lymph versus portal blood transport.

Due to DDT’s lack of therapeutic benefit, another model lipophilic drug, halofantrine (log 

P > 8.5, triglyceride solubility > 50mg/ml) has been employed in lymphatic mechanistic 

studies (Porter et al., 1996a; Porter et a i, 1996b; Khoo et al., 1998b; Caliph et al., 2000; 

Khoo et a i,  2001; Holm et al., 2001). While halofantrine is used as an antimalarial, there 

are no potential therapeutic benefits in targeting this drug to the lymph. In fact 

administration o f this drug with a fatty meal (which enhances lymphatic transport) results 

in cardiotoxicity. It is thought that this cardiotoxicity is by a prolonged QT interval 

resulting from increased delivery of the drug to the heart (since lymph drains into the 

systemic circulation close to the heart at the junction of the jugular and left subclavian 

veins) (British National Formulary 43, 2004).
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Table 2.1. Some examples of lymphatic transport studies conducted using DDT

DDT dose Vehicle Rat Model Lymphatic transport Reference
lOOnM ‘'‘ C- 
DDT

Sunflower seed oil Thoracic, conscious 60% dose over 12 hours Pocock and Vost 
(1974)

’^C-DDT
(10|iM/kg)

Ethanol or com oil Thoracic, conscious 15.6 ± 8.8% p,p-DDT, over 24h, transport doubled when 
administered with com oil

Sieber(1976)

1 OOmg/kg Arachis oil, 
Miglyol 812, liquid 
paraffin

Thoracic,
anaesthetised

Arachis >Miglyol > liquid paraffin, lymph/plasma 
concentration ratio ~ 4

Palin et al., 
(1982)

2mg Peanut oil and oleic 
acid

Mesenteric,
anaesthetised

18-40% of dose, depending on fasting and dosing protocol, 
oleic acid > peanut oil

Charman et a i, 
(1986a)

2mg Oleic acid, oleic 
acid/monoolein, 
peanut oil

Mesenteric,
anaesthetised

36% from oleic acid, 20% oleic acid/monoolein, 20% peanut 
oil (15h). Dose (50^i or 200|al) o f oil no effect on rate or 
extent
Transport from peanut oil unaffected by site of 
administration, intraduodenal admin. > oral admin, for OA

Charman and 
Stella (1986a; 
1986b)

lOmg Soybean oil 

emulsion

Mesenteric,

anaesthetised

19.37 ± 4.13% after 11 h (intraduodenal administration), 

~1% after IV admin.

O’Driscoll et al., 

(1991)

2.5mg Soybean oil 

emulsion

Mesenteric,

anaesthetised

15% after 12 h following intraduodenal administration Myers and Stella 

(1992)
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2.4.3. Lipophilic prodrug approaches for enhanced lymphatic delivery

The molecular and physicochemical features o f candidate compounds for lymphatic 

transport are restrictive due to the requirement for high lipophilicity. The design o f 

lipophilic prodrugs is therefore a logical approach for the enhancement o f lymphatic 

transport. A number of prodrug strategies have been employed in an effort to boost 

lymphatic transport.

A number o f studies have examined ester and ether prodrugs o f the steroid, testosterone, in 

an effort to enhance its lymphatic transport and bioavailability (Noguchi et al., 1985a; 

Tauber et al., 1986; Shackleford et al., 2003). Oral testosterone therapy in humans is 

limited by extensive pre-systemic metabolism resulting in an absolute bioavailability of 

approximately 4%. Tauber and co-workers (1986) found that oral administration o f a 

testosterone ester prodrug (testosterone undecanoate) enhanced lymphatic transport 1000- 

fold compared to the parent molecule and enhanced absolute oral bioavailability to 7%. In 

another study, it was shown that the extent o f lymphatic transport o f a series of testosterone 

esters in the rat was proportional to the lipophilicity o f the administered prodrug. 

Approximately 1% of the palmitate prodrug was transported in the lymph over 8 hours, 

representing a lymph concentration 100-fold higher than the peak systemic blood 

concentration (Noguchi et al., 1985a). The majority o f testosterone recovered in the lymph 

was in the prodrug form. More recently lymphatic transport o f testosterone undecanoate 

was reinvestigated in the conscious dog model (Shackleford et al., 2003); the data obtained 

from this study indicates that intestinal lymphatic transport o f testosterone undecanoate 

produces increased systemic exposure o f testosterone by avoiding the extensive first-pass 

effect responsible for the inactivation of testosterone after oral administration.

Mepitiostane (MP) is a 17-methoxycyclopentane ether derivative o f epitiostanol (EP) 

(Ichihashi et al., 1991; Ichihashi et al., 1992). Epitiostanol is an anti-cancer agent, which 

must be administered intra-muscularly due to the significant first-pass metabolism it 

undergoes after oral administration. MP was developed as an orally active prodrug and the 

enhanced bioavailability observed after oral administration was believed to be a function of 

decreased first pass metabolism. Ichihashi et al. (1991) investigated the lymphatic 

transport of radiolabelled MP and EP when administered in sesame oil to rats. 34% of the 

administered radiolabel was found in the thoracic lymph in the 6-hour post-dosing period, 

with 97% of the radioactivity due to the parent MP. Further studies found that more than
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90% of the lymphatically transported MP was associated with the chylomicron and VLDL 

lipoprotein fractions of the lymph (Ichihashi et al., 1992).

Other prodrugs have targeted the phospholipid re-esterification pathway. Phospholipids 

are hydrolysed in the intestinal lumen to lysophospholipids. After absorption into the 

enterocyte they are reacylated (Tso, 1994). Targeted lymphatic delivery o f the anti-tumour 

agent, fluorouridine has been described using dipalmitoylphosphatidylfluorouridine 

(DPPF), a phospholipid prodrug (Sakai et al., 1993). Lymphatic transport studies revealed 

that the profile o f the prodrug was consistent with the reacylation o f lysophopholipid in the 

enterocyte. While specificity of transport of the prodrug and related congeners to the 

lymphatics was demonstrated, the bioavailability and extent of lymphatic transport of 

DPPF or fluorouridine were not reported (Sakai et al., 1993).

A palmitoyl prodrug of the p-blocker, propranolol was synthesised in an attempt to 

overcome hepatic first pass metabolism (Vyas et al., 1999). A significantly higher 

bioavailability o f propranolol HCl following oral administration of the prodrug to lymph- 

cannulated rats was reported and this was attributed to enhanced lymphatic uptake o f the 

prodrug and avoidance o f first-pass metabolism due to lymphatic transport. The authors 

suggested that the increased lymphatic transport could either be due to the lipophilicity of 

the prodrug or by supramolecular assemblages o f the prodrug in solution, resulting in 

particulate-like behaviour o f the aggregates, therefore resulting in an increased lymphatic 

uptake.

Bibby et al. (1996) synthesised butanoic, lauric and oleic ester prodrugs o f the anti-HIV 

drug zidovudine (AZT). The intestinal lymphatic transport o f AZT and the ester prodrugs 

was assessed in an anaesthetised rat model. The lymphatic absorption of AZT was similar 

when administered as either AZT alone or as the lipophilic ester prodrugs, where the 

amount o f AZT collected in fistulated mesenteric lymph was approximately 0.1-0.2% of 

the administered dose. The authors suggested that rapid bioconversion of the ester 

prodrugs to AZT in either the intestinal lumen or the enterocyte limits exploitation o f this 

approach as a means of enhancing the selective lymphatic delivery of AZT.

The prodrug approach has also been used to promote lymphatic transport of other drugs 

including indomethacin, L-Dopa, chlorambucil and the fat-soluble vitamins A, D, E and K.
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Detailed reviews regarding the lymphatic transport o f these compounds are provided in 

extensive reviews by Porter (1997) and Charman and Porter (1996). In summary, prodrugs 

are a potentially useful means for imparting the necessary molecular characteristics to 

promote lymphatic transport. Simple prodrug esters increase partition coefficient and 

triglyceride solubility, but these structures are often metabolically unstable, thus limiting 

their use. Monoglyceride, triglyceride and phospholipid mimics appear to hold some 

promise for selective lymphatic delivery. Unless there is intrinsic biological activity o f the 

prodrug itself, the lability o f the prodrug linkage must be sufficient to liberate the active 

parent molecule at the site o f action.
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3. Lipid based formulations for intestinal lymphatic delivery

After absorption into the enterocyte, the vast majority o f orally administered drugs rapidly 

diffuse across the cell, are absorbed into the capillaries o f the portal vein and are processed 

via the liver to the systemic circulation. Highly lipophilic drug molecules, however, may 

associate with lymph lipoproteins in the enterocyte and gain access to the mesenteric 

(intestinal) lymphatics, effectively bypassing the liver and gaining access to the systemic 

circulation via the thoracic duct. Given the importance of lipid digestion and absorption in 

the stimulation of lymphatic transport, an understanding of the processes o f lipid digestion 

and absorption is desirable.

3.1. Digestion and absorption of lipids

3.1.1. Digestion of lipids

The fats in the human diet constitute about 40% of the energy intake in the Western world. 

The majority o f dietary lipids are long chain triglycerides (>90%), which may amount to 

up to 1 OOg per day, with the remainder being phospholipids and cholesterol (Mu and Hoy, 

2004). The digestive system is, under normal circumstances, able to digest triglycerides 

and absorb them with more than 95% efficiency. The less hydrophobic medium chain 

triglycerides may be absorbed intact, but a digestion step is required to present long chain 

triglycerides in an easily absorbable form to enterocytes (Tso, 1994).

Digestion of formulation derived or dietary lipids begins in the stomach, where 

preduodenal lingual and gastric lipase secreted by the salivary gland and gastric mucosa 

initiate hydrolysis o f triglyceride at the sn-3 position to the corresponding diglycerides and 

fatty acid (Tso, 1994). These digestion products are emulsified by gastric motility and are 

emptied into the duodenum as an emulsion (diameter o f the droplets being < 30|im after 

one hour o f fat digestion (Armand et a l, 1994)). Gastric lipase is an acid stable 

glycoprotein, which operates optimally at pH 4-6 (Milled et al., 2000). The overall 

contribution of the gastric lipase step of lipolysis to gastrointestinal fat digestion is very 

small, estimated at approximately 10% (Carriere et al., 1997).

The presence o f lipid in the duodenum stimulates the secretion of pancreatic fluids, bile 

salts and biliary lipids fi'om the gall bladder, which markedly alter both the chemical and 

physical properties of the triglyceride emulsion. Biliary lipids such as phospholipid and
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cholesterol adsorb onto the surface o f the emulsion producing a more stable emulsion, with 

a smaller particle size. The reduction in particle size provides an increase in the surface 

area available for binding of the pancreatic lipase/ co-lipase complex. The action of 

pancreatic lipase on the triglyceride molecule results in the production o f one molecule of 

2-mono glyceride and two fatty acid molecules for each triglyceride (Tso, 1994).

Pancreatic lipase is the key enzyme responsible for in vivo lipolysis of ingested lipids. It is 

a glycoprotein, secreted by the acinar cells of the pancreas into the duodenum. Like gastric 

lipase, pancreatic lipase also acts specifically at an oil-water interface (Brockerhoff, 1969). 

Pancreatic lipase possesses two topologically distinct sites, a large N terminal domain, 

which is responsible for its catalytic activity, and a smaller C-terminal domain which 

interacts with a crucial enzyme, colipase (Winkler et a l, 1990). Colipase is a protein 

which acts to anchor pancreatic lipase to the oil phase in the presence of interfacially 

located amphiphilic compounds; otherwise pancreatic lipase would be displaced from the 

interface leading to inhibition o f its activity (van Tilbeurgh et al., 1992). It is also secreted 

from acinar cells in the pancreas but is secreted as pro-lipase, which is converted to 

colipase in the intestine by the cleavage o f five amino acids (Armstrong and Carey, 1982; 

van Tilbeurgh et al., 1992).

Bile salts have many roles in lipid digestion. These include the stabilisation of pancreatic 

lipase (Momsen and Brockman, 1976) and promotion of pancreatic lipase activity by 

lowering its optimum pH for activity from pH 8-9 to pH 6-7 (Borgstrom, 1957), which is 

much closer to that obtained in the post-prandial intestinal lumen (Dressman et al., 1998). 

Furthermore, surface-active bile salts are important for creating an environment that 

favours solubilisation of the end products of digestion and clearance o f these potentially 

inhibitory products from the oil-water interface by formation o f a water-soluble mixed 

micellar phase (Gargouri et al., 1983), and also by lowering the pKa o f long chain fatty 

acids to facilitate their ionisation and hence increase their aqueous solubility (Porter, 

1999).

As lipolysis proceeds at the surface of the triglyceride droplet, the digestion products pinch 

off to form liquid crystalline structures, which in the presence o f sufficient bile salts, form 

multilamellar and unilamellar vesicles (Shiau, 1991; Staggers et al., 1990). Micellar 

solubilisation greatly enhances luminal solubility o f the lipid digestion products and also
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facilitates their passage across the unstirred water layer (which is a major barrier to 

absorption), thereby providing a gradient for absorption (Tso, 1994).

3.1.2. Absorption of lipids

Bile salt micelles are not absorbed intact and the products o f lipid digestion must dissociate 

from the intestinal mixed micellar phase before passage into the enterocyte (Shiau, 1990). 

It is thought that the low pH associated with the brush border ‘microclimate’ promotes 

dissociation o f fatty acids from the micellar phase, thus enhancing uptake (Shiau and 

Levine, 1980). Transport o f the lipid digestion products across the apical membrane o f the 

enterocyte appears to occur via both passive transport and via specific membrane-bound 

carrier proteins. There is evidence as to the existence of a fatty acid binding protein 

(FABP) (Stremmel et a l, 1985; Trotter et a l, 1996), although passive transport most likely 

predominates in the post-prandial phase.

Cells passively absorb phospholipids in the form o f lysophosphatidylcholine from the 

luminal mixed micellar phase. Lysophosphatidylcholine is then reacetylated to 

phosphatidyl choline for incorporation into cell membrane or lipoprotein, with the 

remainder being hydrolysed to glycerol-3-phosphorylcholine and transported to the liver 

(Shen et al., 2001). Cholesterol absorption occurs passively, but may involve an active 

uptake mechanism. Processing of cholesterol depends on its source; exogenous cholesterol 

is preferentially esterified by cholesterol acetyltransferase and transported out o f the cells 

in association with triglyceride rich lipoproteins (Tso, 1994; Shen et al., 2001).

3.1.3. Intracellular processing of products of lipid digestion

Following absorption into the enterocyte, the chain length o f the absorbed lipid dictates its 

subsequent intracellular processing. In general, lipids with a chain length <12 carbons, 

diffuse across the enterocyte and enter the capillaries that supply the portal vein. Long 

chain lipids (> 12 carbons) migrate from the absorptive site to the endoplasmic reticulum 

where re-esterification and assembly into intestinal lipoproteins occurs before secretion 

into the mesenteric lymph (Chaikoff et al., 1951; Bloom et al., 1951). There are, however, 

reports o f medium chain fatty acids being transported to the systemic circulation via the 

lymph, and of portal blood absorption of long chain fatty acids (McDonald et al., 1980;
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McDonald et al„ 1987). Two cytosolic fatty acid binding proteins, I-FABP and L-FABP 

appear to play an important role in the intracellular transport o f absorbed fatty acids 

(Storch and Thumser, 2000). FABP preferentially binds long-chain fatty acids.

The resynthesis o f absorbed fatty acid and monoglyceride to triglyceride occurs by one of 

two pathways. The major route is the monoacylglycerol pathway, which involves direct 

acylation of the absorbed, exogenous 2-monoacylglycerol with activated fatty acids via 

monoglyceride acyl transferase (MGAT) to form the corresponding diglyceride. A second 

enzyme, diglyceride acyl transferase catalyses triglyceride formation. This pathway has 

the highest capacity, is the most rapid and energy efficient, and accounts for approximately 

80% of chylomicron triglyceride. It is also the major pathway for formation o f triglyceride 

during exogenous lipid absorption (Tso, 1994).

A second pathway for intestinal triglyceride synthesis exists, the glycerol-3-phosphate 

pathway, but is less active during the absorptive phase, predominating in the fasted state 

when monoglyceride supply is restricted (Mansbach and Parthasarathy, 1982). 

Triglyceride synthesis by this route is slow and the resulting triglyceride may efflux back 

into the intestinal lumen. Re-esterification of endogenous lipids via this pathway also 

appears to lead to the production of less dense lymph lipoproteins (very low density 

lipoproteins) (Tso, 1994). Figure 3.1 describes the steps in the digestion, absorption and 

intracellular processing of lipids following ingestion.
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Figure 3.1. Schematic diagram describing the sequential steps in the digestion of 

lipids and subsequent absorption via the portal blood and intestinal lymphatics as 

described by Porter and Charman (1997)
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3.2. Intestinal lipoprotein assembly

VLDL (very low-density lipoproteins) and chylomicrons are the primary lipoproteins 

synthesised and secreted by the intestine. VLDL appear to predominate under fasted 

conditions, whereas chylomicron production increases at higher lipid loads (Tso et al., 

1987). Chylomicrons are large molecules which have a neutral lipid core (consisting 

almost entirely of triglyceride, with a small amount o f cholesterol ester) surrounded and 

stabilised by a monolayer o f phospholipid. Cholesterol is also present and may partition 

into the core or within the phospholipid monolayer. Apolipoproteins, which are 

specialised proteins, are associated with the surface monolayer. These apolipoproteins 

regulate transport, uptake and utilisation of lipoproteins.

Chylomicron diameters can range from 75-6000nm, but tend to be 100-200nm on average. 

The triglyceride loading dictates the size of secreted chylomicrons and depends on the 

dietary intake (Hayashi et al., 1990). Chylomicrons transport exogenous lipids to the body 

and their large diameter means that they are selectively transported via the lymphatics. 

Once in the blood they deliver free fatty acids, and mono- and diglycerides to the cells and 

are converted into cholesterol-rich remnants (Chung and Wasan, 2004), which are taken up 

by the liver through receptor-mediated endocytosis and used either to generate VLDL 

(Hussain et al., 1996) or as a source of cholesterol for bile acid synthesis (Bravo et al., 

1996). The characteristics o f the lipoproteins are shown in Table 3.1. Because o f the 

difficulty isolating human lymph, the majority o f data on human lipoprotein composition 

are typically sourced from plasma samples.

VLDL secretion predominates in the ‘fasted state’ and they are involved in supplying the 

body with triglyceride synthesised mainly from endogenous sources (Ockner et al., 1969; 

Chung and Wasan, 2004). VLDL have a smaller triglyceride loading than chylomicrons; 

this means they may be transported via the lymph or the portal blood supply. Similar to 

chylomicrons, mature VLDL particles are hydrolysed into VLDL remnants or IDL 

(intermediate density lipoproteins).
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Table 3.1. General characteristics associated with human lipoproteins adapted from 

deNijs (1987) and Chung and Wasan (2004)

Chylomicrons VLDL LDL HDL

Density (g/ml) 0.95 0.95-1.006 1.019-1.1063 1.063-1.21

Diameter (A) 1000" 300-900 100-300 65-100

Lipid content

(% total mass) 98 90 75 45

Triglyceride 90 55 7 5

Cholesterol ester 3 18 47 18

Phospholipid 5 17 21 25

Protein

(% total mass) 1-2 10 25 50

Main function Transport of Transport Cholesterol Reverse

exogenous of transport to all cholesterol

triglyceride endogenous tissues transport

and cholesterol triglyceride

“ : lymphatic chylomicrons will contain a higher triglyceride load and have a larger diameter compared to 
plasma lipoproteins because lipid exchanges occur during passage to the blood

Observations that the non-ionic surfactant Pluronic L81 blocks the secretion of 

chylomicrons but not VLDL from rat intestinal cells, have led to suggestions that the 

assembly of the two lipoproteins occurs by two separate and independent pathways (Tso et 

al, 1980; Tso et al, 1981). Recently, modifications to this model have been suggested 

following investigations in the Caco-2 cells model, whereby chylomicron production 

occurs sequentially to the formation of VLDL. These studies suggest that the first step in 

lipoprotein assembly is the synthesis of apoB in the rough ER and its association with 

phospholipid in the endoplasmic reticulum (ER) membrane. Subsequent addition of 

neutral triglyceride lipids to the apoB-PL complex leads to the production of a ‘primordial 

lipoprotein’ which is released into the lumen of the ER (Hussain, 2000). A microsomal 

triglyceride transfer protein (MTP) plays a critical role in the development of the 

primordial lipoprotein and appears to facilitate transfer of neutral lipids to the apoB 

complex (Gordon and Jamil, 2000). The second step in this model of chylomicron
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production is the apoB-independent formation o f large triglyceride-rich lipid droplets in 

the ER. MTP may play a role in transferring neutral lipids to the developing triglyceride 

droplets, although conflicting evidence persists (van Greevenbroek and de Bruin, 1998; 

Gordon and Jamil, 2000).

In the final step, the primordial lipoprotein assembled in the rough ER fuses with the 

triglyceride lipid droplets formed in the smooth ER in a process referred to as ‘core 

expansion’. This core expansion occurs at the junction between the rough and smooth ER 

(Hussain, 2000). Fusion of the lipid droplet with the apoB-containing primordial 

lipoprotein is critical to lipid droplet secretion, and in the absence o f apoB, lipid droplets 

accumulate in the enterocyte (Hamilton et al., 1998).

In the sequential model o f lipoprotein assembly, the distinction between VLDL and 

chylomicron is made principally by the amount o f lipid added to the primordial lipoprotein 

during core expansion. It has been suggested that the inhibitory action o f Pluronic L81 on 

chylomicron formation results from an ability to inhibit the development o f the large lipid 

droplet precursors o f chylomicron formation, whilst allowing development of the smaller 

VLDL particles (Hussain, 2000).

A triglyceride-containing vesicle has recently been identified (Kumar and Mansbach, 

1999) and it has been suggested that this may facilitate the transfer of lipoprotein from the 

ER to the Golgi. After processing through the ER and Golgi, intestinal lipoproteins fuse 

with the basolateral membrane of the intestinal cell and are released into the lamina 

propria, where they are preferentially absorbed by the open capillaries o f the mesenteric 

lymphatics and transported to the general circulation via the thoracic duct (Thompson et 

al., 1989).

3.3. Lipid vehicles and drug absorption

The use of natural and synthetic lipids has generated much academic and commercial 

interest as a potential formulation strategy for improving the oral bioavailability o f poorly 

water-soluble drugs. When administered in fraditional solid formulations, these poorly 

water-soluble compounds exhibit low bioavailability, as their absorption can be kinetically 

limited by low rates o f dissolution and capacity-limited by poor solubility (Humberstone
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and Charman, 1997). Although incompletely understood, the current prevailing 

understanding is that lipids may enhance bioavailability via a number o f potential 

mechanisms, namely:

•  Increases in effective luminal drug solubility

Increased aqueous drug solubility in the intestinal lumen will result in enhanced 

bioavailability, if  drug solubilisation is the rate limiting step to drug absorption. The 

presence o f lipids in the GIT stimulates an increase in the secretion o f bile salts and 

endogenous biliary lipids (phospholipid and cholesterol), leading to the formation of mixed 

micelles and an increase in the solubilisation capacity o f the GIT. Intercalation of 

administered exogenous lipids into these bile salt structures either directly or secondary to 

digestion, leads to swelling o f the micellar structures and a further increase in 

solubilisation capacity (Porter and Charman, 2001). The solubility of progesterone in a 

15mM bile salt solution containing 0.5% long chain or medium chain lipolytic products 

was increased more than 3-fold compared to a simple 15mM bile salt solution (MacGregor 

et at., 1997). The same observation was made by Kossena et a l, (2003) for the lipophilic 

drugs griseofulvin, danazol and halofantrine. Additionally, the presence of surfactants in 

lipid vehicles may further increase drug solubility by providing additional wetting effects 

or by improving drug and oil dispersion (Humberstone and Charman, 1997; Meaney and 

O’Driscoll, 2000).

•  Alteration in gastric transit time

Small volumes o f lipid stimulate gastric motility thereby increasing gastric emptying, 

while large volumes delay gastric emptying (Aungst, 1993). Prolonged gastric residence is 

favourable for slowly dissolving drugs or drugs that undergo saturation kinetics at the site 

o f absorption, since the drug is released slowly into the intestine from the stomach thus 

slowing delivery to the absorptive site and increasing the time available for dissolution and 

absorption (Aungst, 1993). However, regarding lymphatic transport o f lipophilic drugs, 

Charman and Stella (1986a) suggested that delayed gastric emptying may decrease the 

relative concentration of drug per unit volume o f co-administered lipid delivered to the 

intestinal lumen, thus reducing lymphatic drug uptake.
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•  Increased perm eability o f  the GIT

Various combinations o f lipids, lipid digestion products and surfactants have been shown 

to disrupt membrane integrity, either by altering cell membrane fluidity by solubilising out 

lipid components from the membranes, or by penetrating into the lipid bi-layer (Regev et 

at., 1999; Dimitrijevic et a l, 2000). Additionally, a number o f lipid digestion products 

may alter the permeability o f tight-junctions, thus increasing paracellular drug transport 

(Meaney and O’Driscoll, 2000). However, passive intestinal permeability is not thought to 

be a major barrier to the bioavailability o f the majority o f poorly water-soluble, and in 

particular, lipophilic drugs (Muranishi, 1990; Aungst, 2000).

•  Inhibition o f  drug efflux and pre-absorptive metabolism

Certain lipids and surfactants may alter the activity o f intestinal efflux transporters such as 

the P-glycoprotein efflux pump and may reduce the extent of enterocyte-based metabolism 

(Nerurkar et al., 1996; Benet, 2001).

The key protein involved in drug efflux in the intestine is P-glycoprotein (P-gp) or multiple 

drug resistance protein (MDR). P-gp is a 170kDa protein, which is expressed in a number 

o f tissues including the liver, kidney, brain and small intestine and acts to transport a broad 

range o f xenobiotics out o f cells (Hidalgo and Jibin, 1996). Intestinal P-gp is concentrated 

in the villus tip where it acts to limit drug bioavailability by transporting drugs into the 

intestinal lumen. In general, P-gp substrates tend to be weakly basic lipophilic or 

amphiphilic compounds (Schinkel and Jonker, 2003).

Intestinal cells also contain enzymes of the Cytochrome P450 (CYP450) family, which act 

to catalyse the oxidation o f a wide range of xenobiotics (Hasler et al., 1999). Cytochrome 

P450 3A (CYP3A) is the predominant form found in the intestine and metabolises 

approximately 50% of all drugs that are substrates for the CYP450 family in humans. It is 

thought that P-gp and CYP proteins act synergistically to present a barrier to drug 

absorption, with both o f them being co-localised in tissues and demonstrating a broad 

overlap o f substrate and inhibitor specificity (Wacher et al., 1996, Benet et al., 1999; 

Cummins et al., 2002).
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A number o f lipid vehicle excipients have been shown to inhibit counter-transport proteins, 

thus increasing bioavailability of certain drugs (Wagner et a l, 2001). Cremophor EL, 

Tween 80, Pluronic® block co-polymers and Solutol® surfactants have all been identified 

as P-gp inhibitors in cell culture models (Nerurkar et al., 1996; Batrakova et al., 1998; 

Seeballuck et al., 2003). It is thought that non-ionic surfactants inhibit P-gp by altering 

membrane fluidity; this produces conformational changes in the membrane proteins and 

results in an alteration in activity. In addition, surfactant micelles may solubilise cell 

membrane components, also producing changes in protein structure and function (Nerurkar 

et al., 1996; Rege et al., 2002). A further mechanism of action was proposed for the 

Pluronic® block co-polymers; these surfactants were found to interfere with energy 

dependent processes in the cell by lowering intracellular ATP concentrations. The drop in 

cellular ATP levels has been shown to correlate closely with drug efflux activity in a range 

o f cells (Batrakova et al., 2001; Kabanov et al., 2003).

•  Enhanced intestinal lymphatic transport.

For highly lipophilic drugs, lipids may enhance bioavailability directly by enhancing 

lymphatic transport, or indirectly by reducing first-pass metabolism (Porter and Charman, 

1997; Porter and Charman, 2001). This will be discussed in greater detail later in the next 

section.

3.4. Lipid-based formulations for enhanced lymphatic transport

The apparent requirement for drug association with intestinal derived lipoproteins as a 

prerequisite for lymphatic drug transport has led to the use o f lipids and lipid-based 

vehicles to enhance intestinal lymphatic transport (Porter, 1997; Porter and Charman, 

2001; O’Driscoll, 2002). Digestion and absorption of the co-administered lipid stimulates 

lipid turnover through the enterocyte, enhancing chylomicron synthesis and thereby 

increasing the lipoprotein-based sink into which drugs partition. However, the nature and 

characteristics o f the co-administered lipid is important in determining the degree to which 

lymphatic transport is promoted (Palin et al., 1982; Caliph et al., 2000; Holm et al., 2001). 

Important factors to consider with respect to the lipid vehicles for enhancing lymphatic 

delivery will be discussed in the following sections.

4 2
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3.4.1. Fatty acid chain length of the administered lipid

In general, lipid vehicles containing long chain fatty acids promote lymphatic transport o f 

lipophilic molecules to a greater extent than vehicles containing medium or short chain 

fatty acids.

Palin and co-workers (1982) investigated the lymphatic transport o f  DDT in rats after 

administration in peanut oil (long chain triglyceride), Miglyol 812 (medium chain 

triglyceride), liquid paraffin and an aqueous suspension containing 6 % Tween 80. 

Following oral administration o f  the vehicles, both plasma and lymph concentrations o f 

DDT were greatest after administration o f the long chain arachis oil. Rank order for 

lymphatic transport was arachis > Miglyol 812 > 6 % Tween 80 > liquid paraffin. A 

similar trend was observed for the drug, probucol (Palin and Wilson, 1984). It was 

postulated that digestion o f  arachis oil within the small intestine resulted in the liberation 

o f long chain fatty acids, which effectively promoted chylomicron formation and 

consequently lymphatic transport o f  DDT or probucol. On the other hand, digestion o f 

Miglyol 812 led to production o f  medium chain fatty acids, which were absorbed into the 

portal blood and were therefore incapable o f supporting significant lymphatic drug 

transport. Nankervis et al. (1996) have also reported that long chain lipid vehicles 

(especially cottonseed oil and linoleic acid) proved to be more effective in promoting the 

lymphatic transport o f  retinoids than Miglyol 812. The authors suggested that significant 

alteration in the proportion o f  the dose absorbed by the intestinal lymph might be achieved 

by changing the vehicle o f  delivery.

In fasted humans, vitamin D3  was more effectively absorbed (3-fold) after administration 

in peanut oil than in Miglyol 812 (Holmberg et al., 1990). Since vitamin D 3 is almost 

exclusively absorbed via the lymphatic route, the low absorption observed when 

administered with the medium chain triglyceride likely represents a reduction in lymphatic 

transport, secondary to insufficient chylomicron formation. Similarly, in another study in 

humans, the incorporation o f  beta-carotene into chylomicrons was lower after 

administration o f  an emulsion containing medium chain triglycerides than one containing 

long chain triglycerides (Borel et al., 1998).
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Figure 3.2. Schematic diagram showing the pathway of fatty acids depending on 

chain length

More recently the lymphatic transport of the lipophilic antimalarial drug, halofantrine, was 

found to be highly dependent on the chain length of the co-administered lipid (Caliph et 

ai,  2000), and increased with increasing chain length. Similar trends were also observed 

for the lymphatic transport of triglyceride. The co-administration o f formulation lipids 

also enhanced the total systemic availability o f halofantrine.

3.4.2. Degree of fatty acid saturation in administered lipid

Initially it was thought that the degree o f fatty acid saturation had an effect on the rate of 

absorption and partitioning o f lipids between the portal blood and intestinal lymph, and 

that lipids with increasing degrees o f unsaturation produced larger size lymph lipoproteins 

and preferentially promoted lymphatic lipid transport (Feldman et ah, 1983). These 

observations arose from studies using cell culture models. Kalogeris and Story (1992) 

found that administration of a com oil emulsion (rich in long chain unsaturated fatty acids) 

produced considerably larger chylomicrons in rat lymph, than administration o f butter oil



Chapter 3- Lipid-based form ulations fo r  intestinal lymphatic delivery

(high in saturated fatty acids). Recently however, conflicting evidence suggests that there 

is no clear relationship between the degree o f  unsaturation o f  the co-administered lipid and 

the extent o f  lymphatic transport (Porsgaard and Hoy, 2000a; Holm et al., 2001b).

Noguchi and Charman (1985) reported a doubling o f  the lymphatic transport o f  

testosterone undecanoate after administration in a polyunsaturated lipid vehicle when 

compared to a monounsaturated oleic acid vehicle. Cheema et al., (1987) examined the 

rate and output o f  chylomicrons, VLDL and LDL in the mesenteric lymph o f  anaesthetised 

rats after intraduodenal administration o f  either oleic acid (Ci8:i), linoleic acid (Cig:2), 

linolenic acid (C i8 :3) or arachis oil. It was found that with each increase in the degree o f  

fatty acid unsaturation, the lag time in chylomicron formation was reduced, compared with 

saline dosed rats.

In contrast, however, a decrease in the lymphatic transport o f  the lipid soluble vitamins A  

and D, was reported after administration in lipid vehicles with increasing polyunsaturated 

content (Kukis, 1987). Similarly, the lymphatic transport o f  the carotenoids, lycopene and 

astaxanthin was higher after administration in a mixed micellar solution containing olive  

oil (65.3% Ci8:i, 14.5% C i8:2 ) compared to administration in an identical micellar vehicle 

containing the more unsaturated com  oil (26.3% Ci8:i , 58.2% C i8:2 ) (Clark et at., 2000). 

Porsgaard and Hoy (2000a) studied the extent o f  lymphatic transport o f  a-tocopherol in 

different oils o f  varying degrees o f  unsaturation and found no clear dependence o f  the 

efficiency o f  lymphatic transport on the degree o f  unsaturation o f  the lipids.

Recently the lymphatic transport o f  halofantrine from disperse systems containing three 

different unsaturated fatty acids (oleic, linoleic and linolenic acid) was investigated in the 

anaesthetised mesenteric lymph duct cannulated rat m odel (Holm et al., 2001a). It was 

found that using linoleic acid as a vehicle increased the lymphatic transport o f  halofantrine 

>16.6-fold over that observed for the linolenic system. The extent o f  lymphatic transport 

from the oleic acid system did not differ from the other two formulations but the combined 

lymph and plasma data indicated that linoleic acid was the most suitable lipid vehicle for 

the oral delivery o f  halofantrine. In a subsequent study, halofantrine was orally 

administered in triolein, trilinolein or trilinolenin (i.e. the triglyceride equivalents o f  the 

fatty acids) vehicles to conscious rats. Rank order for intestinal lymphatic transport o f  

halofantrine was: trilinolein > trilinolenin > triolein, but there was no statistical difference
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between any o f  the groups. The authors concluded that the influence o f  unsaturation on the 

lymphatic transport o f  halofantrine previously seen when co-administered with fatty acids, 

was not as pronounced when co-administered with triglycerides containing the same fatty 

acids on the glyceride backbone (Holm et al., 2001b).

Evidence from Caco-2 cells has shown that the stimulation o f  lipoprotein secretion and 

triglyceride output in Caco-2 cells is maximal after incubation with Ci8:i fatty acids 

followed by Cig:2 and C i8:3, and that lipoprotein and triglyceride output after incubation 

with fiilly saturated Ci6:o and Cig:o fatty acids is significantly lower (Field et al., 1988; van 

Greevenbroek et al., 2000). Similar trends were observed by Seeballuck (2004); short 

chain fatty acids such as butyric (C4 ;o) and capric (Cio:o), produced no stimulation o f  

lipoprotein secretion. In contrast, the long chain saturated fatty acids, palmitic (Ci6:o) and 

stearic (Cig:o) acid, stimulated secretion o f  LDL, and also, in the case o f  stearic acid, 

VLDL. O f the investigated acids only oleic acid (Ci8:i) promoted secretion o f  

chylomicrons.

3.4.3. Lipid structure

Structured triglycerides, which are gaining much interest in clinical nutrition, are 

triglycerides where the glycerol backbone is esterified with different fatty acid chains. 

Most commonly, these structured systems have employed combinations o f  medium (Cg.i2) 

and long chain (Cig) lipids. The structured lipids provide an effective source o f  both 

medium chain lipids which may be hydrolysed and absorbed into the portal blood, even 

under conditions o f  malabsorption (Tso et al., 1999), and long chain essential fatty acids. 

They have been shown, when orally administered, to derive additional benefits over 

medium chain lipids alone, long chain lipids alone and physical mixtures o f  long- and 

medium-chain lipids, in animal m odels o f  both trauma and bum injury (DeM ichele et al., 

1988; DeM ichele et al., 1989) and have considerable potential in the treatment o f  critically 

ill patients (Tso et al., 1995). Kishi et al. (2002) found that structured triglycerides 

containing medium chain fatty acids and linoleic acid altered the rate o f  lipid clearance in 

rats.

In a preliminary study, the intestinal lymphatic absorption o f  vitamins A  and E was higher 

when co-administered with a structured triglyceride when compared with a constituent 

physical mixture with similar fatty acid composition (Nordskog et al., 2001). The effect o f
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Structured triglyceride vehicles on the oral delivery of halofantrine was subsequently 

examined in lymph-cannulated conscious rats (Holm et al., 2002). Rats were orally dosed 

with three structurally different triglycerides- sunflower oil and two structured triglycerides 

containing different proportions and positions of medium (M) and long-chain (L) fatty 

acids in the glycerol backbone (MLM and LML). Both the lymphatic transport and total 

absorption of halofantrine was enhanced by the use o f the MLM triglyceride. Lymphatic 

transport levels from the MLM were similar to those obtained with the sunflower vehicle.

A similar study was conducted in the dog model (Holm et al., 2003); in this study the 

potential for self-microemulsifying drug delivery systems (SMEDDS), containing 

structured triglycerides, to improve the lymphatic transport and portal transport of 

halofantrine was examined. The SMEDDS contained the triglyceride, Cremophor EL, 

Maisine 35-1 and ethanol. The extent of lymphatic transport via the thoracic duct was 

17.9% of the dose for the animals dosed with the MLM-based SMEDDS and 24.7% for 

those dosed with LML-based SMEDDS. Plasma availability was also affected by the 

triglyceride incorporated into the SMEDDS and availabilities of 56.9% (MLM) and 37.2% 

(LML) were found. The MLM formulation produced a total bioavailability o f 74.9%, 

which was higher than the total absorption previously reported after post-prandial 

administration (Khoo et al., 2001; Khoo et al., 2002). Vistisen and Hoy (2004) assessed 

the transport of radiolabelled linoleic and caprylic acid in rat plasma after administration of 

specific structured triacylglycerols. Their studies have indicated similar chylomicron 

metabolism of the structured triacylglycerols when compared to long or medium chain 

triacylglycerols.

3.4.4. Dispersed state of the lipid vehicle

The influence o f the dispersed state o f the vehicle on the extent of lymphatic transport of 

halofantrine was investigated by Porter et a l (1996a). The vehicles used were designed to 

simulate the physicochemical characteristics representative of the final stages o f lipid 

digestion and included a lipid solution, an emulsion and a mixed micellar system. The 

lipid component o f each formulation was a 2:1 molar ratio of oleic acid: glycerol 

monooleate. When administered intraduodenally, the rank order for lymphatic transport 

was micellar > emulsion > lipid solution, suggesting that formulation of lipids as 

increasingly dispersed systems may enhance lymphatic transport. However, when similar
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formulations were administered to conscious rats, the lymphatically transported dose was 

the same irrespective of the formulation administered (Porter et a l,  1996b), suggesting that 

this effect was model specific.

In a more recent study in conscious rats, Karpf et al. (2004) compared the lymphatic 

transport o f halofantrine from two o/w emulsions (one containing Cremophor RH40 and 

the other containing lecithin) to a TG solution. A significantly higher level o f halofantrine 

was found in the intestinal lymph when dosed in one o f the emulsions compared to the TG 

solution. The portal absorption o f halofantrine was similar for the three vehicles, thus 

leading the authors to conclude that the degree o f dispersion of a lipid vehicle can change 

the route o f transportation o f halofantrine.

Much o f the recent reports detailing examples o f lymphatic drug transport have originated 

from development groups within the pharmaceutical industry, their primary goal being the 

enhancement in overall bioavailability. Consequently, the many studies have examined the 

extent o f lymphatic drug transport after oral administration in relatively complex and 

generally highly dispersed lipid vehicles. For example, Haus et al. (1998) compared 

lymphatic transport o f a lipophilic, poorly water-soluble leukotriene synthesis inhibitor, 

ontazolast, when formulated in four different lipid emulsion formulations. The 

formulations included a simple solution o f Peceol (a mixture o f mono- and diglycerides of 

oleic acid), a soybean oil-in-water emulsion and two SEDDDS (containing sources o f long 

chain fatty acids). Lymphatic transport was 20 to 25-fold higher from the lipid-based 

SEDDS (more disperse) and 50-fold greater from the soybean oil emulsion, compared with 

the aqueous suspension. The complexity of the vehicles makes it difficult to ascertain 

whether the difference in transport was due to the disperse nature o f the vehicles or due to 

the triglyceride output enhancing effects o f the formulation components.

In another study, the lymphatic transport of a poorly water-soluble and highly lipid-soluble 

5a-reductase inhibitor (MK-386) from three oral formulations: an aqueous (cellulose) 

suspension, a 1; 1 mixed lipid/surfactant (Imwitor® which contains mono- and diglycerides 

of capric and caprylic acids/ Tween 80) formulation, and a soybean oil solution were 

investigated (Kwei et at., 1998). Rank order for the total amount o f MK-386 transported 

into the mesenteric lymph over a 6 hour post-dosing period was found to be; aqueous 

suspension > mixed lipid/ surfactant system > soybean oil. The relatively short sampling
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time (insufficient to cover the complete absorption profile) and the large amount of Tween 

80 (a source of oleic acid) in the mixed system, however complicate the findings o f the 

study.

In another study, the lymphatic transport o f retinyl palmitate was increased 2-fold when 

administered in a Tween 80 aqueous micellar solution compared with a lipid solution 

formulation (Nishigaki et a l, 1976). Takada et at. (1985) also found that lymphatic 

transport o f cyclosporine A was 5-10-fold higher after administration in a simple micellar 

vehicle containing linoleic acid, when compared with a lipid solution of sesame oil or a 

mixed micellar formulation containing linoleic acid and HCO-60. In another study, no 

significant differences were reported in the extent o f lymphatic transport o f mepitiostane 

after administration in a Tween 80 micellar solution or a triglyceride lipid vehicle 

(Ichihashi et al., 1993). It is important to consider the vehicle effects on drug solubility, 

membrane permeability and triglyceride output stimulation and therefore difficult to 

attribute enhanced lymphatic transport fi’om a certain vehicle to any one characteristic.

3.5. Lipid-based vehicles for oral delivery of drugs

3.5.1. Classification of lipid-based vehicles

Lipid formulations for oral administration of drugs generally consist of drug dissolved in a 

blend o f two or more excipients, which may be triglyceride oils, partial glycerides, 

surfactants and co-surfactants. The primary mechanism of action which leads to improved 

bioavailability (as previously discussed) is usually avoidance, or partial avoidance, o f the 

slow dissolution process which limits the bioavailability o f hydrophobic drugs fi’om solid 

dosage forms. In practice, ‘lipid’ formulations are a diverse group of formulations which 

have a wide range of properties. These result fi*om the blending o f up to five classes of 

excipients; ranging from pure triglyceride oils, through mixed glycerides, lipophilic 

surfactants, hydrophilic surfactants and water-soluble cosolvents. Pouton (1999) devised a 

usefiil classification system for the different lipid formulations (Table 3.1), whereby the 

lipid formulations are classified according to the composition, digestibility and particle size 

upon aqueous dilution.

The simplest lipid formulations are those where the drug is dissolved in a digestible oil 

(Type I formulation). Oil solutions o f vitamins A and D have been the standard way of

49



Chapter 3- Lipid-based form ulations fo r  intestinal lymphatic delivery

administering these vitamins for many years (Pouton, 2000). The low solvent capacity of 

triglycerides often prevents formulation in oil, but oil solutions may be a realistic option 

for potent drugs or for compounds with a log P  > 4. Solvent capacity for less hydrophobic 

drugs can be improved by blending triglycerides with mixed mono- and diglycerides. 

These vehicles will, however, require preliminary intestinal digestion before their benefits 

to drug absorption can be obtained. This means that the lipid vehicle effects are subject to 

inter- and intra-patient variability and may be slow in onset.

Solvent capacity of the lipid formulation may be ftirther improved upon with the inclusion 

of a lipophilic surfactant (HLB <12). This type o f formulation is likely to retain its solvent 

capacity for the drug after dispersion and is referred to as a Type II system. Type II 

systems represent self-emulsifying drug delivery systems (SEDDS) since they undergo 

sufficient self-emulsification. A distinguishing feature o f these formulations is that they do 

not contain any water-soluble components.

Type III formulations contain blends of glycerides with surfactants and additional co

solvents or hydrophilic co-surfactants to increase the rate of vehicle dispersion and dmg 

solubilisation in the gastrointestinal tract. Type III systems are further categorised into 

III A and IIIB systems. Type IIIA formulations typically have a lower hydrophilic co

solvent content and have a larger particle size (100-250nm) upon dispersion than type IIIB 

formulations. The risk o f drug precipitation is greater when the formulation contains a 

higher proportion of hydrophilic components (Pouton, 2000). Type III systems are often 

termed ‘self-microemulsifying drug delivery systems’ (SMEDDS). Resulting oil-in-water 

dispersions are optically clear and thermodynamically stable as distinct from SEDDS, 

which show a tendency for phase separation when left to stand.
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Table 3.1. Typical properties of Type I, II, IIIA and IIIB lipid formulations as 

described by Pouton (1999)

Increasing hydrophilic content

Type I Type II Type IIIA Type IIIB

Typical composition (%) 

Triglycerides or mixed 

glyceride 100 40-80 40-80 <20

Surfactants 20-60 20-40 20-50

(HLB<12)  (HLB>11)  (HLB>11)

Hydrophilic co-solvents 0-40 20-50

Particle size of the 

dispersion (nm)

Coarse 100-250 100-250 50-100

Significance of 

digestibility

Crucial Not crucial Not crucial Not

requirement but likely to but may be required

occur inhibited and not

likely to 

occur

3.5.2. Self-emulsifying drug delivery systems (SEDDS)

In recent years, much attention has focused on lipid-based formulations to improve the oral 

bioavailability of poorly water-soluble drug compounds. The most popular approach is the 

incorporation of the drug compound into inert lipid vehicles such as oils, surfactant 

dispersions, self-emulsifying formulations, emulsions and liposomes, with particular 

emphasis on self-emulsifying drug delivery systems (SEDDS) (Gursoy and Benita, 2004). 

Self-emulsification has been shown to be specific to the nature o f the oil/surfactant pair; 

the surfactant concentration and oil/surfactant ratio; and the temperature at which self- 

emulsification occurs, and only very specific pharmaceutical excipient combinations can
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lead to efficient self-emulsifying conditions. The oil phase is one o f the most important 

excipients in the SEDDS formulation because it can solubilise the lipophilic drug, facilitate 

emulsification and can influence the degree of lymphatic transport. Modified or 

hydrolysed vegetable oils have been widely used since these excipients form good 

emulsification systems and exhibit better drug solubility, with a large number of 

surfactants approved for oral administration (Gursoy and Benita, 2004).

Several surfactants have been employed for the design of self-emulsifying systems; the 

most widely used ones being the non-ionic surfactants with a relatively high HLB balance. 

Non-ionic surfactants are less toxic than ionic surfactants but they may lead to reversible 

changes in the permeability of the intestinal membrane (Swenson et al., 1994). There is a 

relationship between the droplet size and the concentration of the surfactant being used. In 

some cases, increasing the surfactant concentration leads to droplets with smaller mean 

droplet size, such as in the case o f a mixture of saturated Cg-Cio polyglycolised glycerides 

(Levy and Benita, 1990), while in other cases the mean droplet size may increase with 

increasing surfactant concentrations (Craig et al., 1995; Kommuru et al., 2001). The 

production of an optimum SEDDS requires relatively high concentrations (generally more 

than 30%w/v) of surfactants. Organic solvents such as ethanol, propylene glycol and 

polyethylene glycol may also be incorporated into SEDD formulations as they enable the 

dissolution of large quantities o f either hydrophilic surfactant or the drug in the lipid base. 

They may also act as co-surfactants in microemulsion systems. The use of alcohols and 

volatile co-solvents has the disadvantage of possible evaporation into the shells of gelatin 

capsules, leading to drug precipitation and formulation instability (Constantinides, 1995).

The mechanism by which self-emulsification takes place is not yet well understood 

(Gershanik and Benita, 2000). It has been postulated that self-emulsification occurs when 

the entropy change that favours dispersion is greater than the energy required to increase 

the surface area o f the dispersion. The free energy o f a conventional emulsion formation is 

a direct function o f the energy required to create a new surface between the two phases. 

With time, the two phases o f the emulsion will tend to separate in order to reduce the 

interfacial area, and subsequently, the free energy o f the system. Emulsions resulting from 

aqueous dilution are therefore stabilised by conventional emulsifying agents, which form a 

monolayer around the emulsion droplets, hence reducing the interfacial energy as well as 

providing a barrier for coalescence. In the case o f self-emulsifying systems, the free
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energy required to form the emulsion is either very low and positive, or negative (i.e. the 

emulsification process occurs spontaneously) due to the high concentrations of surfactants 

used. As the formation of oil-in-water dispersions is spontaneous, there is no tendency for 

phase separation on standing, thus the resulting system is stable (Lawrence and Rees, 

2000).

3.5.3. Bioavailability from SEDDS

Many studies carried out in animals for the assessment o f the oral bioavailability of 

hydrophobic drugs formulated in o/w emulsions have indicated better absorption profiles 

(increased absorption, reduced variability in absoprtion), but the use of these systems is 

limited due to their poor physical stability and the large volumes needed (Gursoy and 

Benita, 2004). The bioavailability enhancement and variability reduction offered by 

SEDDS has been the subject of many reviews (Humberstone and Charman, 1997; 

Lawrence and Rees, 2000; Gursoy and Benita, 2000; Gursoy and Benita, 2004) and there 

are ample examples in the literature o f lipophilic drug bioavailability enhancement due to 

SEDDS. Some of the drugs whose bioavailability has been enhanced through the use of 

SEDDS include; the immunosuppressant cyclosporine A (Gao et al., 1998; Constantinides, 

1995; Vonderscher and Meinzer, 1994), co-enzyme Q (Kommuru et al., 2001), the anti

cancer drug paclitaxel (Gao et al., 2003), the lipid lowering drug simvastatin (Kang et al., 

2004) and the anti-HIV drugs saquinavir, amprenavir and ritonavir (Roman, 1999).

Despite the huge interest in SEDD formulations for the delivery of poorly water-soluble 

drugs, there have been relatively few reports on the lymphotropic potential o f such 

systems. SEDDS which contain lipids and certain surfactants (such as Tween 80 and 

Cremophor) may stimulate lymphatic chylomicron output and thereby promote lymphatic 

transport o f drugs. Table 3.2 lists some examples o f lymphatic transport o f lipophilic 

drugs following administration in SEDDS.

53



Table 3.2. Lymphatic transport of lipophilic compounds following administration in SEDDS

Compound Oil Surfactants Animal

model

Lymphatic transport Reference

Ontazolast Gelucire

44/14

Peceol Rat (U, M) Transport from SEDDS 20-25-fold > than aqueous 

suspension

Haus et a/. (1998)

DDT Oleic acid Plurol oleique, 

Labrasol

Rat (A, M) Peak transport from SEDDS 3.3-fold > oleic acid 

dispersion

Griffin (2001)

Saquinavir Oleic acid Plurol oleique, 

Labrasol

Rat (A, M) Transport from SEDDS 2-fold > mixed micelle 

vehicle

Griffin (2001)

Halofan trine Structured

triglycerides

(MLM,

LML)

Cremophor EL, 

Maisine 35-1, 

ethanol

Canine

(U,T)

17.9% of dose was lymphatically transported from 

the MLM SMEDDS, 27.4% of dose lymphatically 

transported from the LML SMEDDS

Holm et al. (2003)

Halofan trine Soybean oil 

or Captex 

355

Cremophor EL, 

Maisine 35-1, 

ethanol

Canine

(U ,T)

28.3% of dose lymphatically transported from 

Soybean SEDDS, 5% of dose from Captex 355 

SEDDS, 1.3% from PEG melt (lipid-free)

Khoo et al. (2003)

A denotes the use o f  the anaesthetised model, U, the unanaesthetised model.
M denotes cannulation o f  the mesenteric duct, while T means cannulation o f  the thoracic duct.
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3.6. Characterisation and in vitro assessment of lipid vehicles 

3.6.1. Droplet characterisation

Few methods have been proposed in the literature to characterise the self-emulsifying 

performance. The main method of self-emulsification assessment is visual evaluation 

(Craig et a i, 1995; Gursoy et a l, 2003). The efficiency o f self-emulsification can be 

estimated by determining the rate o f emulsification and droplet size distribution. Turbidity 

measurements may also be used, as a relationship exists between particle size and turbidity 

o f a dilution. Particle size can be measured using Photon Correlation Spectroscopy (PCS). 

The charge o f the oil droplets of SEDDS is another property that should be assessed. In 

conventional SEDDS, the charge of the oil droplets is negative due to the presence of fi’ee 

fatty acids. Incorporation of a cationic lipid such as oleylamine will yield cationic 

SEDDS; these systems will have a positive ^-potential value o f about 25-45mV, which is 

preserved upon incorporation of the drug compounds (Gershanik and Benita, 1998; 

Gershanik et al., 2000). Particle size measurements can give an indication o f emulsion 

stability and the effect o f dilution of the SEDDS on stability.

3.6.2. Dissolution testing using modified dissolution media

The development o f lipid-based formulations has progressed for the most part, empirically, 

and advances are required in our understanding of the complex interaction between 

formulation-derived lipids, the GI milieu and co-administered drugs. One o f the major 

limitations in the development of lipid-based formulations has been the absence of 

discriminating in vitro tests which may be used to screen potential lipid formulations.

Modified dissolution media, which reflect the endogenous bile salt and phospholipid levels 

in the intestine, have recently been used in an effort to predict the bioavailability o f poorly 

water-soluble drugs firom relatively simple formulations (Naylor et al., 1995; Dressman et 

al., 1998; Dressman and Reppas, 2000). These measures have met with some success but 

do not, however, have the flexibility to deal with the complex interactions and trafficking 

issues inherent in the parallel digestion, dispersion and solubilisation of a lipid-based 

formulation and an incorporated drug. The principle determinants o f the dissolution rate of 

a poorly soluble compound are the degree of wetting and the extent o f drug solubility in 

the intestinal contents. The most notable factors controlling wetting and solubility are
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gastrointestinal pH and the presence of solubilising agents in the gastrointestinal 

environment such as bile salts and phospholipids.

In vitro dissolution tests have commonly employed standard pharmacopoeial media such 

as distilled water or 0.1 M HCl. The use o f this simple aqueous media is often limited by 

the low intrinsic aqueous solubility of the drug (therefore making maintenance o f sink 

conditions difficult), which, coupled with analytical sensitivity and logistical issues such as 

binding to drug filters, can make reproducible dissolution assessment difficult. A number 

o f studies have developed and defined modified dissolution media which more accurately 

reflect the solubilisation power o f the in vivo gastrointestinal tract (Galia et al., 1998; 

Dressman and Repas, 2000; Nicolaides et al., 1999; Nicolaides et al., 2001; Luner and 

Kamp, 2001). These modified dissolution media typically contain bile salt, lecithin and 

fatty acids and are buffered to a certain pH. The success and accuracy of prediction of 

tests using this media appears to depend on the nature of the drug species being 

investigated (Dressman and Repas, 2000; Porter and Charman, 2001).

3.6.3, In vitro digestion studies of lipid formulations

The most compelling current hypothesis regarding the use o f lipid formulations suggests 

that their benefit arises primarily fi"om their ability to maintain a poorly water-soluble drug 

in solution. The impact of digestion on the drug solubilisation process and the capacity to 

predict the ability of a lipid formulation to maintain a co-administered drug in solution 

under digesting conditions is not well documented.

Self-emulsifying formulations that are rapidly and effectively digested have been shown to 

improve the oral bioavailability of a progesterone formulation when compared with the 

commercially available oily suspension (MacGregor et al., 1997). In contrast, the studies 

o f Reymond and Sucker (1988a and 1988b) showed that whilst the extent o f digestion o f a 

cyclosporine-containing medium chain triglyceride (MCT) formulation was greater than 

that of a similar long chain triglyceride (LCT) system, the biological activity and the in 

vivo bioavailability o f cyclosporine were greater after administration in the LCT system. A 

recent study investigated the contribution o f emulsification and digestibility o f a SEDDS to 

the intestinal absorption of penclomedine in rats (deSmidt et al., 2004). A series of 

penclomedine-containing SEDDS (containing MCT and TPGS) was developed having 

three particle sizes (160nm, 720nm and millimetre-sized (crude oil)), with or without the
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inclusion of tetrahydrolipstatin, a known lipase inhibitor. Following oral administration to 

conscious rats, the formulation with particle size 160nm gave the highest bioavailability, 

while the 720nm formulation had slightly lower bioavailability. Co-inclusion of the lipase 

inhibitor yielded similar bioavailability for these two SEDDS, suggesting that the digestion 

process did not influence their absorption. The crude oil formulation resulted in the lowest 

bioavailability and upon inclusion of the lipase inhibitor; the bioavailability was further 

reduced by approximately half

A number of in vitro digestion methods have been described in the literature. The rate and 

extent of digestion o f various lipid formulations have been assessed using titrimetric pH 

stat techniques (Alvarez and Stella, 1989; Zangenberg et al., 2001a; Zangenberg et a i, 

2001b; Christensen et al., 2003). These models can also be used to investigate the 

dissolution of poorly soluble lipophilic drug substances at controlled hydrolysis rates and 

to characterise the solubilisation and precipitation characteristics of a range o f poorly 

water-soluble drugs during digestion. The pH stat model is not, however, well suited to 

detecting long chain fatty acids under simulated post-prandial conditions. This is because 

the fatty acids must be ionised before they can be titrated. Long chain fatty acids have a 

pKa of approximately 8, while simulated post-prandial duodenal conditions (pH5-7) do not 

favour this ionisation. To address this problem, a high performance thin layer 

chromatography technique (HPTLC) has been described (Sek et al., 2001; Sek et al., 

2002). This method quantifies lipolytic products directly via chromatographic analysis. 

Samples are collected from a digestion mix at intervals and lipids are solvent extracted 

before being separated out using HPTLC. The separated lipid products are detected by 

charring and quantified using densitometry. While this method is accurate it is more 

expensive and time consuming than the pH stat model and does not produce rate data.
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4. Caco-2 cell culture model 

4.1. Introduction

Several animal models have been described for the investigation of lymphatic transport 

(Section 2.4), and while these models have proved useful in elucidating the various factors 

affecting lymphatic transport, they are not suitable for rapid screening. It is also desirable 

to minimise the use o f animals for research purposes. For these reasons an in vitro model 

capable o f predicting lipid vehicle effects on drug absorption, and specifically on 

lymphatic drug uptake, would be extremely useful.

The Caco-2 is a human colon adenocarcinoma cell line, which was introduced in the early 

1990’s and has widely become a tool for the determination of the intestinal transport 

characteristics of compounds (Ingels et al., 2002). The cells have been extensively 

characterised and when grown in culture, the monolayers exhibit morphological and 

biochemical characteristics similar to those observed in absorptive intestinal cells (Hidalgo 

et al., 1989). Cell culture models offer many advantages over other drug absorption 

models. These advantages include:

• Rapid evaluation of the potential permeability and metabolism of drugs, thereby 

providing an invaluable screening tool for drug development

• They are easy to work with once established and the environment is easily 

controlled and therefore variation is reduced

• The system is simple and does not have any of the complications associated with 

tissues and animal systems

• Use of cell culture may minimise the amount o f animals required for further studies

• Transport processes can be characterised because o f access to the apical and 

basolateral surfaces

Studies to date with this model have included estimation of membrane permeability 

coefficients, transport mechanisms of drugs with varying physicochemical characteristics 

and the effects of pharmaceutical excipients on drug permeability (O’Driscoll, 1998). In 

the case o f drug permeability studies, reasonable in vivo/ in vitro correlations between 

Caco-2 cells and human data have been established, indicating that this model can be used
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with confidence to predict the in vivo situation. However, there are disadvantages 

associated with the use o f cell culture models. These disadvantages include:

• Labour intensive procedures for maintaining adequate cell stock, they must also be 

continuously monitored for infections

• Expensive to set up and run

• Cell lines have to be characterised each time they are established in a laboratory 

and there are reported inter-laboratory variations

• The cells are of cancer and colonic origin

• The topography of the cell culture monolayer compared to in vivo intestine is 

different (Arthusson et al., 2001)

Hughes et al. (1987) were the first investigators to use Caco-2 cells for the purpose of 

studying lipoprotein secretion and since then the mechanisms o f lipid uptake and 

metabolism have been widely studied using Caco-2 cells as a model. It is possible 

therefore, given the close association between lipid transport and lymphatic transport of 

certain drugs, that the model may be used to study aspects o f lymphatic transport o f these 

drugs. The Caco-2 cell culture model was used here to study lipid metabolism and 

secretion following administration of various lipid-based vehicles.

4.2. Lipid processing: Caco-2 cells versus normal enterocytes

In relation to lipid uptake, metabolism and secretion, the Caco-2 cells have many features 

in common with the enterocyte, but as with any in vitro model, there are differences which 

can limit predictive potential (Levy at al., 1995). The main similarities and differences 

between Caco-2 cells and humans are summarised in Table 4.1.
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Table 4.1. Similarities and differences in lipid processing, between the Caco-2 cell 

model and the human intestinal enterocyte (adapted from O’Driscoll, 1998)

Similarities Differences

Fatty acid uptake and esterification, Presence o f I-FABP and L-FABP in

triglyceride formation, cholesterol human intestine, only L-FABP in Caco-

absorption, esterification and synthesis, 2 cells

presence o f cholesterol acyl transferase

(ACAT)

Presence o f microsomal triglyceride Triglyceride synthesis via

transfer protein (MTP), synthesis and monoglyceride and phosphatidic

secretion of similar lipoproteins of similar pathways in humans, phosphatidic

size and density major pathway in Caco-2 cells with

monoglyceride being the minor pathway

Synthesis and secretion o f similar Secretion of mainly apoB 48 in human,

apoproteins secretion o f apoB 48 and apoBlOO in

Caco-2 cells

Expression of P-gp and CYP3A-like Levels o f expression lower and may be

cytochrome P450 more variable in Caco-2 cells

4.2.1. Lipid processing: similarities between Caco-2 cells and normal enterocytes

Caco-2 cells show uptake o f fatty acids followed by esterification to form triglyceride 

(Trotter and Storch, 1993). Cholesterol absorption, esterification and synthesis in the 

Caco-2 cell are also regulated in a manner similar to that observed in the normal intestine 

(Field et al., 1995). Microsomal triglyceride transfer protein (MTP), which functions in 

the transfer o f lipids from their site of synthesis to their interaction site with apoB during 

lipoprotein production, has also been identified and characterised in Caco-2 cells (van 

Greevenbroek et al., 1995). Caco-2 cells also secrete similar apoproteins (Field and 

Mathur, 1995; Levy et al., 1995) and in the presence of fatty acids they synthesise and
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secrete triglyceride-rich lipoproteins of similar size and density to those synthesised and 

secreted by the human intestine (Field et at, 1988; van Greevenbroek et at, 1995; van 

Greevenbroek et at, 1996).

It should be noted that culture conditions are extremely important as certain aspects of 

lipoprotein assembly and secretion, such as apoAI and apoB mRNA levels, apoB secretion 

and triacylglycerol synthesis are highly dependent upon cellular differentiation (Field and 

Mathur, 1995). Caco-2 cells spontaneously differentiate with time in culture making it 

important to perform experiments at least 10-14 days after the cells have reached 

confluency. These conditions should be consistently maintained throughout the 

experimental protocol. Expression of P-glycoprotein (P-gp) on the apical surface (Hunter 

et al., 1993) and CYP3A-like cytochrome P450 activity (Gan et a l,  1996) has also been 

reported in Caco-2 cells.

4.2.2. Lipid processing: differences between Caco-2 cells and normal enterocytes

The human small intestine contains two fatty acid binding proteins (FABP)- intestinal (I) 

and liver (L). These proteins facilitate fatty acid uptake, protect cells from high 

concentrations o f fatty acids and maintain an intracellular pool o f fatty acids for 

mobilisation. It has been suggested that I-FABP might be involved in directing fatty acids 

to the 2-monoacylglycerol pathway for triacylglycerol synthesis within the enterocyte. The 

Caco-2 cells lack the I-FABP (Field and Mathur, 1995; Trotter et al., 1996).

Caco-2 cells synthesise triglyceride predominantly from the phosphatidic acid pathway (in 

humans the monoglyceride pathway predominates) and secrete only a small proportion of 

triglyceride synthesised within the cell (1-10%) (Levy et al., 1995; Seeballuck, 2004). 

This low efficiency o f secretion in Caco-2 cells indicates inefficient lipid export from the 

cells. Thus, I-FABP, which is lacking in the Caco-2 cells, may be important in maximising 

the synthesis and secretion o f triglyceride from the monoglyceride pathway (Field and 

Mathur, 1995).

The human intestine mainly secretes the apoB 48 species o f apoB. In contrast, Caco-2 

cells synthesise and secrete apoBlOO and apoB 48; the ratio o f secreted B 100 to B48 varies 

depending on the passage. When cells are grown on filters, the intestinal form, apoB48,
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predominates (Field and Mathur, 1995). Small amounts of apoBlOO are synthesised and 

secreted by the human intestine, but the majority o f adult intestinal apoB mRNA is edited 

(81-97%), resulting in the synthesis and secretion o f predominantly apoB48. This editing 

is developmentally regulated; with 99% or more of intestinal apoB mRNA remaining 

unedited at 8 weeks gestation. In this regard, Caco-2 cells are similar to foetal intestinal 

cells (Teng et at., 1990).

Whilst experimental evidence exists which confirms the presence of both P-gp and 

cytochrome P450 in Caco-2 cells, reports have suggested that levels o f expression of both 

may be variable and lower in the Caco-2 cells compared to the in vivo case (O’Driscoll, 

1998). Regarding P-gp, this protein is continuously expressed throughout the culture 

period, but it does not become fully fiinctional until about day 17. Thus the optimum time 

to study the role o f P-gp drug efflux is between days 17 to 27 (Hosoya et al., 1996). Crespi 

et al. (1996) suggested that the levels o f expression of cytochrome p450 in Caco-2 cells 

could be significantly lower compared to man. Raeissi et al. (1997) have described a 

subclone o f Caco-2 cells capable of expressing an enzyme that is not CYP3A4 but is likely 

to be CYP3A5. This expression is similar to that in the human colon indicating that this 

clone may be an alternative model to study drug transport and CYP3A5 metabolism.

4.3. In vitro/In vivo correlation between Caco-2 cells and human enterocytes

It has been shown that Caco-2 cells produce lipoprotein particles and these are secreted 

preferentially through the basolateral membrane in culture. Both the density and extent of 

lipoprotein secretion by Caco-2 cells are influenced by the nature of the lipid vehicle to 

which the cells are exposed (O’Driscoll, 1998; Seeballuck, 2004).

Caco-2 cells respond to fatty acid stimulation in a similar manner to the in vivo situation. 

Incubation of cells with long chain unsaturated fatty acids, such as oleic acid, results in 

secretion o f chylomicrons and VLDL. In animals, similar trends in chylomicron 

production are observed following administration of long chain fatty acids (Caliph et al., 

2000; Griffin, 2001; Holm et al., 2001). Administration of Pluronic L81 (a non-ionic 

surfactant) to lymph-cannulated rats results in a blockade o f chylomicron (but not VLDL) 

output into the mesenteric lymph; this effect was reversible upon cessation o f Pluronic L81
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infusion (Tso et a l,  1982). Seeballuck et al. (2003) observed the same effect o f Pluronic 

L81 upon administration to Caco-2 cells i.e. preferential inhibition o f chylomicrons 

compared to VLDL secretion. This inhibition was also reversible on withdrawal o f the 

excipient.

4,4. Limitations of the Caco-2 ceil model

Successful use o f cell culture models to predict in vivo responses is closely related to 

standardisation (Braun et al., 2000). Some of the conditions which are known to affect the 

in vitro Caco-2 cell response are: origin of cells, passage number, culture medium, 

supports for cell growth, seeding density, cell number per area, transepithelial electrical 

resistance (TEER) values, cell morphology, tight junction formation and expression of 

transporters (Braun et al., 2000). Thus, when conducting studies using Caco-2 cells, 

standardisation o f conditions should be imposed since one of the problems that arises when 

interpreting results from different research groups lies in distinguishing what observed 

results are due to differences in cell conditions.

The primary limitation associated with the use of the Caco-2 cell culture model to probe 

mechanistic aspects o f lymphatic transport is probably the poor lipoprotein secretory 

efficiency o f the model. Caco-2 cells are capable of efficiently absorbing administered 

fatty acid but the subsequent secretion of triglyceride is restricted (Levy et al., 1995). 

Quoted literature values for triglyceride secretion efficiency vary due to differences in 

culture conditions, but all values quoted are consistently low, averaging at about 10% 

(Ranheim et al., 1992; Dashti et al., 1990, Mehran et al., 1997; Seeballuck et al., 2004).

It has been suggested that the relative inefficiency of lipid transport in Caco-2 cells may be 

the result o f a number o f factors. The low activity of the monoacylglycerol pathway in 

Caco-2 cells may be one factor. Chylomicron triglyceride is preferentially sourced from 

the monoacylglycerol pathway in vivo; the predominance o f the phosphatidic acid pathway 

in Caco-2 cells may be a limitation to triglyceride rich lipoprotein output. The reported 

activity o f MTP enzyme in Caco-2 cells is also relatively low (Levy et al., 2001). MTP is 

involved in the structural lipidation o f the growing apoB molecules and may be the rate- 

limiting step to triglyceride-rich lipoprotein output in Caco-2 cells (Mathur et al. 1997).
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Finally, the nature of the apoB secreted by the Caco-2 cells may also be a factor in the low 

secretion efficiency. Using apoB knockout mice, it has been shown that the initial 

chylomicron assembly step is much slower with apoB 100 when compared to apoB 48 

(Kendrick et al., 2001). Increasing the lipid load overcomes this problem, but it may still 

be a contributing factor to the low secretion efficiency of Caco-2 cells.

Using the rat model, significant lymphatic transport of the lipophilic drug halofantrine, 

following administration in lipid vehicles containing long chain unsaturated fatty acids, has 

been reported (Porter et al., 1996a; Caliph et al., 2000; Holm et al., 2001). For example, 

Porter et al. (1996b) reported that up to 20% of halofantrine was transported in the lymph 

o f a conscious lymph-cannulated rat when administered in a peanut oil dispersion. In 

contrast, Seeballuck (2004) conducted extensive studies on the effect o f different lipid 

vehicles on the transport of halofantrine in Caco-2 cells. Halofantrine-containing lipid 

vehicles (crude oil emulsions or microemulsions) comprising long or medium chain 

triglycerides were presented to the cells in either the digested or non-digested state. 

Halofantrine associated with secreted chylomicrons was considerably low- less than 2% of 

basolaterally-recovered halofantrine was associated with chylomicrons, representing 

0.03% of the total administered halofantrine dose. It was suggested that this was a result of 

the low lipoprotein secretion capacity o f the Caco-2 model versus duodenal enterocytes. It 

was concluded that the Caco-2 cell model did have the ability to simulate lipid vehicle 

effects on lipid metabolism, and to transport an administered drug in association with 

secreted TRL, but did not accurately predict in vivo lipid vehicle effects on lymphatic drug 

absorption.

64



Chapter 5- Cyclosporine A

5. Cvclosporine A fCsA) 

5.1. Introduction

Cyclosporine A (CsA) is a neutral cyclic undecapeptide of fungal origin and is widely used 

as a potent immunosuppressant to prevent organ rejection after kidney, liver and heart 

allogenic transplantation (Diasio and LoBuglio, 1996). Cyclosporine was discovered in 

1968 and its potent immunosuppressive properties were subsequently demonstrated by 

Borel et al. (1976). These properties result from its interference with interleukin-2 gene 

transcription, which occurs through the inhibition o f calcineurin-dependent activation of 

NF-AT, a nuclear promoter of gene transcription for substances including interleukin-2 

(Ready, 2004). In comparison to azathioprine (another immunosuppressant), cyclosporine 

A along with steroids dramatically improved cadaveric renal allograft survival from 25% 

to 60% at 5 years (Kahan et a i,  1985). Following US approval in 1983, cyclosporine A 

was rapidly adopted globally for a variety of transplant types. No agent introduced since 

has demonstrated such unequivocal improvement in outcomes, and cyclosporine has 

remained the gold standard against which others are compared. CsA has also been used in 

the treatment o f autoimmune diseases such as rheumatoid arthritis, uveitis and psoriasis 

(Chiu et al., 2003).

5.2, Cyclosporine formulations

Cyclosporine is considered a highly lipophilic molecule, as its log P  is approximately 3. 

Cyclosporine solubility in lipid-based solvents is reasonably high (> 90mg/g in Captex 355 

oil) (Gao et al., 1998), and its aqueous solubility is less than 10n,g/ml (Ismailos et al., 

1991). Cyclosporine intestinal permeability is high (permeability value o f 1.65 x lO^'cm/s) 

(Chiu et al., 2003); given this and its low aqueous solubility, cyclosporine can therefore be 

classified as a class II drug in the Biopharmaceutical Classification Scheme, according to 

Amidon et al. (1995). These characteristics led to challenges when developing a 

successful CsA pharmaceutical formulation.

5.2.1. Sandimmun® formulations

Because o f CsA’s poor water solubility, preclinical studies investigated several substances 

as potential solubilising agents. Two ethoxylated plant oils were deemed acceptable for 

investigation: olive oil and polyoxyethylated oleic glycerides (Labrafil M 1944 CS).
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Studies in dogs showed that about one-third o f the cyclosporine dose of a solution in olive 

oil or Labrafil M 1944 CS was bioavailable (Yee, 1991). Since many patients would not 

be able to drink olive oil for long periods of time, it was desirable to develop a product that 

would form an oil-in-water emulsion when added to another liquid such as milk or orange 

juice. Acceptable results were obtained with a mixture o f Labrafil M 1944 CS, olive oil 

(or maize or com oil) and ethanol. Solutions prepared with these oils could be diluted as 

required with aqueous solutions, forming a stable emulsion. Efforts to identify an 

acceptable flavouring agent to mask the oily taste were unsuccessful. The resulting 

commercial oral solution contained 1 OOmg CsA dissolved in an olive oil, Labrafil M 1944 

CS and alcohol (12.5%v/v) vehicle (Sandimmun® Product Information, 2004).

An intravenous formulation was also developed; this contained 50mg cyclosporine, 650mg 

Cremophor EL and 32.9%v/v alcohol. The intravenous formulation has been associated 

with many toxicities and hypersensitivity reactions, some o f which are probably related to 

the Cremophor EL. Interestingly, the risk of hypersensitivity reactions appears to be low 

in transplant recipients. In one study o f six healthy males, five developed a hypersensitivity 

reaction after receiving the agent. It has been suggested that the apparently lower risk of 

hypersensitivity reactions in transplant recipients was related to either desensitisation with 

long-term CsA therapy or to concurrent steroid administration (Yee, 1991).

Because many patients had difficulty tolerating the oral solution for long periods o f time, 

other oral dosage forms were needed. Initially the goal was to develop a soft gelatin 

capsule that contained an alcohol-free solution o f 20% CsA. Most patients prefer oral soft 

gelatin capsules to oral solutions. Capsules are more convenient since there is no need for 

measuring, mixing or clean up and they are easier to carry. The oily taste associated with 

the oral solution is also eliminated. Additionally, it was hoped that the capsules would 

increase compliance, as with the capsules the same dose would be taken each time. 

Vehicles evaluated included polyoxyethylene/ propylene glycol, monoolein, a mixture of 

monoolein and ethoxylated castor oil and various monoglycerides and diglycerides as 

additives but none o f these early formulations were bioequivalent to the oral solution (Yee,

I 1991).

A solution of maize oil, ethoxylated maize oil and ethanol was evaluated and found to be 

bioequivalent with the oral solution. This vehicle was encapsulated into soft gelatin
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capsules (Sandimmun®) containing either 25mg or lOOmg CsA. To prevent evaporation 

o f the ethanol, all capsules were sealed into aluminium blister packs. The 

pharmacokinetics o f this Sandimmun® oral formulation in healthy volunteers has been 

reported and described by a two-compartment model, with zero order absorption (Mueller 

et al., 1994b). Although CsA has a high octanol-Ringer’s partition coefficient of 991, the 

absorption from the gastrointestinal tract is incomplete and variable. The oral 

bioavailability is approximately 30% from the Sandimmun® oral formulation with wide 

inter- and intrasubject variability (Ptachinski et al., 1986) in absorption, distribution and 

elimination, thus complicating its use.

The unpredictable relationship between Sandimmun® dose and CsA blood concentration is 

principally related to the short but complex journey of the hydrophobic molecule from the 

intestinal lumen into the blood. This journey is subject to variations in many factors, 

including gastric emptying, biliary, pancreatic and small bowel secretions, small bowel 

motility, the amount o f intestinal and hepatic cytochrome p450 metabolism, the amount of 

P-gp mediated drug efflux and the influences o f food intake and concomitant medications 

(Chiu et al., 2003; Ready, 2004).

Despite the disadvantages associated with the administration of the Sandimmun® capsule 

formulation, it was nevertheless used, since there were no alternative agents of equal 

efficacy to it. To improve the accuracy of dosing and minimise toxicity associated with 

cyclosporine, therapeutic drug monitoring became essential (Ready, 2004). Cyclosporine 

has a narrow therapeutic index; overdosage causes renal and hepatic toxicity while under

dosage may result in organ rejection (Sandimmun® Product Information, 2003).

5.2.2. Neoral® formulation

The management o f CsA dosage regimens improved with the introduction in 1995 o f 

Neoral®, an oral microemulsion formulation which contains a com oil blend, ethanol, 

polyoxyl-40-hydrogenated castor oil (Cremophor RH40), DL-a-tocopherol, glycerol and 

propylene glycol (Novartis Product Information, 2004). Due to the compositional 

differences (regarding oil and surfactant) between the original Sandimmun® and 

Sandimmun Neoral®, the latter formulation self-emulsifies in vivo to form an o/w 

microemulsion with a particle size less than 0.15|am (Ritschel et al., 1991). The
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Sandimmun® formulation on the other hand, forms a crude emulsion with a particle size 

around 4|j,m (Tarr and Yalkowsky, 1989).

In clinical studies, the Neoral® formulation has been shown to reduce inter- and intra- 

patient variability in cyclosporine pharmacokinetics when compared with the marketed 

original Sandimmun® (Kovarik et al., 1994; Noble and Markham, 1995). Data presented 

in Table 5.1 is taken from Holt et al. (1994) and compares the pharmacokinetics of the two 

cyclosporine formulations in stable renal transplant patients. It can be seen from this data 

that the Neoral® formulation offers substantial advantages over the original Sandimmun® 

formulation with respect to consistency and extent o f absorption, exhibiting reduced tmax, 

increased Cmax and AUC. The bioavailability of Neoral® is 40-60% (Kovarik et al., 1994).

Table 5.1. Mean (CV%) pharmacokinetic parameters following twice daily dosing 

with Sandimmun® (S) or Neoral® (N) in eleven stable renal transplant patients 

(adapted from Holt et al., 1994)

Parameter S fasting S Non-fasting N fasting N Non-fasting

tm ax (h) 2.1 (33.3) 2.6 (76.9) 1.5(33.3) 1.2 (33.3)

C m a x  (M̂§/1) 663 (34.5) 528 (40.5) 997 (20.0) 892 (35.8)

Cmin (M-S/I) 78 (30.8) 92 (29.3) 94 (22.3) 100 (23.0)

A U C  (^g.h/L) 2645 (25.7) 2432 (24.3) 3454(17.6) 3028 (19.7)

PTF % 261 (23.4) 212(36.8) 317(18.0) 309 (31.1)

All concentrations measured in whole blood at steady state. AUC was measured over a dosing interval. 
PTF% = percentage peak-trough fluctuation

In another study, the CsA pharmacokinetics o f the Neoral® formulation were less affected 

by the presence of food (Mueller et al, 1994a; Mueller et al, 1994c). In healthy humans, 

food had a marked effect on the absorption from Sandimmun® manifested by nearly 

doubling o f time to reach the peak concentration and a 37% increase in the area under the 

curve. In Neoral® the effect was less pronounced with the area under the curve showing a 

slight reduction of 15%. Additional studies have demonstrated improved dose linearity of 

CsA pharmacokinetics from the Neoral® formulation (Mueller et al., 1994b). The area 

under the curve for Sandimmun® increases in a less than proportional marmer with respect 

to dose, whereas that for Neoral® was more consistent with linear pharmacokinetics. It
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was suggested that these improvements in the oral bioavailability and dose linearity of 

cyclosporine exposure from Neoral® would facilitate more accurate dosage titration in the 

clinical setting (Mueller et al., 1994b) and indeed clinically, these refinements resulted in a 

modest but significant reduction in the incidence o f acute rejection (Chiu et al., 2003; 

Ready, 2004).

The improvement in treatment efficacy and bioavailability with Neoral® was attributed to 

it microemulsion character. Neoral® readily undergoes dissolution in aqueous fluids 

without the need for bile (Trull et al., 1995), small intestinal enzymes or secretion. Other 

studies have suggested that Neoral® dissolution (and therefore bioavailability) is not 

completely independent o f bile flow. An inverse correlation was observed between the 

volume o f externally drained bile and the bioavailability o f CsA (Lindholm et al., 1990). 

Neoral® immediately forms a microemulsion in aqueous fluids, initially a w/o 

microemulsion forms but on further mixing this undergoes phase inversion to yield an o/w 

microemulsion (Lawrence and Rees, 2000), simulating the mixed micellar phase. 

Cyclosporine is therefore rapidly available for absorption so that the entire absorption 

window can be utilised. It is in circumventing the lipid dispersion step that the influence 

of bile flow and pancreatin is reduced (Kovarik et al., 1994). In contrast, when the 

Sandimmun® formulation is administered, a crude o/w emulsion forms in aqueous 

gastrointestinal fluids, with cyclosporine mainly in the oil droplets. These droplets must be 

dispersed by bile and pancreatin to form mixed micelles for subsequent drug absorption 

(Reymond and Sucker, 1988; Reymond et al., 1988).

It has also been proposed that lipolysis o f the triglyceride yields partial glycerides which 

then act as emulsifiers and enhance drug uptake (Behrens et al., 1996). The increased 

post-prandial bioavailability o f CsA when administered as Sandimmun® is consistent with 

the hypothesis that drug absorption from the crude emulsion was dependent on in vivo 

digestion and dispersion o f the administered lipid. In contrast, the lack o f effect o f a fatty 

meal on absorption o f Neoral® indicated that absorption from the microemulsion 

preconcentrate formulation was reasonably independent o f the effects o f co-administered 

food.
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5.2.3. Other commercially available cyclosporine formulations

The Sandimmun® formulation forms droplets greater than If^m upon dispersion, while 

Neoral® forms droplets less than lOOnm in diameter when dispersed in aqueous media 

(Andrysek, 2001). The improved pharmacokinetic parameters associated with Neoral® 

were attributed largely to its small particle size upon aqueous dispersion (Vonderscher and 

Meinzer, 1994). Tarr and Yalkowsky (1989) measured the intestinal absorption of CsA in 

situ in rats using an olive oil emulsion prepared by either stirring or homogenisation. The 

surface area of the homogenised dosage form was twice that of the stirred dosage form and 

the apparent permeability of CsA from the homogenised emulsion was about twice that of 

the emulsion prepared by stirring. Two other commercial formulations (Consupren® and 

SangCyA®) were developed with this beneficial effect of reduced particle size in mind. 

Both formulations produce lipid droplets less than 2|im (Consupren®) and lOOnm 

(SangCyA®) in diameter upon aqueous dispersion (Andrysek, 2001).

Recently, however, it has been suggested that formulations which result in larger particle 

sizes upon dispersion, may be just as well absorbed as the microemulsion formulations 

(Andrysek, 2001; Andrysek et al. 2003). A pilot bioequivalence study was conducted in 

12 healthy male volunteers. In this randomised three-period crossover study, the 

bioavailability o f three cyclosporine formulations was determined. Two gel based 

emulsion drug delivery systems (GEMDDS) were compared with Neoral®, the effective 

diameters o f the two gel formulations were 92.05|xm and 36.23)im (compared with a 

particle size o f 30nm for Neoral®). Despite the large differences in particle size, the 

absorption profiles for all preparations were almost identical, illustrating bioequivalence. 

The results showed no apparent correlation between particle size and absorption profile. 

The authors suggested that the improved bioavailability from the GEMDDS was possibly 

due to its ability to overcome the unstirred water layer in the lumen of the small intestine 

and its ability to adhere to the intestinal wall, ensuring both sufficient time and 

concentration gradient for absorption o f cyclosporine (Andrysek, 2001; Andrysek et al. 

2003). Furthermore, the presence o f non-ionic surfactants in the formulations may affect 

intestinal wall permeability by causing reversible local microvillar damage and disruption 

of tight junctions. It was also suggested that the effect of formulation excipients on P-gp 

and cytochrome p450 may be a factor in the absorption of CsA from the formulations.
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Another commercially available Equoral® formulation manufactured by the 

pharmaceutical company I VAX contains CsA (lOOmg/ml), ethanol, an admixture o f two 

different polyglycerol oleates and polyoxythanol-40-hydrogenated castor oil (Cremophor). 

This formulation does not form a microemulsion upon aqueous dilution and is more 

emulsion-like in character (Personal Communication with Tomas Andrysek, 2004).

5.3. Factors influencing cyclosporine bioavailability

A number o f factors are known to influence that bioavailability o f cyclosporine. The 

pharmacokinetics o f CsA are relatively complex and are discussed below. Additionally, 

the formulation type and excipients used may also influence the bioavailability.

5.3.1. CsA absorption

The bioavailability o f CsA in humans has been reported to range from 10-50%, with a 

mean o f approximately 30% (Burckart et al., 1986), and from 12-23% in rats (Ueda et al., 

1984). The bioavailability o f CsA in dogs (5-10%) is known to be lower than in humans 

and other laboratory animals (Behrens et al., 1996).

The systemic availability of CsA from two different oral formulations (an olive oil solution 

and a HCO-60 formulation) was investigated in rats by Takada et al. (1988). Extensive 

pharmacokinetic analysis was subsequently carried out and useful information regarding 

the pharmacokinetics of cyclosporine in rats obtained. The absorption of CsA from the 

GIT was improved by administering CsA in the HCO-60 formulation. The amount o f CsA 

excreted by both biliary and urinary routes did not significantly contribute to the total 

elimination o f CsA. While the main elimination pathway for CsA in the rat was thought to 

occur via systemic metabolism, with the liver being the main metabolic organ and the GI 

tissue having a high activity too. About 10% of the amount of CsA entered into the GI 

system is extracted during the passage through the GI system and about 90% of the amount 

o f CsA is available to the portal venous system. Of this 90%, 35% of the CsA infiised into 

the portal vein was extracted by the liver before entering into the systemic circulation. The 

systemic availability o f CsA from the HCO-60 was 27.3%, and 19.8% from the olive oil 

solution. This enhanced systemic availability o f CsA from the HCO-60 formulation was 

ascribed to the increased absorption o f CsA from the GIT into the mucosal cells.

71



Chapter 5- Cyclosporine A

Some reports suggest that there might be an absorption window for CsA in the upper small 

intestine (Ueda et a l,  1983; Takada et al., 1988a; Tarr and Yalkowsky, 1989). Tarr and 

Yalkowsky (1989) reported that doubling the intestinal length of rat intestine segment 

produced no significant increase in the fraction of cyclosporine absorbed. It has also been 

demonstrated (in rats) that there is an apparent circadian influence on CsA 

pharmacokinetics after I.V. dosing, with drug exposure being greater during the resting 

span (Malmary et al., 1995).

The need to control healthcare expenditure in national economies has led to generic 

substitution of original drug products. Several generic manufacturers now produce CsA 

formulations with modified bioavailability for generic substitution o f the Neoral® 

formulation. It is important therefore to evaluate the bioequivalence of new generic 

formulations compared to Neoral®. Koehler et al. (2002) compared the bioavailability and 

metabolism of CsA from Neoral® and a generic formulation (EON capsules) in rats. 

Steady state and single-dose states were investigated. Although the formulations were 

deemed bioequivalent in both studies, cyclosporine blood levels in the EON group were 

15% lower than in the Neoral® group, while EON cyclosporine levels were 40% lower in 

the kidneys compared to Neoral®. Differences in the levels and distributions of 

metabolites were also apparent. Although the clinical consequences o f the results are 

unknown, the data suggests that differences in CsA disposition, brought about by 

differences in formulation, may affect drug efficacy and safety.

5.3.2. Drug interactions with CSA

Cyclosporine interacts with a wide variety o f drugs, which may act to either increase or 

decrease its bioavailability (Ptachcinski et al., 1986; British National Formulary 43, 2004). 

Cyclosporine is metabolised by cytochrome p4503A4 (CYP3A4) in both the liver and 

small intestine to form primarily hydroxylated and A^-demethylated derivatives 

(Ptachcinski et al., 1986; Gomez et al., 1995). This intestinal metabolism is a major 

determinant of the bioavailability and pharmacokinetics o f CsA and may account for the 

loss o f up to 50% of the absorbed dose (Kolars et al., 1991; Hoppu et al., 1991; Kolars et 

al., 1992). Concomitant intake of either grapefriait juice (Ducharme et al., 1995) or 

ketoconazole (Gomez et al., 1995) increases the oral bioavailability o f CsA. Both of these 

agents are known inhibitors o f CYP3A enzymes in the gut wall which are responsible in
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part for metabolism of CsA. The effect o f erythromycin (another cytochrome inhibitor) on 

CsA bioavailability is less pronounced than ketoconazole (Gomez et al., 1995). 

Cytochrome inducers such as rifampicin and phenytoin lower CsA bioavailability by 

increasing CsA intestinal metabolism (Wu et al., 1995; Hebert et al., 1992). CsA 

bioavailability can also be enhanced by drugs which increase gastric emptying (e.g. 

metoclopramide) (Wadhwa e? a/., 1987).

5.3.3. Formulation effects on CsA bioavailability

Several types o f oral formulations containing cyclosporine have been developed and tested 

in both human and animal models. Until quite recently however there were only two 

commercially available preparations (Sandimmun® and Neoral®).

The bioavailability o f cyclosporine in rats, following intragastric administration in three 

formulations based on surface-active dietary lipids was investigated by Bojrup et al. 

(1996). Cyclosporine was dissolved in two different mixtures of water and long chain 

glycerides, which formed either an La -phase (i.e. an oil with very low interfacial tension 

towards water) or a liquid crystalline phase. The effect o f dispersion o f the L2 -phase was 

also investigated. The mean bioavailability o f cyclosporine from Sandimmun® (IV 

solution given orally) was 8%, while it was 34% from the L2 -phase, 38% from the 

predispersed L2 -phase and 27% from the disperse liquid crystalline phase (this 

formulation had the smallest particle size). Variability for the La-phase based formulations 

was lower compared with the Sandimmun® formulation, while variability from the 

dispersed liquid crystalline phase was higher than Sandimmun®. The dispersed liquid 

crystalline phase formulation contained the lowest amount o f solubilising components and 

this is thought to have led to inter-individual differences in lipid digestion, resulting in 

absorption having a greater impact on this formulation. The low variability associated with 

the L2 -phase based formulations suggested that these formulations were ‘self-emulsifying’.

A CsA micellar solution (containing mixed micelles o f tauroursodeoxycholate and 

monoolein) significantly improved oral bioavailability in fasted rats, when compared to 

two other formulations. The first was the Sandimmun® oral solution and the second was a 

mixture o f the oral solution and tauroursodeoxycholate (Balandraud-Pieri et al., 1997). 

This bioavailability enhancement from the mixed micelles was attributed to increased CsA
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intestinal absorption. Bile acids mix poorly with CsA and are not sufficient by themselves 

to improve CsA absorption. CsA solubility in the micellar aggregates was 400-fold higher 

than its aqueous solubility. Furthermore, the small particle size o f the mixed micelles 

enabled them to act as rapid carriers o f CsA.

In another study using conscious dogs, the absorption o f CsA (following intrajejunal 

administration) was 10 times higher from a long chain triglyceride (olive oil) formulation 

than a medium chain triglyceride (Miglyol 812) formulation (Behrens et a i, 1996). The 

difference was believed to have resulted from the formation of mixed micelles which 

occurs during digestion of long chain triglycerides but not medium chain triglyceride, as 

medium chain triglycerides are absorbed in the absence o f bile salts and mixed micelle 

formation. Additionally it was suggested that long chain fatty acids increase membrane 

permeability to a greater extent compared with medium chain fatty acids.

Cyclosporine is frequently employed as a model lipophilic drug for incorporation into 

microemulsion formulations. Consequently many microemulsions containing cyclosporine 

have been developed and evaluated. For example, Gao et al. (1998) compared the 

absorption of a microemulsion formulation containing Cremophor EL, Transcutol and 

Captex 355. The oral bioavailability o f this formulation was statistically higher than 

Sandimmun® but was not different to Neoral®. It was suggested that the enhanced 

bioavailability o f the formulation might be due to its small particle size (22rmi). Other 

groups have also reported comparable bioavailability o f CsA with microemulsion 

formulations o f varying properties (Kim et al., 2002; Gershanik et al., 2000).

Another study by Guo et al. (2001) found that lecithin vesicles containing cyclosporine 

were effective carriers o f the drug in rabbits. Incorporation o f cyclosporine in the vesicles 

increased drug solubility and facilitated drug permeation through the gastrointestinal mucin 

layer. The small vesicular size (< lOOnm) increased the available surface area for drug 

partitioning and it was suggested that the lecithin might enhance lymphatic absorption. In 

a follow up study, the everted gut sac technique and in situ circulation method were used to 

further investigate the absorption of CsA from the vesicle preparation (Chen et al., 2003). 

The results of this study suggest that the absorption o f cyclosporine may be saturable at a 

certain high dose. P-gp inhibitors were also found to significantly increase absorption of 

the cyclosporine vesicles in the rat intestine, implying that the vesicles could not
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completely protect cyclosporine from P-gp efflux. The authors also suggested that vesicles 

containing cyclosporine may be transported by phagocytosis and that mucus was a barrier 

blocking the diffusion of the cyclosporine vesicles.

In a recent study (Odeberg et al., 2003) galactolipids, which are polar lipids, were used as 

surfactants in SEDD formulations. In formulations containing galactolipids, medium chain 

triglycerides and monoglyceride, increasing the drug content from 12.5 to 30% led to an 

approximately 2-fold increase in bioavailability. Droplet size distribution appeared to have 

no affect on bioavailability, but the type o f lipid excipient and lipid ratio within the 

formulations did have a significant impact on oral bioavailability. For example, the 

formulation containing sphingolipids, cholesterol and MCT was shown to result in almost 

no absorption, while the SEDDS comprising fractionated oat oil was reported to yield a 

bioavailability comparable to the reference product (Neoral®) in humans.

Other formulations including liposomes (Stuhne-Sekalec and Stanacev, 1989; Venkataram 

et al., 1990; Pleyer et al., 1994; Fahr et al., 1995), nanocapsules (Calvo et al., 1996), 

nanoparticles (Wang et al., 2004), emulsifiable glasses (Porter et al., 1996c) and 

cyclodextrins (Cheeks et al., 1992) have all been used investigated, with varying levels of 

success, as possible delivery vehicles for cyclosporine.

5.4. Lymphatic transport of cyclosporine A

It is believed that the immunosuppressive activity o f cyclosporine is related to a selective 

action on lymphocytes which play a key role in the induction of immune responsiveness. 

Therefore, as lymphocytes circulate throughout the lymph and the lymphatic system, it has 

been proposed that the concentration of cyclosporine in the lymph is most likely a 

determinate o f therapeutic efficacy and this could be enhanced by improved delivery of 

drug to the lymphatic system (Takada et al. 1986a; Takada et al., 1988a). In the absence 

o f selective lymphatic transport, the presence o f cyclosporine in the lymph is due to 

transfer from the blood after either intravenous administration or absorption via the portal 

blood following oral dosing (Charman, 1992).
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Approaches taken to enhance the bioavailability and lymphatic transport o f orally 

administered cyclosporine fall into three categories (Charman, 1992):

(i) choice o f administered lipid

(ii) use o f lipid-surfactant mixed micelle systems and

(iii) solubilisation of cyclosporine with potential absorption promoters

The absolute bioavailability o f cyclosporine in human patients, although highly variable, 

has been estimated at approximately 20 to 30%, which is in good agreement with data 

reported in the rat (Ueda et al., 1983). There are relatively few reports in the literature of 

the lymphatic transport o f cyclosporine in rats and even fewer using the mesenteric lymph 

duct-carmulated rats model. A summary of some o f the cyclosporine lymphatic transport 

studies is given in Table 5.2.

The intestinal lymphatic transport o f cyclosporine in rats after administration in an olive oil 

solution was calculated to be either 0.35% (6.5mg/kg) or 0.47% (25.2mg/kg) of the orally 

administered dose. The fi'action o f the administered cyclosporine dose absorbed from the 

olive oil solution was estimated to be 21%. When the lymphatic transport data was 

corrected for bioavailability effects, this transport represented approximately 2% of the 

absorbed dose. The conclusion fi-om these studies was that the limiting factor in the 

systemic bioavailability o f cyclosporine was not related to its high first-pass effect but 

rather to poor absorption from the dosage form (Ueda et al., 1983).

Takada et al. (1985) compared the lymphatic transport o f cyclosporine from sesame seed 

oil, linoleic acid and mixed micelles containing linoleic acid and HCO-60. Lymph CsA 

levels reached a maximum 2.5 hours after administration o f the sesame seed oil and lymph 

levels were 1.5 times higher than plasma CsA levels. When CsA dissolved in linoleic acid 

was administered to rats, both plasma and lymph CsA levels were higher than those 

obtained after administration of the sesame oil vehicle. Upon administration in the mixed 

micellar vehicle, high concentrations o f CsA were obtained in the lymph with only a small 

amount detected in the plasma. The administration o f the mixed micellar vehicle resulted 

in 6-fold and 15-fold higher amounts o f CsA in the lymphatics compared with the sesame 

and linoleic acid vehicles respectively. The lymph/plasma ratio for the mixed micelle 

vehicle was about 10 or 30-fold greater than that o f the sesame or linoleic acid dosage 

forms.
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In a follow up study, Takada et al. (1986a) investigated the effect o f administration route 

on the selective lymphatic delivery of cyclosporine from the same lipid-surfactant mixed 

micelles. The rectal and intraperitoneal (i.p.) administration o f cyclosporine resulted in a 

small amount of CsA in the plasma and in the lymph. Intrastomach and intraduodenal 

administration was also investigated. Intrastomach administration resulted in the highest 

CsA lymph levels, 16|ig/ml, about twenty times higher than the rectal or i.p. routes. The 

authors suggested that the main action of the mixed micellar system was the enhancement 

o f intestinal absorption of drugs due to enhanced permeability of the mucosal membrane 

caused by the incorporation o f the lipid component o f the mixed micelle system. 

Interestingly, it did not appear that increased lymphatic transport was a fianction of 

enhanced chylomicron transport, as there was no difference in the lymphatic transport of 

cyclosporine when either milk (which would stimulate chylomicron formation) or saline 

was pre-administered to the rats.

Takada et al. (1986b) reported enhanced lymphatic transport o f CsA (compared to olive oil 

solution) in the apparent absence o f chylomicron-based transport. HCO-60 and sugar ester 

solutions gave lymphatic transport 10 to 20-fold higher than lipid-based formulations. The 

immunosuppressive effect of CsA was also significantly increased with the HCO-60 

formulation compared with an olive oil solution in a rat heart transplantation model system 

(Yasamura et al., 1986). The mean survival time from the olive oil solution was 12.8 ±1.9  

days compared with more than 40 days for the HCO-60 formulation. The mechanism by 

which the solubilised systems increased the appearance o f cyclosporine in the lymph 

remains undetermined. Lipid microspheres (made using lecithin, olive and soybean oil) 

were also found to produce significantly higher concentrations o f CsA in lymph and 

plasma compared to an olive oil solution (Yanagawa et al., 1989).

Another study found that lymphatic and systemic availabilities of cyclosporine, after oral 

administration in a HCO-60 formulation, were negligibly low in rats whose gastric 

emptying was physically prevented (Takada et al., 1988a). Cyclosporine was orally 

administered to another group o f rats whose major intestinal lymphatics as well as thoracic 

lymph ducts were cannulated. The amount o f CsA delivered to the intestinal lymphatics 

was about six times greater than that transferred into the thoracic lymphatics. In bile- 

fistulated rats, the systemic availability o f cyclosporine was predominantly decreased but
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not the lymphatic availability. The lower intestine did not to contribute to the lymphatic 

availability o f  CsA.

Katayama et al. (1994) investigated lymphatic transport o f  CsA from the abdominal cavity. 

Following i.v administration, the peak lymphatic transport rate o f  CsA was higher and 

occurred earlier than after i.p administration. The extent o f  CsA thoracic lymphatic 

transport over the 24-hour period was higher for the i.v group compared with the i.p groups 

(0.4 ± 0.012% and 0.1 ±  0.12% for the i.v and i.p groups respectively). When CsA was 

directly applied onto the surface o f  the thoracic lymph duct, lymphatic transport efficiency  

was greatest (0.37 ± 0.17%) from an implant containing a surfactant (hydrogenated castor 

oil) and saturated C 12, C h , C 16 and C 18 fatty acids and triglycerides.
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Table 5.2, Selected examples of lymphatic transport of cyclosporine in thoracic duct-cannulated rats

Dose (mg/kg) Vehicle Transport Reference

6.5 Sandimmun® Olive oil 0.35% for 6.5mg/kg dose and 0.47% for 25.2mg/kg dose (after 114 Ueda et a/. (1983)

25.2 solution hours), LT accounted for 2% of total absorbed dose

7 Sesame oil 

Linoleic acid 

Linoleic/HCO-60

Cumulative transported over 6 hours was 3.34 ± 1.2|ag for sesame oil, 

20.45 ± 12.27|ag for linoleic acid and 1.38 ± 0.64^g for linoleic 

/HCO-60

Takada et al. (1985)

7 Linoleic acid/ HCO-60 

mixed micelles

20.45 ± 12.27 ng transported after 6h, peak lymph conc. of 17|ag/ml at 

3h. Lymph CsA conc. 20 fold > plasma conc.

Takada et al. (1986a)

7 HCO-60 0.28 ± 0.05% dose in thoracic lymph after 6h, 0.94 ± 0.14% dose in 

mesenteric lymph after 6h

Takada et al. (1988a)

10 Propylene glycol 0.52 ± 0.02% dose after 8h

10 PEG 400 0.27 ± 0.09% dose after 8h

10 Lipid microspheres 

Olive oil solution

Lymph concentration at 2h: 3608.6 ± 1475.1ng/ml for lipid 

microspheres vs. 78.6 ± 38.0 ng/ml for olive oil solution

Yanagawa et al. (1989)

5 Sandimmun® IV 

formulation, 

Lipid-based implant

l.P admin: 0.10 ± 0.12%> transported over 24h from oily solution; 0.37 

± 0.17% from lipid-based implant

Katayama et al. (1994)
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6. Materials and experimental methods 

6.1. Materials

Lipid vehicles

•  Captex 355, donated by Abitec Corporation, Janesville, USA

• Com oil. Sigma C-8267

•  Cremophor EL, donated by BASF, Ludwigshafen, Germany

•  Gelatin capsules (clear, size 0), Parke Davis

•  Hydrochloric acid, ACS reagent. Sigma H -7020

•  Labrafil M 1944 CS, donated by Gattefosse, Saint-Priest, France

•  Labrasol, donated by Gattefosse, Saint-Priest, France

•  Maisine 35-1, donated by Gattefosse, Saint-Priest, France

•  M iglylol 812, donated by Sasol, Witten, Germany

•  Non-esterified fatty acid test kit, Randox, Antrim, Northern Ireland

•  Oleic acid. Sigma, 0 -1008

•  Olive oil BP, Pharmacy Brand, Ireland

•  Pancreatin (porcine, equivalent to lOX USP), Sigma, P-7545

•  Peanut oil, Sigma P-2144

•  Peceol, donated by Gattefosse, Saint-Priest, France

•  Plurol Oleique, donated by Gattefosse, Saint-Priest, France

•  Sodium acid phosphate (NaH2P0 4 .2 H2 0 ), Riedel de Haen

•  Sodium chloride, Aldrich 43,320-9

•  Sodium phosphate, Riedel de Haen

•  Soybean lecithin, donated by Lipoid GmbH, Germany

•  Soybean oil, Sigma C-7381

•  Taurocholic acid. Sigma T-4009

•  Transcutol, donated by Gattefosse, Saint-Priest, France

•  Trizma maleate Sigma T-3128

•  Tween 80, Aldrich 27,436-4

•  10ml Regina vials
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Particle sizing

• Acrodisc LC 25mm syringe filters with 0.45)im PVDF membrane, Gelman 

Laboratory, PN 4500

• Distilled deionised water, filtered through Millipore ® system

• Latex bead size standard, 220nm, Duke Scientific Corp

• Quartz-glass suprasil light scattering cells (10mm)

Animal Studies

• Cyclosporine A, USP 26 standard. Batch 14305CC010, donated by IVAX 

Pharmaceuticals, Czech Republic

• Cyclosporine oral solution (lOOmg/ml), USP modified. Batch 11R211001, Expiry 

11/04, donated by IVAX Pharmaceuticals, Czech Republic

• CYCLO-Trac® SP-Whole blood radioimmunoassay for cyclosporine, DiaSorin, 

Stillwater, Minnesota, USA.

• Neoral® lOOmg capsules, Novartis

• [mebmt-[!)-  ̂ H] cyclosporine A (ImCi/ml, 9Ci/mmol), Ammersham Pharmacia 

Biotech, TRK 904

• DDT (1,1-bis (4-chlorophenyl)-2,2,2-trichloroethane), Aldrich, 38,634-0

• 1.5ml disposable cuvettes, Plastibrand, Germany

• Euthatal® (pentobarbitone sodium 200mg/ml), Rhone Merieux

• Four way stop cock, PVB Medical Supplies, Germany

• 2ml glass tubes containing EDTA (Vacutainer®), BD Vacutainer Systems, UK

• Heparin (Mucous) Injection B.P 1000 Units/ml, Leo Laboratories, Dublin

• Hydroxypropyl-P-cyclodextrin, Aldrich 33,260-7

• Sterican® disposable needles (25G x 5/8" and 23G x 1"), B.Braun, Germany

• Titan syringe filters (Nylon membrane, 5^im pore, 25mm), Titan Cat 45025-N, N

• Omnifix® 1ml, 2ml, 5ml, 10ml and 50ml syringes, B.Braun, Germany

• Non-sterile polythene tubing, ID 1.5mm, OD 2.7mm, Laboratoire Partex S.A, 

France

• Polyethylene tube, medical grade, ID 0.5mm, OD 0.8mm, Dural Plastics and 

Engineering, Australia

• Non-sterile polythene tubing, ID 0.76mm, OD 1.2mm, Laboratoire Partex S.A, 

France
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•  Sagatal® (pentobarbitone sodium 60mg/ml), Rhone Merieux

• Superglue, Loctite, Ireland

• Triglyceride Enzymatique PAP 150 Triglyceride kit, BioMerieux, France 

HPLC

•  Acetone, Labscan, Dublin

• HPLC grade acetonitrile, Riedel de Haen, Germany

• Cyclosporine D, 5mg donated by Novartis, Cork, Ireland and lOmg by IVAX,

Czech Republic

• Cyclosporine A, donated by Tomas Andrysek, IVAX, Czech Republic

•  DDI (Mithothane) (2,2-Bis (4-chlorophenyl)-l,l- dichloromethane), Aldrich, 

Milwaukee, WI, Cas No. 50-29-3

• HPLC grade diethyl ether, Riedel de Haen, Germany

• Dry Ice, Polar Ice, Portarlington, Co. Laois and also courtesy o f  Brenda Owens in

the Genetics Department, TCD.

• 1ml clear glass vials with caps. Waters Corporation, MA, USA

• Helium gas, BOC Gases

• 0.3ml HPLC clear micro inserts 40 X 6mm, AGB Scientific, Ireland

• MOS Hypersil C8 column (15cm x 4.6cm id, particle size 5|am)

• MOS C8 column (15cm x 4.6cm id, particle size 5 jam), Hypersil, UK

• Luna 5|i C l 8 (2), 250 x 4.6mm HPLC column, Phenomenex, UK

Cell studies

•  Acetic acid, glacial, Sigma, A-6283

• Albumin, bovine (minimum 98%), Sigma-A7030

• Bio-Rad DC protein assay kit, Bio-Rad Laboratories, 500-0112

• BHT (butylated hydroxytoluene), Sigma, B1378

• Cholesterol, Sigma, C-8667

• Cholesteryl oleate, Sigma, C-9253

• Chloroform, HPLC grade, Lab-Scan

• Dulbecco’s modified Eagle’s serum (DMEM) (IX ), without sodium pyruvate, with 

4500mg/ml glucose, with pyridoxine HCl, Gibco, 41965-039

• Ethanol, Merck, UN 1170
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• Foetal bovine (calf) serum (FBS), Gibco, 10270-106

• Transwell™ filters (polycarbonate), 0.4|j,m, 4.7 Icm^, Costar®, 3412

• Sterile Acrodisc® syringe filters, 0.2|im pore, Gelman, 4192

• Gentamycin (lOmg/ml), Gibco, 15710-049

• L-glutamine (200mM) (lOOX), Gibco, 15710-031

• Hydrochloric acid (1.023N), Aldrich, 31,894-9

• Iodine, Sigma, 1-3380

• Methanol, HPLC grade, Lab-Scan

• MTT (Thiazolyl Blue), Sigma, M-5655

• NaOH, l.OM, Sigma diagnostics, 930-65

• Nitrogen, BOC Gases

• [9, 10 (n)-^H] Oleic acid (5mCi/ml, lOCi/mmol), Ammersham Pharmacia Biotech, 

TRK 140

• Petroleum ether 40/60, Lab-Scan

• Phenylmethylsulfonyl fluoride (PMSF), Sigma, A-7626

• Phosphate buffered saline, pH 7.4 (lOX) solufion, without calcium chloride, 

without magnesium chloride, Gibco, 11360-039

• L-a phosphatidylcholine (L-a-lecithin, fi'om fi-ozen egg lecithin), Sigma P-7318

• Ultima gold scintillation fluid, Packard Biosciences B.V., 6013329

• Rubber cell scrapers, Sarstedt

• Silica 60 A LK6D 19 lane TLC plate, Whatman, 4865-821

• Sodium dodecyl sulphate. Sigma, L-6026

• Sodium pyruvate MEM (lOOmM), Gibco, 11360-039

• Polystyrene (96-well) plates, Nunc, 2-69620A

• Tissue culture treated plates (96-well, sterile). Falcon®, 3872

• 6-well plates. Nunc, 1-50229A

• Triton X, Sigma, T-9284

• Tryptan blue solution (0.4%), Sigma, T -8154

• Trypsin-EDTA in HBSS (IX) liquid, Gibco, 25300-054
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6.2. Instrumentation

• Autosampler (LC-1) HPLC using Millennium software, Waters

•  Mettler PJ300 Balance, Mettler

•  Sartorius BP 12IS Balance, Sartorius

•  Temperature regulated water bath, Precision Scientific

•  Benchtop centrifuge, Sigma 203

• Centrifiage, Sigma-201

•  Labofiige® Centrifuge, Hereaus

•  LKB-Wallac 1282 Compugamma counter

•  Gilson transfer pipettes, P20, P200, P I000

•  Grid haemocytometer, Hawksley

• Electric heating pads

•  HPLC, Waters 610 LC Module 1 plus pump and injector with Waters 486 UV

detector

•  Nuaire water-jacketed infrared automatic CO2 incubator

•  Inverted light microscope, Wilovert

•  Liquid scintillation counter, Packard Tri-Carb 2100 series

•  Magnetic stirrer, Stuart Scientific

• Microplate reader, Bio-Tek

•  N-Evap Analytical evaporator, Meyer

•  Oven, Carbolyte

•  Orion pH meter with electrode

•  Perfusor V and Perfusor FT perfusion pumps, Braun

•  Photon Correlation Spectroscopy particle sizer (Autosizer Lo-C), Malvern

•  Spectronic Genesys'^''^ 5 UV Spectrophotometer, Spectronic Instruments

•  Solvent filter apparatus, Millipore

•  Ultracentrifuge, Beckman L8-55 with SW41 rotor

•  Voltmeter/ohmmeter fitted with chopstick electrodes. World Precision Instruments

•  Water bath with immersion thermostat, Techne

• Whirlimixer®, Fisons

• Water purifier and deioniser, Purite Lab Water ROIOOHP
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6,3. Preparation of lipid vehicles 

6.3.1. Preparation of mixed micellar vehicles (Bile salt: Lecithin: Fatty acid)

To formulate 25ml, the required amount of bile salt was weighed out into a 50ml freeze- 

drying flask and dissolved in approximately 5ml of methanol. Lecithin was weighed out 

into a 10ml beaker and dissolved in about 5ml of chloroform. The lecithin solution was 

then added to the flask containing the bile salt. The mixture was evaporated under a 

stream of nitrogen gas until a thick gel-like substance was left and most of the solvent was 

gone. The residue was freeze-dried to a constant dry weight over 24 hours. The dry 

residue was then dissolved in the required amount of phosphate buffered saline pH 7.2. 

The required weight of oleic acid was gradually added by pipette over a period of about an 

hour. The mixture was stirred continuously while adding the oleic acid.

6.3.2. Preparation of DDT-cyclodextrin complex

221.3mg hydroxypropyl-P'Cyclodextrin and 21.5mg DDT was weighed out and vigorously 

mixed by hand in a mortar for at least 20 minutes. 1ml of HPLC grade water was added 

and mixing continued for 5 minutes. A further 1ml was added and mixing continued for 

another 5 minutes. The mixture was transferred to a 50ml volumetric flask, the rinsings 

were added and the mixture brought up to the mark with water. The suspension was stirred 

at 40°C for 20 minutes and then filtered through a Titan® 5|j,m syringe filter (Nylon 

membrane, pore size 5|am, filter size 25mm).

6.3.3. Preparation of Tween 80 systems

The required weight of Tween 80 was pipetted into a volumetric flask. Half the required 

volume of water was added. The flask was left to stir (333rpm) at 37°C until fully 

dispersed. The flask was then made up to the mark and stirred. Tween 80 systems were 

stored at room temperature and used as soon as possible.

6.3.4. Preparation of FaSIF (fasted state simulated intestinal fluid) and FeSIF (fed 

state simulated intestinal fluid)

The composition of FaSIF and FeSIF, as determined by Dressman and co-workers (1998) 

is given in Table 6.1. This media contains bile salt and lecithin buffered to a certain pH, 

and is reported to be more representative of the in vivo situation than standard dissolution
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media. The required amount of bile salt was dissolved in a quarter the final volume of 

buffer. A lOOmg/ml lecithin solution was made up in chloroform, the required volume was 

added to the bile salt solution and the resulting mixture was placed under a stream of 

nitrogen gas until a clear solution formed. The solution was then made up to three quarters 

the final volume and the pH adjusted to the required value with sodium hydroxide (IM). 

Solutions were refrigerated at 2-8°C until used.

Table 6.1. Composition of FaSIF and FeSIF

Component FaSIF FeSIF

KH2PO4 0.029M 0.144M

NaOH to pH 6 . 8 to pH5

Sodium taurocholate 5mM 15mM

Lecithin 4mM 4mM

KCl 0.19M 0.19M

Water to IL to IL

6.3.5. Preparation of SEDDS

The same batches o f oils and excipients were used throughout both in vivo and in vitro the 

studies. Surfactant components were weighed into 10ml clear Regina® vials and stirred 

(333rpm) at 40°C. The oil phase was then added and stirred until the system was 

homogenous. The preconcentrate was allowed to equilibrate for 24 hours before further 

use. All SEDDS were diluted 1:50 with distilled deionised water before administration to 

animals. Once diluted, samples were stirred to ensure fiall dispersion o f the oil phase. 

Bulk batches of SEDDS were formulated and the same batch was used in animal 

experiments to eliminate variation that might arise fi’om batch variation. In the case of 

Captex 2 and Captex 3 SEDDS, oleic acid was only added to required amounts o f the bulk 

vehicle just before use, this was to avoid any instability that might occur due to the 

presence o f the fî ee fatty acid. Dilutions were made just before administration to animals 

where possible. SEDDS were stored at room temperature and protected from direct 

sunlight.
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6.4. Characterisation of lipid vehicles 

6.4.1. Visual assessment

A visual assessment of all SEDDS was made upon formulation and at weekly intervals 

thereafter. Note o f colour, transparency, viscosity and any signs of instability (such as 

separation or precipitation of excipients) was made. Upon dilution (preconcentrate 

systems were diluted 1:10, 1:50 or 1:200 with a variety of diluents such as water, Fassif, 

O.IM HCl and PBS pH 7.2.) samples were stirred (333rpm) at 40°C to ensure full 

dispersion of the oil phase. A note was also made of the transparency of the resulting 

microemulsion. Microemulsion clarity was classified as clear, slightly hazy, cloudy or 

milky. The visual appearance o f the microemulsions was monitored over a period o f time 

and a note was made o f any changes in the stability of the dilution.

6.4.2. Particle sizing of lipid vehicles

Particle size analysis was conducted using photon correlation spectroscopy (PCS). This is 

a dynamic light scattering technique which measures changes in light scatter patterns 

resulting from Brownian motion of the particles. Brownian motion o f the particles occurs 

when solvent molecules bombard particles, and is dependent on particle size, with smaller 

particles moving more rapidly.

A Malvern Autosizer Lo-C apparatus fitted with a 64 channel 7032 correlator and argon 

ion external laser, providing the necessary 75mW-100mW at 488nm with a focused beam, 

was used to measure particle size. A latex bead standard (220nm) was used before each 

sizing session to ensure the accuracy of the sizer. Preconcentrates were diluted and 

dispersed as described above. After dilution they were allowed to equilibrate for one hour 

before sizing commenced. They were then filtered into clean dust-free vials and 

transferred to a quartz cuvette (scattering cell, Suprasil®). All samples were allowed to 

equilibrate for 15 minutes in the temperature controlled (25°C) sample unit of the 

autosizer. Measurements o f light scatter were taken at a fixed angle of 90° with a 1cm path 

length and detected on a photon detection system which transmits the signal to a 64- 

channel 7032 correlator. Measurements o f laser light scatter due to Brownian motion of 

dispersed oil droplets were averaged over 10 sub-runs and were converted using cumulants 

analysis to a Zave reading, which was used as an estimate o f droplet diameter. Each 

measurement was made in triplicate.
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6.4.3. Determination of density of preconcentrates

Density (g/ml) was determined at room temperature (25°C) by accurately weighing 1ml 

volume of preconcentrate (from P I000 pipette) into a 10ml glass vial. The average of 

three determinations was used.

6.4.4. Determination of free fatty acid content of lipid veliicles before and after in 

vitro digestion with pancreatin

Free fatty acid content was determined using a colorimetric non-esterified free fatty acid 

(NEFA) test kit (Randox). 40|il of undiluted vehicle (i.e. preconcentrate) was pipetted into 

a clean 10ml Regina® vial. The samples were incubated for one hour in a shaking water 

bath (150rpm) at 37°C. 2ml of FaSIF containing pancreatin (8X, 0.02mg/ml or 4X, 

0.04mg/ml) was added in the case of the digested samples (FaSIF alone was used for the 

non-digested samples). Controls containing just FaSIF (i.e. no lipid) were also prepared. 

Samples were incubated for a further 2 hours, after which the fatty acid content was 

determined using the test kit. Distilled deionised water was used as a blank.

6.4.5. Evaluation of dispersion properties of preconcentrates

6.4.5.1. Vortex m eth od

The appropriate weight of preconcentrate was transferred to a clear, screw top 10ml glass 

tube. The required volume o f water was added to the preconcentrate. Tubes were then 

vortexed and the time taken for the preconcentrate to frilly disperse (as visually 

determined) was timed using a stopwatch.

6.4.5.2. Shaking water-bath method (dissolution method)

0.25g of preconcentrate was loaded into a hard gelatin capsule (Size 0). The capsules were 

placed in 50ml of O.IM HCl in a 100ml conical flask at 37°C and agitated at 60rpm using a 

shaking water bath. The resulting dispersions were visually assessed at 5, 10, 15 and 30 

minutes.

6.4.6. Solubility studies

6.4.6.1. Solubility in oils and lipid vehicle preconcentrates

Approximately 120mg drug (DDT or cyclosporine A) was weighed out into clear 10ml 

glass tubes. Ig o f each oil or lipid preconcentrate was added to each tube (each in 

triplicate). The tubes were vortexed for 30 seconds then screw capped, covered in
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Parafilm® and agitated (lOOrpm) in a shaking water bath at the required temperature (25°C 

to simulate room temperature and 37°C to mimic in vivo conditions). At 24-hour intervals, 

the test tubes were centrifuged at 4,500rpm for 30minutes to precipitate undissolved drug. 

A 50mg aliquot of supernatant was aspirated off with a Pasteur pipette and weighed into a 

clean glass tube. 5ml o f chloroform: methanol (2:1) was added and tubes were vortexed to 

dissolve the oily vehicles. A 100|al aliquot was removed and diluted 1 in 50 with 

acetonitrile in another tube. The resulting solution was vortexed and analysed by HPLC 

using the appropriate method. To confirm the recovery o f DDT during the dilutions, 

samples o f oils and preconcentrate were spiked with a known concentration o f DDT, 

diluted as above and analysed by HPLC. Recovery o f DDT was found to be 98-101% for 

both DDT and cyclosporine.

6.4.6.2. Aqueous solubility in diluted lipid vehicles

Lipid preconcentrates were diluted 1:50 with water. Excess drug (DDT or cyclosporine) 

(approximately 20mg) was weighed out into 5ml clear glass ampoules. 1ml of aqueous 

lipid vehicle was pipetted into the ampoule (in triplicate). Ampoules were flamed sealed 

and agitated (lOOrpm) at the required temperature in a shaking water bath. Three 

ampoules were removed at 24, 48 and 72 hours. Samples were passed through a 0.45jxm 

filter and appropriately diluted with acetonitrile in the case o f DDT and with methanol in 

the case o f cyclosporine. Samples were then analysed for drug content via HPLC.

6.4.6.3. Solubility o f  drug in lymph o f differing triglyceride levels

Blank lymph of varying triglyceride content was obtained following intraduodenal 

administration of a lipid vehicle to lymph duct-cannulated rats. In the case o f DDT, the 

Tween 80 systems (2, 4 and 10%w/v) were administered. For cyclosporine studies, a 

blank com oil-based SEDDS was administered. Lymph samples were pooled and the 

resulting triglyceride concentration determined using the PAP 150 triglyceride assay kit. A 

wide range of triglyceride concentrations was used for the studies (~l-14mg/ml). 1ml of 

the pooled lymph was pipetted into 5ml clear glass ampoules and an excess o f DDT or 

cyclosporine was added to each ampoule. Each ampoule was sealed and placed in a 

shaking water bath (lOOrpm) at 37°C. After 24 hours, the vials were removed and the 

lymph filtered using a 0.45)am filter. In the case o f the lymph samples containing a high 

concentration o f triglyceride, a 1 in 2 dilution was made using blank lymph. The resulting 

lymph was extracted and analysed by HPLC (n = 4).
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6.5. Animal studies

All animal experiments were performed under license (Cruelty to Animals Act, 1876, EC 

Directive, 86/609/EC) issued by the Department of Health and Children, Ireland. Animals 

were housed in the Bioresources Unit, Trinity College Dublin. Room temperature was 

maintained at 20 ± 1°C, with light/dark cycles of 12 hours. Rats were fed a standard rat 

diet, details of which are outlined in Appendix 1. A course in animal handling was 

undertaken before studies commenced.

6.5.1. Surgical procedures

In lymphatic transport studies, an anaesthetised rat model has been employed because it 

provides a controlled system for evaluating and probing the mechanistic aspects of the 

lymphatic transport process (Porter and Charman, 1997). The mesenteric intestinal lymph 

duct, rather than the thoracic duct is the preferred site of cannulation to estimate the ability 

of the small intestine to lymphatically transport lipophilic molecules (Noguchi et ai, 

1985). The mesenteric Ijraph duct-cannulated rat model used in these experiments allows 

for estimation of the degree of lymphatic transport from the small intestine while 

simultaneously allowing for blood sampling. The method, as detailed by Porter et al. 

(1996a), has been modified in some areas for the experiments conducted for the present 

studies. Instead of jugular vein carmulation, blood samples were taken via cardiac 

puncture, thus allowing for the collection of larger volumes of blood samples and reduced 

risk of blood pooling following repeated venous puncture in the jugular vein.

Success rate using the model increased with experience and was close to 80% after three 

years. One reason for failure was the presence of a highly branched mesenteric lymph 

duct, which was estimated to be prevalent in about 40% of Wistar rats (Boyd et al., 2004). 

Presence of a branched duct (Figure 6.1) makes cannulation almost impossible, and in 

these cases only the duodenum was cannulated and blood was taken after administration of 

the formulations.
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MaseniefK: Lymohatic D ud y
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Figure 6.1. Photograph showing branching in the mesenteric lymph duct in Wistar 

rats (Boyd et aU, 2004)

6.5.1.1. Mesenteric lymph duct cannulation

Male Wistar rats (280-320g) (supplied by Bioresources Unit, Trinity College, Dublin) were 

fasted with free access to water for 24 hours prior to each experiment. Anaesthesia was 

induced by intraperitoneal injection of pentobarbitone sodium at a dose of 50mg/kg and 

maintained by further injections (approximately 25mg/kg), given when required.

The animals were shaved from the ventral midline to dorsal midline on the animals' right 

side. With the rat on its back, both of the front legs were taped to the table on the animals 

left side. A 7-8cm lateral incision was made 1cm below the ribs from the animals' right 

side to the ventral midline cutting through both skin and muscle layers. The intestines 

were gently pushed towards the animals left side (into the body cavity). A 2x2x7 cm piece 

of cotton wool which had been wetted with saline was placed into the body cavity to hold 

the relocated intestines in place. A pair of 4 inch pointed forceps was then placed into the 

fat pad beneath the right kidney. The forceps with tips together, were gently pushed 

through the fat, under the vena cava, raising the peritoneal membrane on the opposite side 

of the vena cava. Once the membrane had been raised, it was cut to leave the mesenteric 

artery and the mesenteric duct exposed. While the forceps were under the vena cava the 

lymphatic cannula could be pulled through. A syringe filled with heparin solution (1000 

lU/ml) was used to flush the cannula to help prevent clotting of the lymph. Using a small
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scissors only the top o f the lymph duct was cut. The mesenteric lymphatic duct is usually 

located to the left, anterior, of the mesenteric artery (Figures 6.2 and 6.3). The end of the 

cannula was inserted into the lymph duct (approximately 3-4mm in). One drop of 

superglue was placed over the area to hold the cannula in place and to seal any auxiliary 

lymph ducts. A 5x5m piece o f muscle tissue, which had been cut from the abdominal wall, 

was placed over the superglue area to help secure the cannula and prevent adhesions o f the 

intestines. At this point the cotton plug was carefiilly removed from the abdominal cavity 

and the intestines were brought gently back to their original position. Figure 6.2 shows the 

sites o f incision and cannulation in the rat. Interval lymph output was determined by 

weighing lymph samples collected and any animal not producing consistent lymph flow 

and an average o f at least 0.35ml/hr was excluded from the study.

A. Animal

B. Incision Site
Rat A bdom en D raw ing Not To Scale

M esen teric  
Lym ph NodeD uodena

C annula S tom ach
P an c rea s

4
M esenteric  
Lym pliatic 

C annu la

10 ml sy ringe

Surgery Tablê

Figure 6.2. Schematic diagram showing site of incision and of mesenteric lymphatic 

and duodenal cannulas. Cannulas are drawn in black and the dotted lines show their 

placement in the tissue (Raub et aL, 1992).
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6.5.1.2. Cannulation of duodenum

A small hole was made with a 25G needle in the duodenum approximately 1cm from the 

pylorus. A cannula was then inserted into the duodenum and glued securely in place using 

superglue. A 25G needle was left resting in the peritoneal cavity to allow for further 

administration of anaesthetic. The abdominal muscle layers and skin were then returned to 

their original position and held in place using small drops of superglue.

6.5.1.3. Tracheotomy

When necessary, a tracheotomy was performed by cutting a 5x5mm hole in the skin above 

the trachea, to facilitate the breathing of anaesthetised rats. The muscle layers were 

separated with two pairs of four-inch forceps to expose the trachea. A 200[xl pipetted tip 

was used to raise up the trachea and hold it in place and then a small incision was made 

into the trachea to allow air in and out.

At the end of each experiment, animals were sacrificed by administering an overdose of 

sodium pentobarbitone to the heart. The integrity of both lymph and duodenal cannulae 

was then verified.

Figure 6.3. Photograph showing the location of the mesenteric lymph duct (taken 

from Boyd et ah, 2004)

i

94

i



Chapter 6- M aterials and experimental methods

6.5.2. Drug administration

In all cases, a period of at least one hour was allowed to aid the recovery o f the animals 

from the surgical procedures and to permit the intestinal motility to return to normal. 

During this hour a saline solution was intraduodenally inftised at a rate o f 1.5ml/h. The 

intraduodenal administration o f 3ml formulation (0.5g preconcentrate made up to 25ml 

with water or phosphate buffer) was performed via polyethylene tubing (ID 1.5mm, OD 

2.7mm) i.e. the duodenal cannula, using a Perfusor® infusion pump set at a rate of 

1.5ml/h. Since a substantial amount of body fluid was removed during the lymphatic 

experiments, the animals were administered a hydrating fluid (saline). After 

administration of the formulation, normal saline was infiised at a rate of 1.5ml/hr through 

the duodenal cannula for the remainder o f the experiment.

In the case of both lipophilic compounds (DDT and cyclosporine), checks were made to 

ensure that the compound did not adhere to the tubing and that the concentration of 

compound infused remained constant over the two-hour infusion. Accuracy o f the 

perftision pumps was also checked at regular intervals to ensure the formulation was being 

administered at the rate stated.

6.5.3. Sampling

The lymph from the mesenteric lymph duct cannula was collected in 2ml tubes containing 

EDTA and saline (Vacutainer®). The tubes were changed at hourly intervals up to eight 

hours following drug administration. The weight of the lymph collected was noted (by 

subtracting the weight o f the empty tubes from those containing lymph) and the samples 

were stored at -25°C until required for analysis. When required, blood samples (0.4ml) 

were taken via cardiac puncture at 0.5, 1, 1.5, 2, 3, 4, 6 and 8 hours. Whole blood was 

stored at -25°C in the same tubes containing EDTA and saline.

6.6. Analysis of lymph triglyceride

The amount of triglyceride in the lymph samples was calculated using an assay based on 

the enzymatic action of lipase, glycerokinase and glycerol-3-phosphate oxidase on the 

triglycerides present in the lymph. (BioMerieux PAP 150 triglyceride assay). A 10p,l 

aliquot of lymph sample was pipetted into a disposable cuvette and 1ml o f a buffer solution 

containing the enzymes was added to the cuvette. Each cuvette mixture was agitated and
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left to stand at room temperature for approximately 10 minutes. UV absorption o f the 

samples was read at a wavelength of 505nm. A simple calculation using the absorption of 

the sample and the absorption of the standard gave the triglyceride content o f each sample 

(Equation 6.1 .)• Results were expressed in mg/ml.

Triglyceride content o f sample (mg/ml) = [A sample / A standard ] *  2

Equation 6.1. Determination of triglyceride content using the BioMerieux PAP 150 

triglyceride assay 

6.7. Assay for DDT in lymph and blood samples

Analysis of DDT in blood and lymph was carried out using a procedure previously 

validated by Griffin (2001). The limit o f detection and quantitation for DDT in blood and 

lymph was estimated to be 0.375|ag/ml and 3|ig/ml respectively. The average recovery of 

DDT in lymph was 91.66 ± 7.46%, while the average recovery in blood was 84.4 ± 1.16%.

6.7.1. DDT extraction

From whole blood or lymph samples, a 150|j,l aliquot o f lymph or 200|il of blood was 

pipetted into a 10ml glass tube. 20|il o f internal standard- DDI in acetonitrile: water 

(75:25) was added to each sample. Six standards were prepared by spiking blank lymph or 

blood, with a known concentration of DDT dissolved in acetonitrile: water (75:25). 1ml of 

normal saline and 5ml o f distilled diethyl ether was added. The tubes were vortexed for 

one minute. To separate the aqueous and organic phases, the tubes were centrifiiged at 

4500rpm for 3 minutes. The tubes were then placed into a dry ice/acetone bath to fi'eeze 

the aqueous layer. After a 35 second centrifugation at 4500rpm, the ether layer was 

decanted into a clean glass centrifiige tube and evaporated to dryness under a stream of 

nitrogen. The samples were reconstituted in 120jxl o f mobile phase (75%v/v acetonitrile in 

water), vortexed for 1 minute and analysed by HPLC.
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6.7.2. High Performance Liquid Chromatography for DDT analysis

High Performance Liquid Chromatography was carried out using a Waters HPLC pump 

model (610 LC Module 1) equipped with ultraviolet detector (with variable detector) and 

an autosampler. DDT detection was performed at A, = 238nm. The stationary phase was a 

reversed phase MOS Hypersil C8 column (15cm x 4.6cm id, particle size 5|im), equipped 

with a guard column o f the same material. The mobile phase, 75% acetonitrile in water, 

was always fi'eshly made and degassed. The flow rate was 2ml/min and the injection 

volume was 20}il. The mobile phase was sparged with helium gas at a setting o f 50 for the 

duration of the analysis. The system was allowed to equilibrate for at least one hour before 

analysis commenced. Peak area measurements were analysed with Millennium® software. 

The ratio o f peak area for DDT to the internal standard was determined and compared to 

the standard curve for that analysis set to determine the concentration o f the sample.

6.8. Assay for cyclosporine A in lymph samples

Details of the validation o f procedures used to extract cyclosporine from lymph are 

detailed in Chapter 10.

6.8.1. Cyclosporine extraction from lymph

200)^1 of lymph was pipetted into a glass tube. 50^1 of the internal standard cyclosporine 

D in methanol (~100|j,g/ml) was added to each sample (including standards). Five 

standards were prepared by spiking blank lymph with a known concentration of 

cyclosporine A in methanol. 1.4ml of distilled water, 400(il o f IM sodium hydroxide and 

200^1 of 0.1M HCl were added and the tubes were vortexed for 30 seconds. 5ml of diethyl 

ether was then added and the tubes were capped and vortexed for 1 minute. To separate 

the aqueous and organic phases, the tubes were centrifuged at 4500rpm for 3 minutes. The 

tubes were then placed into a dry ice/acetone bath to freeze the aqueous layer. After a 35 

second centrifugation, the ether layer was decanted into a clean 5ml centrifiige tube and 

evaporated to dryness under a stream of nitrogen. The samples were reconstituted in 120|il 

o f mobile phase (69%v/v acetonitrile in water), vortexed for 1 minute and analysed by 

HPLC.
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6.8.2. High Performance Liquid Chromatography for cyclosporine A analysis

High Performance Liquid Chromatography was carried out using a Waters HPLC pump 

model (610 LC Module 1) equipped with an ultraviolet detector (with variable detector) 

and an autosampler. Cyclosporine detection was performed at = 202nm. The column 

temperature was maintained at 75°C for the duration o f the analysis. The stationary phase 

was a reversed phase C l 8 column (25cm x 4.6cm id, particle size 5|im). The mobile phase, 

69% acetonitrile in water was always freshly made and degassed. The flow rate was 

1.4ml/min and the injection volume was 90|il. The system was allowed to equilibrate for 

at least one hour before analysis. The mobile phase was sparged with helium gas at a 

setting o f 50 for the duration o f the analysis. Peak area measurements were analysed with 

Millennium® software. The peak area ratio o f cyclosporine A to the internal standard 

(cyclosporine D) was determined and compared to the standard curve for set of analysis, to 

determine the concentration of the sample.

6.8.3. Radioactive method for counting cyclosporine radiolabel in lymph

3ml of scintillation fluid was added to a 50)al lymph sample and the tube was vortexed to 

ensure adequate dispersion. The content of cyclosporine radiolabel was determined by 

liquid scintillation counting. Samples were compared to a lymph sample (blank), which 

had been spiked with a known quantity o f radiolabel. A blank lyinph sample was also 

included in the run and the count from this was subtracted from sample values to account 

for background and interfering radiation in the lymph samples.

6.8.4. Radioimmunoassay for measurement of cyclosporine in whole blood (CYCLO- 

Trac® SP-Whole Blood)

The DiaSorin CYCLO-Trac SP whole blood RIA employs a specific monoclonal antibody 

and double antibody phase separation technique. Briefly, whole blood standards, 

calibrators and controls were first extracted with methanol. The methanol extract was then
I n c

combined with I-labelled cyclosporine and antiCYCLO-Trac-SP immunoSep (a mixture 

o f mouse monoclonal antibody to cyclosporine and a second antibody with a carrier). 

Following a one-hour incubation, the tubes were centrifuged, decanted and then counted 

using a gamma scintillation counter. The amount o f radioactivity remaining in the pellet 

(i.e. bound fraction) was inversely proportional to the concentration o f cyclosporine. The 

calibration curv'e obtained using this assay is detailed shown in Figure 6.4.
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Figure 6.4. Calibration curve obtained (% bound/unbound against cyclosporine 

concentration) using CYCLO-Trac® SP-Whoie Blood radioimmunoassay kit for 

cyclosporine determination in whole blood

6.9. Cell culture studies

6.9.1. Cell line

Caco-2 cells (passage 30), a human colonic adenocarcinoma cell line, were obtained from 

the European Collection of Animal Cell Cultures (ECACC), UK. These cells were 

repeatedly passaged and cells of passage 78-84 were used for the experiments detailed in 

this thesis.

6.9.2. Maintenance/ culture medium

Cells were cultured using Dulbecco’s modified Eagle’s medium (DMEM) (IX  solution, 

Gibco) supplemented with 10% foetal bovine serum, 2mM L-glutamine, 100|ig/ml 

gentamycin and ImM sodium pyruvate. The composition o f DMEM is detailed in 

Appendix 2. Growth media was prepared aseptically in a laminar flow hood and stored at 

4°C. All media were used within 3 weeks o f preparation.
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6.9.3. Maintenance of cells

Cells were cultured in 75cm^ tissue culture flasks in culture medium and grown in an 

incubator at 37°C with a controlled atmosphere o f 5% CO2 and 90% relative humidity. 

Media (10ml pre flask) was changed at 10am on Monday, W ednesday and Friday to 

maintain a pH o f 7.2-7.4. Cells were checked for confluence by light microscopy and sub

cultured when 70-90% confluent (every 5-7 days).

6.9.4. Sub-culturing procedure

Cells were rinsed with IX  PBS, pH 7.4 (10ml per flask) and then incubated with 5ml 

trypsin-EDTA (0.25%w/v trypsin and 0.02%w/v EDTA) for 5-10 minutes at 37°C, until 

detached from the flask. 5ml o f  culture medium was added and the resulting cell 

suspension was centrifuged at lOOOrpm for 10 minutes to precipitate cells. The 

supernatant, containing trypsin was pipetted o ff and the cell pellet was re-suspended in 1ml 

o f fresh culture medium. Cell number and viability was determined using the tryptan blue 

exclusion test and a grid haemocytometer. 20|nl o f tryptan blue was added to 20|il o f cell 

suspension and mixed gently. 20|il o f  this mixture was transferred to the haemocytometer, 

which was then overlaid with a cover slip and viewed under an inverted microscope. The 

viable cells in the central grid were counted (dead cells were stained blue, live cells were 

clear) and cell concentration (cells/ml) determined using Equation 6.2.

Number o f cells/ml = Number o f cells in 25 grids on haemocytometer x 2 x 10"*

Equation 6.2. Determination of cell content (cells/ml) using the haemocytometer

Cells were sub-cultured into flasks at an approximate seeding density o f  5 x lO"* cells/flask 

by transferring the appropriate suspension volume to a new 75cm flask and adding lOml 

o f culture medium.

6.9.5. Preparation of cell monolayers

Cells were seeded onto semi-permeable filters and grown for 19-23 days to allow 

differentiation. Cells were seeded onto filter supports (Costar® Transwell™
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polycarbonate filters, 0.4|^m pore, 24mm diameter, 4.71 cm^ surface area) from a re

suspended cell pellet at a density o f  63,000 cells/cm^. These conditions had previously 

been determined as optimum for Caco-2 lipid studies (Seeballuck, 2004).

6.9.6. Transepithelial electrical resistance measurements

Transepithelial electrical resistance (TEER) measurements were taken before and after 

each experiment as a measure o f  monolayer integrity. TEER measurements were made 

using a World Precision Instruments EVOM fitted with chopsticks electrodes. 

Measurements were taken at the same position on the inert filter to minimise variability.

6.10. Cell experiments 

6.10.1. Preparation of lipid vehicles

16|il o f  ethanolic [ '‘*C] oleic acid was pipetted into 10ml Regina vials and left to dry under 

a stream o f nitrogen. 40)il o f  the test vehicle was then added and the vials were incubated 

in a shaking water bath at 37°C for one hour to allow for equilibration. Controls contained 

only the oleic acid radiolabel. 2ml o f  bile salt: lecithin buffer (containing pancreatin in the 

case o f  the digestion experiments) was then added to each vial and the samples were 

incubated in a shaking water bath at 37°C for a further 2 hours. 2ml o f serum-free DMEM 

culture medium and 4ml o f  0.25mM bovine serum albumin in serum-free DMEM were 

added to each sample. Controls were treated in the same manner. The final vehicle was 

sterilised by filtration through a sterile 0.2^m  pore filter.

6.10.2. Administration of lipid vehicles

Administration o f  lipid vehicles was conducted at the same time o f  day for each 

experiment. Fully differentiated monolayers (19-21 days old) grown on 24mm diameter 

filters were washed three times with serum-free culture medium and then incubated (1.5ml 

in apical chamber and 3ml in basolateral chamber) with serum-free culture medium for 3 

hours. TEER measurements were taken. Medium was removed and the test or control 

vehicle (labelled with trace C]) was added to the apical chamber (1.5ml). 3ml serum- 

free culture medium was placed in the basolateral chamber. Monolayers were incubated 

for 20 hours under standard conditions (37°C, 5% CO2, 90% relative humidity). The long 

incubation time was required to allow sufficient accumulation o f  secreted lipids for 

accurate quantification and analysis. After incubation, TEER values were again read to 

check monolayer integrity.
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6.10.3. Preparation of basolateral and cell samples for lipid analysis

Basolateral contents were collected, transferred to Eppendorf tubes and stored at 2-8°C for 

up to 24 hours until further analysis. Apical contents were collected and a 100|j.l aliquot 

analysed directly by liquid scintillation counting to determine the end concentration of 

label (unabsorbed label). For intracellular determination, monolayers were washed twice 

in 3% w/w BSA in phosphate buffered saline (PBS) (pH 7.4) to remove bound fatty acid 

and then twice with PBS alone. Cells were scraped into ice cold PBS using a rubber cell 

scraper and lysed by repeated passage through a 21-gauge needle and addition o f Triton X 

(to 0.5% w/w). EDTA (25|_il o f a lOOmM aqueous solution), NaNs (25|il o f a lOOmM 

aqueous solution) and PMSF (10|il o f a 2mM ethanolic solution) were added as 

preservatives and the volume was made up to 2ml with PBS, pH 7.4. Cell lysates were 

stored at 2-8°C for up to 3 days before further analysis. One aliquot was removed for lipid 

analysis and the remainder used for protein determination using the Bio-Rad assay kit.

6.10.4. Lipid extraction

Lipid analysis was performed on cell lysates and basolateral samples. Lipids were 

extracted in chloroform: methanol (2:1) according to the method o f Folch et al. (1957). An 

extraction mixture o f chloroform: methanol (2:1) with 0.01% v/v BHT (as antioxidant) was 

prepared. 5ml o f the extraction mixture was added to 0.5ml o f basolateral sample or 200|^1 

o f cell lysate in a 16x100mm borosilicate glass tube. The mixture was vortexed for one 

minute. The tubes were centrifuged at 4000 rpm for 10 minutes to separate aqueous and 

organic phases. The bottom organic layer (containing lipids) was removed with a glass 

Pasteur pipette and transferred to a 12 x 75mm borosilicate glass tube. 2ml o f chloroform 

was added to the aqueous phase to remove any residual lipid. This mixture was vortexed 

for 1 minute and centrifuged for a further 10 minutes at 4000 rpm. The organic phase was 

again removed and added to the first isolate. The pooled organic sample was dried under 

nitrogen in an N-evap evaporator. Dried samples were stored at -20°C until further 

analysis.

6.10.5. Separation of the lipid classes (triglyceride, phospholipid and cholesterol 

ester)

The various lipid classes were separated by thin layer chromatography (TLC) as described 

(Gibney and Connolly, 1988). Silica 60 LKD 10 lane TLC plates (Whatman) were 

activated by heating in an oven at 100°C for 1 hour. Plates were allowed to cool. Lipid
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extracts were reconstituted in 40|il o f chloroform with vortexing. Reconstituted extracts 

were spotted onto individual lanes o f the plate in 5|J,1 aliquots, drying between each 

addition. A further 30|il o f chloroform was added to the extract residue and transferred 

again in 5|al aliquots, to the loading band to ensure full sample recovery. Basolateral and 

cellular lipid extracts isolated from a single TranswelF"^ filter were spotted onto the plate 

in neighbouring lanes. Triglyceride, phospholipid and cholesterol ester standards were 

also spotted onto individual lanes o f each plate. Standards were prepared as follows and 

stored under nitrogen at -80°C for up to 2 months:

• Triglyceride: lO^il/ml solution o f pure corn oil (Sigma) in chloroform (15|al spotted 

onto plate)

• Phospholipid: 2mg/ml solution o f phosphatidyl choline (Sigma) in chloroform 

(20|al spotted onto plate)

• Cholesterol ester: 3mg/ml solution o f cholesterol oleate (Sigma) in chloroform 

(15[al spotted onto plate).

TLC plates were allowed to dry at room temperature and then partially developed in 

methanol by allowing the solvent to run just beyond the loading band, as recommended by 

the manufacturer. This allowed the phospholipids to wash onto the running strip o f the 

lane. Plates were air-dried and then fully developed in a TLC tank containing 80ml of 

developing solvent- petroleum ether: diethyl ether: glacial acetic acid (80: 20:1). The TLC 

tank was lined with Whatman filter paper and equilibrated with developing solvent for 1 

hour before use. After developing for 40 minutes the plates were air-dried and then 

transferred to a glass tank containing iodine vapour (generated from iodine granules). 

Lipid spots were stained brown.

The lipid classes were identified by comparison with the standards. Cellular lipids were 

visualised directly by this technique, but basolateral samples were not visible (lipid content 

was too low). The exact location o f lipid spots for individual basolateral samples were 

identified by comparison with the neighbouring cellular extract (isolated from the same 

Transwell™ filter). This accounted for any minor differences in retention value o f lipid 

classes caused by administration o f different vehicles. Lipid spots were marked with 

pencil and then scraped into scintillation vials. 4ml o f scintillation fluid was added and the 

vial vortexed for 1 minute to solubilise lipid. The amount o f radiolabelled lipid was 

determined by liquid scintillation counting.
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6.10.6. MTT (tetrazolium) toxicity assay for cell viability

MTT (3-(4,5-Dimethylthiazoyl-2yl)-2,5-diphenyl tetrazolium bromide) is a tetrazolium salt 

that is cleaved by mitochondrial dehydrogenase in living cells to give a dark blue product 

(Mossman, 1983). Cell viability (as indicated by dehydrogenase activity) can be assessed 

by measuring the ability of cells to convert MTT to its coloured by-product.

The MTT assay was used to determine vehicle toxicity to Caco-2 cells. Caco-2 cells were 

seeded at a density of 35,000 cells/ well onto 96-well tissue culture treated plates and 

grown for 2-3 days until confluent in full culture medium. Culture medium was removed 

and lOOfil of test vehicle added and incubated for 20 hours under standard culture 

conditions. Wells were washed three times with serum-free DMEM and then incubated for 

2 hours with serum-free DMEM (100|il/well) and 25|il MTT (5mg/ml PBS). The blue 

formazan reaction product of MTT was solubilised by addition of lOOfil extraction buffer 

(10% w/w SDS in O.IM HCl) and further incubation at 37°C. Absorbance was measured 

at 570nm.

6.10.7. Protein assay

Protein content of cell monolayers was determined according to the Lowry method using a 

Bio-Rad DC protein assay kit. Lysed cell suspensions were assayed for protein using this 

assay and unknown sample protein content was determined from a calibration curve using 

BSA as a standard. Absorbance at 650nm, was plotted against BSA concentration and the 

equation of the line was fitted by regression analysis with Microsoft® Excel 1998.

6.11. Data analysis

All statistical analysis was performed using Minitab® (version 13.20). Where multiple 

samples were compared against a control, an analysis of variance (ANOVA) was 

conducted and significance relative to control calculated using Dunnett’s multiple 

comparison test. Where multiple samples were compared against each other, an ANOVA 

was conducted and significance calculated using Tukey’s multiple comparison test. A 2- 

sample t-test was used for two sample comparisons. A p-value of <0.05 was considered 

significant and a p-value of <0.01 was highly significant.
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7. In vitro characterisation of lipid vehicles 

7.1. Introduction

40% of new drug candidates are poorly water-soluble leading to poor oral bioavailability, 

high intra- and inter-subject variability and a lack o f dose proportionality (Robinson, 

1996). For these compounds, absorption from the gastrointestinal tract is controlled by 

dissolution. In recent years, much attention has been focused on lipid-based formulations 

to improve oral bioavailability o f poorly water-soluble drug compounds (Gursoy and 

Benita, 2004).

Self-emulsifying drug delivery systems (SEDDS) are defined as isotropic mixtures o f oils 

and surfactants, sometimes including cosolvents, which emulsify under conditions of 

gentle agitation, similar to those encountered in the gastro-intestinal tract (Wakerly et a l, 

1987; Craig, 1993). Hydrophobic drugs can be dissolved in SEDDS allowing them to be 

encapsulated as unit dosage forms for oral administration. When such a formulation is 

released into the lumen o f the gut it disperses to form a fine emulsion, so that the drug 

remains in solution, thus avoiding the rate-limiting dissolution step. Generally, this can 

lead to improved and less variable bioavailability (Pouton, 1997).

Although many studies have been carried out, there are few SEDDS products on the 

pharmaceutical market. At present there are only four commercially available SEDDS- 

Sandimmun® and Sandimmun Neoral® (cyclosporine A), Norvir® (ritonavir) and 

Fortovase® (saquinavir). Significant improvement in the oral bioavailability o f these 

drugs has been demonstrated in each case (Gursoy and Benita, 2004). This apparent lack 

o f progress in bringing SEDDS to the market confirms the difficulty o f formulating 

hydrophobic drug compounds into such formulations. Some o f the reasons for this include 

the complexity of the interfacial and physical chemistry o f lipids and the challenging 

stability and manufacturing problems associated with their commercial production. The 

limited solubility o f some poorly water-soluble compounds in lipidic solvents and the pre- 

absorptive gastrointestinal processing which is required of many lipids also presents 

formulating challenges. There is also a considerable lack of knowledge about what 

happens to the co-administered drugs/ lipids within the GI lumen and o f predictive in vitro 

and in vivo testing methodologies.
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In addition to the problems mentioned above, the formulation of SEDDS presents further 

challenges due to the highly specific nature o f the self-emulsification process and the need 

for individual selection o f lipids, surfactants and co-solvents. Even slight alterations in the 

composition of the formulation may lead to a complete loss o f self-emulsification. There is 

no ‘prescription’ for the formulation of a SEDDS. Careful selection of commercially 

available excipients is also required to ensure optimum safety o f the formulation. 

Furthermore, the advantages offered by SEDDS appear to be specific to the nature o f the 

incorporated drug.

Characterisation o f the lipid vehicle is one o f the most important aspects in the study of 

SEDDS. Some of the characterisation techniques used include; determination of the rate of 

emulsification and droplet size distribution, efficiency of drug incorporation and the ability 

to maintain drug solubility upon dilution (Constantinides, 1995; Humberstone and 

Charman, 1997; Pouton, 2000; Porter and Charman, 2001, Gursoy and Benita, 2004). The 

main focus o f this chapter will be to use the above techniques to characterise and predict 

the potential of a series o f medium and long chain triglyceride-based SEDDS to enhance 

the lymphatic transport o f poorly water-soluble drugs.

In addition to SEDDS, micellar vehicles have been exploited as vehicles for oral drug 

delivery (O’Reilly et al., 1994b). Mixed micellar vehicles containing bile salts and fatty 

acids are known to play a role in the absorption o f fats by solubilising the water-insoluble 

products of fat digestion into water-soluble aggregates or micelles (Carey and Small, 

1970). The absorption enhancing action of micellar systems depends on a number of 

factors including the physicochemical properties o f the drug, the interaction between the 

drug and the micellar system and the subsequent interaction o f the micellised system with 

the physiological environment (O’Reilly et al., 1994a). Previous studies in our lab have 

indicated that both mixed micellar systems (containing bile salt, phospholipids and fatty 

acids) and simple surfactant micelle systems (containing bile salts, Cremophor EL and 

TPGS) enhanced the lymphatic transport o f DDT and saquinavir (Griffin, 2001). It was 

desirable therefore, to investigate a broader range o f simple and mixed micellar systems. 

The bulk o f this chapter will however focus on the SEDDS formulations.
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7.2. Aims and objectives

The aim of this chapter was to assess the emulsion behaviour and physical properties of 

various lipid-based vehicles, such as simple and mixed micelles and medium and long 

chain triglyceride-based SEDDS, using a number of techniques including:

• Visual observations- description of appearance of preconcentrates and various 

dilutions, ease o f dispersion o f SEDDS, appearance of micellar systems

• Particle size analysis (photon correlation spectroscopy)- particle size analysis of 

various dilutions, effect o f dilution media and drug incorporation on particle size of 

formulation

• In vitro digestion of vehicles- effect of digestion on appearance, particle size and 

free fatty acid content o f the vehicles

• Solubility studies- solubility o f DDT in simple and mixed micellar systems, 

solubility of two lipophilic compounds (DDT and cyclosporine A) in the 

preconcentrate and aqueous diluted preconcentrates
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7.3. Results

7.3.1. Candidate lipophilic compounds

Lipid vehicles are best utilised for the delivery of lipophilic rather than hydrophilic 

compounds. The two candidate compounds investigated were DDT and cyclosporine A.

DDT

p, /?’-DDT (l,l,l-trichloro-2, 2-bis(-4chlorophenyl)-ethane) as shown in Figure 7.1, is a 

broad spectrum insecticide. It is a non-ionic, highly lipophilic compound and is practically 

insoluble in water (aqueous solubility = 1.2ng/ml, log P = 6.19) (Patton et a l, 1984). It 

has a molecular weight o f 354.49 and a melting point o f 109°C. It has been shown to cross 

the intestinal mucosa unchanged and is preferentially absorbed by the lymphatic route 

(Sieber, 1974). On the basis o f its low aqueous solubility and possible high membrane 

permeability (based on log P  value), DDT belongs to the class II category o f the 

Biopharmaceutical Drug Classification Scheme (Amidon et al., 1995). DDT is highly 

lipid-soluble with a solubility o f 97.5mg/ml in peanut oil (Charman and Stella, 1986b). 

Given the above properties, DDT was chosen as a model compound for initial investigation 

into the factors affecting the lymphatic transport o f lipophilic compounds.

Cyclosporine A (CsA)

Cyclosporine A is a potent immunosuppressant drug used in transplantation and 

autoimmune disorders. It belongs to a family o f cyclic polypeptides derived from the 

fiangus Tolypocladium inflatum Gams. It consists o f 11 amino acid residues (including a 

unique 9-carbon acid in position 1) arranged in a cyclic structure as shown in Figure 7.2. 

All amide nitrogens are either hydrogen bonded or methylated. Cyclosporine contains a 

single D-amino acid residue in position 8, and the methyl amide between residues 9 and 10 

is in the cis configuration; all other methyl amide moieties are in the trans form (Diasio 

and LoBuglio, 1996). The cyclosporine molecule is chemically neutral.

Due to the relatively high molecular weight (1202) (Ueda et al., 1983) and high 

lipophilicity (log P = 2.92) of cyclosporine (Taylor et al., 1993) and its poor solubility in 

aqueous fluids (6.6|ig/ml) (Ismailos et al., 1991), it has been a popular candidate for 

formulation into lipid-based vehicles. The first registered dosage form of cyclosporine, 

Sandimmun® (Novartis, Switzerland) was designed as an emulsion preconcentrate. The
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current brand leader formulation (Neoral®, Novartis, Switzerland) is in the form of a 

microemulsion preconcentrate and was launched on the market more than 10 years after 

the first one.

The physicochemical properties of the two candidates compounds are summarised in Table 

7.1.

Table 7.1. Physicochemical properties of DDT and cyclosporine A

DDT Cyclosporine A

Molecular weight 354.49 1202

L ogP 6.19 2.92

Aqueous solubility 1.2 6600

(ng/ml)

Melting point (°C) 109 148-151

Solubility in oil 80=* 98.72 ± 7.75̂ *

“ solubility (mg/ml) in triolein at 23°C (Patton e? a/., 1984)
'’ solubility (mg/g) in Captex 355 at 25“C (Gao et a l ,  1998)

It should be noted that cyclosporine’s solubility has been found to be inversely 

proportional to the temperature and does not vary with pH (1.2-6.6) (Ismailos et al., 1991).
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Figure 7.1. Chemical structure of p,p DDT
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7.3.2. Formulation and composition of lipid vehicles

Three main types o f vehicles were investigated:

1. Micellar formulations (mixed bile salt micelles and simple Tween 80 micelles)

2. SEDDS based on medium chain triglyceride (MCT) oils

3. SEDDS based on long chain triglyceride (LCT) oils.

The main focus of this chapter will be on the formulation and characterisation o f SEDDS.

7.3.2.1. Formulation o f  micellar vehicles

The composition of the bile salt mixed micellar vehicle studied, is shown in Table 7.2. 

The objective was to formulate a mixed micelle formulation containing sodium cholate, 

soybean lecithin and oleic acid i.e. bile salt, lecithin and fatty acid. Cholic acid is the 

major bile component of both the rat and human hepatic bile duct, accounting for about 

50% of total bile acids present (Carey and Small, 1972). The long chain mono-unsaturated 

fatty acid, oleic acid was chosen as it is the principal long chain fatty acid found in human 

mixed intestinal lipids (Staggers et a l, 1990). On average 6% of human bile is composed 

of phospholipid. Therefore, the phospholipid, lecithin, would be a major component o f the 

mixed micellar aggregates formed during the digestion o f lipids in the gastro-intestinal 

tract (Zangenberg et al., 2001a). Phospholipids consist o f two alkyl chains o f either 

palmitic (Cie), stearic (Cig), oleic acid (Cig: i), linoleic (Cig: 2) or arachidonic acid (C20) 

linked to a phosphatidylcholine molecule. Hydrolysis o f phospholipid in the gut lumen 

liberates long chain fatty acid acyl moieties, which may stimulate lipoprotein production 

(Tso, 1994).

The ratio o f each o f the three components present in the mixed micellar system were such 

as to mimic those found physiologically in the post-prandial state. Only those formulations 

with a clear appearance i.e. stable upon reconstitution with PBS pH 7.2, were considered 

for further work. A formulation containing 40mM: 15mM: 30mM bile salt/lecithin/fatty 

acid (oleic acid) was chosen for fiirther investigation as this was stable upon dilution, 

resulting in a clear pale yellow solution and having a particle size o f 76.2nm. Details of 

the preparation of this formulation are given in Section 6.3.1. Post-prandial intestinal bile 

salt concentrations ranging from 3-35mM have been reported in humans (Tangerman et al., 

1986). The three components are present at in a ratio similar to that found physiologically 

(Lunere^a/., 1994).
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Table 7.2. Composition of bile salt mixed micellar formulation

Component Amount (mM)

Sodium cholate 40

Soybean lecithin 15

Oleic acid 30

Simple micelle vehicles were formulated using the non-ionic surfactant, Tween 80. Tween 

80 is a polysorbitan oleic acid ester and since oleic acid is known to stimulate chylomicron 

formation (Field et al., 1988; Seeballuck et al., 2003), this excipient may promote 

lymphatic transport o f lipophilic molecules. The composition and particle size of the 

Tween 80 simple micelle formulations is shown in Table 7.3. All formulations were clear 

and remained stable (as judged by visual appearance only) when stored at room 

temperature. The critical micelle concentration (cmc) for Tween 80 is 0.3mg/ml in 0.1 M 

HCl (Chen et al., 2003), hence Tween 80 was above its cmc in all the systems investigated. 

Micelle size, as determined by PCS, was found to decrease with increasing Tween 80 

concentration (Table 7.3).

Table 7.3. Composition of Tween 80 simple micellar aqueous formulations

System Visual appearance Particle size

(%w/v Tween 80) (Zave, nm)

2 Clear pale yellow 79.5 ± 1.0

4 Clear pale yellow 10.1 ± 0 .4

10 Clear yellow 8.8 ±0.8
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7.3.2.2. Formulation o f self-emulsifying drug delivery systems

A range of SEDDS incorporating long and medium chain triglyceride oils were 

formulated. Tables 7.4 and 7.5 provide a detailed description o f the chemical composition 

o f the various oils and surfactants used in these medium and long chain triglyceride-based 

SEDDS. MCT oils with a high content o f C8 and CIO fatty acid were chosen because o f 

favourable reports o f these fatty acids on absorption enhancement (Constantinides, 1994; 

Aungst, 2000; Williams and Barry, 2004). Both Captex 355 and Miglyol 812 contain such 

fatty acids. The Captex oils are frequently used in nutritional feeds; hence their safety 

status is well established (Abitec Corporation Product Information, 2003).

Long chain oils, oils which contained high amounts o f either oleic acid or linoleic acid 

were chosen since these fatty acids have been shown to increase lymphatic triglyceride 

output, thereby promoting lymphatic transport o f lipophilic compounds. Similarly, most of 

the surfactants used contained fatty acids o f oleic and linoleic or derivatives thereof 

Griffin (2001) reported that when a 2% Cremophor EL aqueous system was administered 

to mesenteric lymph duct-carmulated rats, triglyceride output was 1.5 times higher than the 

saline control. Seeballuck (2003) found that Tween 80 enhanced the secretion of 

triglyceride rich lipoproteins in the Caco-2 cell model. Hence, in addition to their 

emulsifying properties the surfactants used may potentially enhance lymphatic transport.

The number of excipients in each formulation was kept to a minimum in order to keep the 

formulations as simple as possible. The availability, toxicity and pharmacological action 

were important considerations when choosing oils and excipients. All excipients used 

were commercially available and had GRAS status (Generally Recognised as Safe). None 

o f the investigated SEDDS contained ethanol. Although ethanol may increase drug 

solubility and the rate o f emulsification, it can irritate the intestinal mucosa and can present 

stability problems if  encapsulated in gelatin capsules (Constantinides, 1995). For these 

reasons and to keep the formulations as simple as possible, ethanol was not used.
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Table 7.4. Fatty acid composition of medium and long chain investigated oils

Oil Description and fatty acid composition

Captex 355 

Miglyol 812 

Olive

Peanut

Soybean

Com

Oleic acid

Triglycerides of caprylic (50-80%) and capric (20-50%) acids 

Triglycerides of caprylic (60.8%) and capric (38.4%) acids 

Mixed glycerides of: oleic (55-83%), palmitic (3.5-21%), linoleic 

(3.5-21%) and stearic (0.5-5%) acids

Mixed glycerides of: oleic (56%) palmitic (8.3%) linoleic (26%), 

stearic (3.1%) and arachidic (2.4%) acids

Mixed glycerides of: oleic (22.2%), palmitic (10.3%), linoleic 

(54.4%), linolenic (8.7%) and stearic (3.7%) acids 

Mixed glycerides of: oleic (26.4%), palmitic (10.9%), linoleic 

(58.8%), linolenic (1.3%) and stearic (1.9%) acids 

Ci8:i monounsaturated fatty acid

Table 7.5. Chemical description and HLB value of surfactants used in the MCT and 

LCT-based SEDDS

Surfactant Description HLB

Cremophor EL Polyoxyl 35 castor oil/ glycerol polyethylene 

glycol ricinoleate

12-14

Tween 80 Polyoxyethylene polysorbitan monooleate 15

Maisine 35-1 Glyceryl monooleate (55.85% linoleic acid) 3

Peceol Glyceryl monolinoleate (78.6% oleic acid) 3

Labrasol Caprylocaproyl macrogolglycerides 

(Caprylic (C8) 50-80%, Capric (CIO) 20-50%)

14

Plurol Oleique Polyglyceryl-6 dioleate 6

115



Chapter 7-  In vitro characterisation o f  lipid formulations

SEDDS based on medium chain triglyceride oils

Four different SEDDS based on MCTs were formulated (Table 7.6). Gao et at. (1997) 

developed and characterised the Captex 1 formulation in an effort to enhance the solubility 

and bioavailability o f cyclosporine A. It contains Cremophor EL®: Transcutol®: Captex 

355® present in a ratio of 10:5:4. Captex 355 is a medium chain triglyceride oil prepared 

from fractionated vegetable oil fatty acids and glycerol or other glycols (Abitec 

Corporation, Product Information, 2001). Cremophor EL (Polyoxyl 35 castor oil/glycerol 

polyethylene glycol ricinoleate) is a non-ionic surfactant previously shown to enhance 

lymphatic transport o f DDT (Griffin, 2001). Transcutol P is purified diethylene glycol 

monoethyl ether. It is a powerfiil solubiliser (both water and oil soluble) and has several 

pharmaceutical applications. For oral use Transcutol can solubilise and enhance 

absorption o f many poorly soluble drugs (Gattefosse Product Information, 2001). While 

keeping the proportion of Captex 355 constant, the amounts o f Cremophor EL and 

Transcutol P were optimised so that 20% oleic acid (a long chain monounsaturated fatty 

acid) could be incorporated without causing appreciable differences to the particles size 

and stability of the formulation (Captex 2). 20%w/w oleic acid was the maximum amount 

o f oleic acid that could be added without causing instability in the formulation. The 

second Captex formulation was further modified so that 10%w/w Tween 80, another 

potential source of oleic acid could be added (Captex 3).

A fourth SEDDS based on the medium chain triglyceride oil, Miglyol 812 was also 

investigated. This Miglyol 812 formulation was developed and extensively characterised 

by Seeballuck (2004). The composition o f the four MCT-based SEDDS is shown in Table 

7.6.
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Table 7.6. Composition of SEDDS based on medium chain triglyceride oils

Vehicle Oil Phase (%w/w) Surfactants (%w/w)

Captex 1 Captex 355 (21.05%) Cremophor EL (52.63%) 

Transcutol P (26.31%)

Captex 2 Captex 355(21.05%) 

Oleic acid (20%)

Cremophor EL (42.63%) 

Transcutol P (16.31%)

Captex 3 Captex 355 (21.05%) 

Oleic acid (20%)

Cremophor EL (37.63%) 

Transcutol P (21.31%) 

Tween 80 (10%)

Miglyol 812 Miglyol 812 (20%) Maisine 35-1 (20%) 

Cremophor EL (60%)

SEDDS based on long chain triglyceride oils

Self-emulsifying behaviour appears to be a function o f the polarity of oil, i.e. the 

triglyceride chain length (MCTs are more polar than LCTs). In general, MCT oils are 

easier to formulate into SEDDS than LCT oils (Pouton et a l,  1985). SEDDS containing 

olive, peanut, soybean and com oil were developed with the aid o f pseudotemary phase 

diagrams (Harte, 2002). With the excipients used, 20%w/w olive and peanut oil and 

30%w/w com and soybean oil was the maximum amount o f each oil which could be 

incorporated into each system without resulting in increased particle size, loss o f self- 

emulsification and instability. The system containing Plurol Oleique® and oleic acid was 

developed by Griffin (2001) and was subjected to further investigation since it showed 

favourable properties in the enhancement o f intestinal lymphatic transport o f both DDT 

and the HIV protease inhibitor, saquinavir. Details o f these LCT-based vehicles are given 

in Table 7.7.
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Table 7.7. Composition of SEDDS based on LCT oils

Vehicle Oil Phase (%w/w) Surfactants (%w/w)

Olive Olive (20%) Peceol (20%),

Cremophor El; Tween 80 (2:1) (60%)

Peanut Peanut (20%>) Peceol (20%),

Cremophor EL: Tween 80 (2:1) (60%)

5% soybean Soybean (5%) Maisine 35-1 (5%),

Cremophor EL: Tween 80 (2:1) (90%)

15% soybean Soybean (15%) Maisine 35-1 (15%),

Cremophor EL: Tween 80 (2:1) (70%)

30% soybean Soybean (30%) Maisine 35-1 (30%),

Cremophor EL: Tween 80 (2:1) (40%)

Com Com (30%) Peceol (20%),

Cremophor EL: Tween 80 (2:1) (50%)

Oleic acid Oleic acid (10%)) Plurol Oleique (12.9%), 

Labrasol (77.08%)

7.3.3. Characterisation of physical properties of SEDDS preconcentrates

7.3.3.1. Calculated density, HLB values and pH  of diluted SEDDS

Density, pH and HLB values for each SEDDS are given in Table 7.8. The density of each 

SEDDS was measured by weighing a 1ml volume of the formulation at room temperature 

(25°C). Since a positive displacement pipette was not used, the values can only represent a 

rough estimate o f density. The pH of 1:50 aqueous dilution o f each system was also 

obtained.
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The hydrophiUcity o f an excipient can be described by the hydrophile/lipophile balance 

(HLB) value. This value describes the balance between the hydrophobic and hydrophilic 

portion of a molecule. The lower the HLB value the more lipophilic a substance. The 

overall HLB value o f a system gives an indication o f the type of emulsion (oil in water or 

water in oil) the system will favour. Systems with HLB values between 8 and 18 will 

favour oil in water emulsions and are best utilised for the solubilisation of lipophilic 

compounds (Lawrence and Rees, 2000). The HLB of each surfactant system was 

calculated using Equation 7.1.

HLBmix= fH L B a+  (1-f). HLBb

Equation 7.1: Calculation of HLB value of a mixture

Where HLBmix is the hydrophile/lipophile balance o f the mixture 

f  is the fraction of the component A 

HLBa is the hydrophile/lipophile balance o f component A 

HLBb is the hydrophile/lipophile balance o f component B

The HLB values o f the systems ranged from 9.09-13.43, suggesting the formation o f o/w 

emulsions upon aqueous dilution (Table 7.8).

With the exception of the Plurol Oleique SEDDS, all systems had density values less than 

1. In the case o f the Captex 355 systems, as the percentage of oil phase increased the 

density decreased. This was not the case for the soybean oil systems. In general, the 

density of the SEDDS was the same or higher than the value given for the oil alone (values 

given in Handbook o f Pharmaceutical Excipients, 2003); olive oil has a density o f 0.909- 

0.915, the SEDDS had a density o f 0.92. Com has a density o f 0.915-0.918, while the 

SEDDS had a density o f 0.92. The density o f the peanut oil-based SEDDS (0.96) was 

higher than the oil alone (0.915).

Upon aqueous dilution o f each system, an acidic solution resulted. pH values ranged from 

3.63 to 5.89. The low pH values can be attributed to the fatty acids present in all the oils 

and most o f the surfactants. The addition o f oleic acid to the Captex formulations (Captex 

2 and Captex 3) did not reduce the pH as one would have expected. Further addition of 

Tween 80, actually increased the pH of the system. The Plurol Oleique system, which
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contained 20%w/w oleic acid, had the highest pH. The pH value of the diluted 

formulations may be o f importance in the case o f ionisable drugs, where changes in pH 

may affect solubility.

Table 7.8. Calculated density (g/ml), pH of SEDDS (after 1:50 aqueous dilution) and 

calculated HLB value of each SEDDS

Vehicle Calculated density 

(g/ml)

pH value of 1:50 

dilution in water

Calculated 

HLB value

Captex 1 0.98 3.70 13.0

Captex 2 0.94 3.70 13.0

Captex 3 0.92 3.83 13.42

Miglyol 812 0.90 5.89 10.50

Olive 0.92 4.35 11.00

Peanut 0.96 4.06 10.88

5% soybean 0.94 3.63 11.78

15% soybean 0.96 3.86 13.10

30% soybean 0.94 3.76 9.09

Com 0.92 4.98 10.61

Plurol Oleique 1.0 5.29 13.43

7.3.3.2. Appearance o f SEDDS preconcentrates

The colour and clarity of each system was noted. Any changes in appearance o f the 

preconcentrate over a period o f time were noted. Only systems that remained unchanged 

after storage at room temperature for one month were deemed stable. Table 7.9 

summarises the appearance o f each preconcentrate.

All preconcentrates were clear and yellow in colour upon initial formulation. The presence 

o f macroscopic phase separation is recognised by the presence of cloudiness in the 

formulation or the formation o f two distinct layers. The only formulation that showed any 

signs of instability was the 30% soybean oil formulation. All other formulations remained 

optically clear and did not form a second phase upon storage. Maisine 35-1 is quite 

viscous at room temperature, however upon heating it melts and becomes less viscous.
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After approximately two weeks storage, the Maisine 35-1 in the 30% soybean oil 

formulation precipitated out. With gentle heating to 37°C the precipitate melted and the 

formulation resumed its initial appearance. This effect was not observed with any of the 

other formulations containing Maisine 35-1, possibly because there was a lower amount 

present in these formulations (only 5 and 15%). The 30% soybean oil formulation was 

further investigated regardless of this fact, since the apparent instability was slow to 

manifest itself and was reversible upon heating to body temperature.

Table 7.9. Visual appearance of preconcentrates initially and after one month storage 

at room temperature

Vehicle Appearance of 

preconcentrate

Appearance of preconcentrate 

after one month

Captex 1 Clear, pale yellow Clear, pale yellow

Captex 2 Clear, pale yellow Clear, pale yellow

Captex 3 Clear, pale yellow Clear, pale yellow

Miglyol 812 Clear, yellow Clear, yellow

Olive Clear, yellow Clear, yellow

Peanut Clear, pale yellow Clear, pale yellow

5% soybean Clear, yellow Clear, yellow

15% soybean Clear, yellow Clear, yellow

30% soybean Clear, yellow Precipitation o f Maisine,

becomes clear upon heating

Com Clear, yellow Clear, yellow

Plurol Oleique Clear, yellow Clear, yellow

7.3.3.3. Appearance o f SEDDS upon dilution with water and with O.IMHCl

The appearance and clarity o f each formulation upon aqueous dilution is another indication 

of stability and self-emulsifying ability. Clear transparent formulations are indicative o f a 

stable microemulsion o f low particle size. The particle size o f a microemulsion and its 

distribution is one of the most important characteristics determining stability, the rate and 

extent o f drug release (Shah et al., 1994) and also the in vivo fate o f the microemulsion
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(Tarr and Yalkowsky, 1989). The clearer a microemulsion appears visually (i.e. the less 

turbid), the smaller the particle size (Khoo et al, 1998b; Seeballuck, 2003).

The effect of dilution of a preconcentrate with acid is also an important consideration, 

since the preconcentrate will encounter the acidic contents of the stomach upon oral 

administration and it is important the system remains stable in this acidic environment. 

The appearance of formulations after 1:50 dilution with water and O.IM HCl is shown in 

Table 7.10.

Table 7.10. Appearance of formulations upon dilution (1:50) with water and with 

O.IM HCL

Vehicle Appearance upon 1:50 

dilution with water

Appearance upon 1:50 

dilution with O.IM HCl

Captex 1 Very clear (transparent) Very clear (transparent)

Captex 2 Clear but slight bluish tinge Clear but slight bluish tinge

Captex 3 Clear but bluish tinge Clear but bluish tinge

Miglyol 812 Clear but slight bluish tinge Clear but slight bluish tinge

Olive Clear but slight bluish tinge Clear but slight bluish tinge

Peanut Clear but bluish tinge Clear but bluish tinge

5% soybean Very clear Clear but bluish tinge

15% soybean Clear Clear

30% soybean Clear Clear

Com Clear but bluish tinge Clear but bluish tinge

Plurol Oleique Bluish white Milky, separates out

Upon dilution with water (1:50), all systems, with the exception of the Plurol Oleique 

system, were clear. This indicates that upon dilution of the systems, stable microemulsions 

with small particle sizes (<100nm) were formed. All systems, with the exception of the 

Plurol Oleique, remained stable upon dilution with acid. The Plurol Oleique formulation 

was nonetheless subjected to further investigation, since it will be intraduodenally 

administered to the animals, thereby by-passing the acidic contents of the stomach. 

Furthermore, if oral administration was required, an enteric coating could protect the
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formulation. Appearance of the system was independent of the chain length of the oil 

phase with both long and medium chain-based SEDDS having similar appearances upon 

dilution.

Each aqueous dilution was centrifuged at 5,000rpm for 45 minutes. After this period there 

was no evidence of phase separation or instability in any of the formulations. The olive 

and com oil systems were ultracentrifiiged (57,000rpm) for 45 minutes after which there 

was no indication of any phase separation. It should be noted that irrespective of the 

dilution factor or media, the viscosity of all dilutions appeared to be similar to water. 

Formal viscosity analysis was not however performed.

7.3.3.4. Ease o f  dispersion o f  SEDDS preconcentrates

Preconcentrates must be readily dispersed in the stomach to form a fine microemulsion 

(Shah et ai, 1994). Too slow a dispersion rate might retard the absorption of drugs in the 

intestinal tract. For this reason an estimate of the ease of dispersion was desirable. Gao et 

al. (1998) measured dispersabilty by placing a drop of the preconcentrate (0.2ml) in the 

bottom of a UV cell and adding 0.8ml 0.1m HCl. The resulting change in turbidity was 

monitored at 450nm at 37°C and was used as an indicator of dispersabilty. This method 

was employed using the systems here, however the results proved to be erratic and not 

reproducible. A more straightforward indicator is the time taken to ftilly disperse the 

formulation. 0.2ml preconcentrate was placed in a test tube, 10ml of water or acid was 

added and the system was vortexed. The time taken for microemulsion formation was 

noted. The time to dispersion of preconcentrates in both water and acid is presented in 

Table 7.11.

All systems proved to be easily dispersed. Time to dispersion was similar in both acid and 

water. While this method provided a quick indicator of the ease of dispersion of each 

system, it was subjective and the force of the vortex was not likely to be representative of 

the in vivo situation.
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Table 7.11. Time taken (second) for even dispersion (microemulsion formation) of 

SEDDS in water or O.IM HCl using vortex

Vehicle Time to dispersion in water 

(seconds)

Time to dispersion in O.IM 

HCl (seconds)

Captex 1 19 20

Captex 2 26 25

Captex 3 14 13

Miglyol 812 17 24

Olive 35 50

Peanut 32 30

5% soybean 20 24

15% soybean 35 35

30% soybean 30 35

Com 30 35

Plurol Oleique 7 6

In an effort to mimic in vivo conditions and standardise the dispersion method, a modified 

dissolution test was used. Gelatin capsules (size 0) were filled with 0.25g of drug-tree 

preconcentrate and placed in a 100ml conical flask containing 50ml o f O.lMHCl. The 

flasks were placed in a shaking water bath (60rpm, 37°C) and the appearance o f the 

resulting dispersions monitored at 5, 10, 15 and 30 minutes. This test was carried out three 

times. While it is a subjective test the results were found to be reproducible in all cases. 

The results are displayed in Table 7.12.

All systems displayed favourable in vitro dissolution properties indicating that 

microemulsion formation would proceed unhindered in vivo. Again, there was no 

difference in dispersion rates for the long and medium chain-based SEDDS.
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Table 7.12. Dissolution of drug-free lipid vehicles (enclosed in a gelatin capsule) in 

O.IM HCl at 37°C (n = 3)

Vehicle Appearance 
at 5 minutes

Appearance 
at 10 minutes

Appearance 
at 15 minutes

Appearance 
at 30 minutes

Captex 1 Not fully 
dispersed

Almost
dispersed

Dispersed but
gelatin
remaining

No gelatin, ftill 
dispersion

Captex 2 Almost
dispersed

Dispersed but
gelatin
remaining

No gelatin, full 
dispersion

No gelatin, full 
dispersion

Captex 3 Almost
dispersed

Dispersed but
gelatin
remaining

No gelatin, full 
dispersion

No gelatin, full 
dispersion

Miglyol 812 Not fully 
dispersed

Almost
dispersed

Dispersed but
gelatin
remaining

No gelatin, full 
dispersion

Olive Almost
dispersed

Dispersed but
gelatin
remaining

Dispersed but
gelatin
remaining

No gelatin, fiill 
dispersion

Peanut Almost
dispersed

Dispersed but
gelatin
remaining

Dispersed but
gelatin
remaining

No gelatin, fiill 
dispersion

5% soybean Dispersed but
gelatin
remaining

No gelatin, full 
dispersion

No gelatin, full 
dispersion

No gelatin, fiill 
dispersion

15% soybean Dispersed but
gelatin
remaining

No gelatin, full 
dispersion

No gelatin, fiill 
dispersion

No gelatin, full 
dispersion

30% soybean No gelatin, full 
dispersion

No gelatin, fiall 
dispersion

No gelatin, ftill 
dispersion

No gelatin, full 
dispersion

Com Almost
dispersed

Dispersed but
gelatin
remaining

Dispersed but
gelatin
remaining

No gelatin, flill 
dispersion

Plurol Oleique Almost
dispersed

Almost
dispersed

No gelatin, full 
dispersion

No gelatin, full 
dispersion
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7.3.4. Particle size analysis of microemuisions

An important characteristic of an emulsion is its particle size. Monomodal particle size 

analysis was carried out using Photon Correlation Spectroscopy (PCS) as detailed in 

Section 6.4.2. The effect of dilution factor, dilution media, digestion and inclusion o f drug 

on the particle size of the formulations was investigated.

7.3.4.L Effect o f  dilution factor on particle size offormulations

The effect o f the dilution factor on particle size is shown in Table 7.13. There was a 

tendency toward decreased particle size with increased dilution of the formulations, 

although overall this was not significant (p > 0.05). Gershanik et al. (1998) reported a 10- 

fold decrease in particle size with a 10-fold increase in dilution. This is presumably due to 

greater dispersion of the oil phase and hence less coalescence o f oil particles. In theory, 

since particle size is a colligative property, it should be independent of the dilution factor. 

Most formulations have a particle size less than 50nm, although the peanut and Plurol 

Oleique microemuisions have particle sizes greater than lOOnm. A dilution of 1:200 is 

probably most representative o f the in vivo situation.

Table 7.13. Effect of aqueous dilution factor on particle size (Zave, nm) of drug-free 

SEDDS as determined by PCS (Mean ± S.D., n = 3)

Vehicle 1:10

(Zave, nm)

1:50

(Zave, nm)

1:200

(Zave, nm)

Captex 1 33.2 ±0.2 25.8 ± 0 26.4 ± 1.1

Captex 2 33.1 ±0.1 33.3 ±0.3 37.3 ±0.3

Captex 3 24.2 ± 0 28.8 ±0.6 26.2 ±0.1

Miglyol 812 26.4 ± 0.2 26.0 ±0.1 24.8 ± 0.2

Olive 34.5 ± 1.0 28.4 ±0.3 25.6 ±0.5

Peanut 161.4 ±0.5 126.5 ±0.7 139.4 ± 0 .2

5% soybean 46.7 ±0.5 36.6 ±0.6 42.3 ±0.1

15% soybean 42.3 ± 0.6 39.2 ± 0.4 31.0±0.3

30% soybean 22.8 ±0.2 21.0± 1.1 22.3 ± 0.7

Com 57.8 ±0 .2 26.8 ±0.1 27.4 ± 0 .9

Plurol Oleique 202.5 ± 14 165.3 ±3.5 111.5± 1.2
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7.3.4.2. Effect o f  dilution media on particle size offormulation

Initial particle size analysis was performed following dilution o f preconcentrates with 

water. The use o f FaSIF (simulated fasted small intestinal media) is more representative of 

the in vivo situation; hence particle size analysis was performed after dilution (1:50) with 

FaSIF (Figure 7.3). While particle size of the individual formulations differed with 

dilution media, overall there was no statistical difference between particle sizes o f the 

formulations following dilution with either media (p > 0.05). However, for the peanut and 

Plurol Oleique-based SEDDS, dilution with water resulted in a larger particle size when 

compared with FaSIF. Since FaSIF contains bile salts (5mM sodium taurocholate), the 

presence o f a surfactant is expected to result in a decreased particle size. The opposite 

effect was observed for the 15% and 30% soybean SEDDS, with the particle size o f the 

aqueous dilutions being smaller than the FaSIF dilutions.

180 1
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Figure 7.3. Comparison of particle size (Zave, nm) of drug-free formulations as 

determined by PCS, after 1:50 dilution with FaSIF and water (Mean ± S.D., n = 3)

The effect of dilution with O.IM HCI on particle size was determined. Particle size 

analysis was performed on samples which had been diluted 1:10 with O.IM HCI and on 

samples which had undergone dissolution testing (1:200 dilution in O.IM HCI). The 

results are given in Table 7.14.
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Table 7.14. Particle size (Zave, nm) of formulations, as determined by PCS, upon 

dilution with O.IM HCI (1:10 and 1:200) and FaSIF (1:50) (Mean ± S.D., n = 3)

Vehicle O.IM HCI, 

1:10

(Zave, nm)

O.IM HCI, 1:200 

(after dissolution 

testing)

(Zave, nm)

FaSIF, 1:50 

(Zave, nm)

C apt ex 1 36.1 ± 0 .6 91.9 ±0.8 22.1 ±0 .4

C apt ex 2 43.4 ±0 .2 65.3 ± 0.4 39.6 ±0.7

Captex 3 36.1 ±0.1 44.6 ± 0.6 40.7 ± 1

Miglyol 812 25.0 ±0 .2 41.0 ±0 .6 32.6 ±4.6

Olive 26.1 ±0.01 66.1 ±0 .6 25.4 ±0.1

Peanut 100.0 ± 1 24.8± 1.4 57.5 ±0.5

5% soybean 22.3 ± 0.2 48.1 ±0.7 27.5 ± 0.2

15% soybean 38.5 ±0.5 93.4 ±0.7 135.4 ±0.9

30% soybean 29.7 ±0 .7 46.1± 1.3 45.7 ± 0

Com 26.4 ± 0.9 38.2 ±0.9 35.3 ±0.7

Plurol Oleique 993.6 ±795.4 235.9 ±9.0 113.1 ±3.3

In general, the particle size o f the formulations following dissolution testing was larger 

(almost twice as large in most cases) than that after 1:10 dilution with acid and after 

dilution with FaSIF. These results are in contrast to reports by Khoo et al. (1998), where 

smaller particle size values resulted when the SEDDS were dispersed in acid. The Plurol 

Oleique formulation precipitated out in acidic media. The particle size o f this formulation 

was much smaller after dissolution, but this result is most likely due to the filtering step 

carried out before sizing (all formulations were passed through a 0.45)im filter in order to 

remove the remnants from the gelatin capsule). Since the particle size of all other 

formulations was well below 0.45i^m, the filtering step did not affect their particle size.

Figure 7.4 allows for easy comparison between the particle size o f 1:10 dilutions with 

water and with HCI. Particle size was largely unaffected by dilution with acid, indicating 

the stability o f the formulations to dilution with acid. Microemulsion structure o f the
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Plurol Oleique formulation was lost upon dilution with acid; this was evident from the 

large resulting particle size (993.6 ± 795.4 nm).

□  Dilution in water 
■  Dilution in 0.1 M HCl

250 -1

200  -

150 -

•■a 100 -

50 -

Figure 7.4. Particle size (Zave, nm) as determined by PCS, upon 1:10 dilution of 

formulations with water or O.IM HCl (Mean ± S.D., n = 3). (Plurol oleique particle 

size was > 900nm upon dilution with O.IM HCl)

7.3.4.3. Effect o f  drug addition on particle size o f  diluted preconcentrates

The particle size o f 1:50 aqueous dilutions o f the olive, com and Plurol Oleique 

formulations was determined after saturation o f each with either DDT or cyclosporine 

(Figure 7.5). In the case o f the olive and com formulations, the inclusion of DDT or 

cyclosporine at saturated solubility levels (see sections 7.3.6 and 7.3.7), did not affect 

particle size. However, addition of DDT to the Plurol Oleique formulation reduced the 

particle size from 165.5nm to 136.6nm. Addition o f cyclosporine to the Plurol Oleique 

formulation further reduced its particle size to 100.9nm.
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Figure 7.5. Particle size (Zave, nm) as determined by PCS (Mean ± S.D., n = 3) of 

1:50 aqueous dilutions of formulations containing DDT or cyclosporine A

7.3.5. In vitro digestion of lipid vehicles

Several studies have reported a substantial improvement in the absorption of poorly water- 

soluble drugs when administered with digestible lipids (Palin et al., 1982; Myers and 

Stella, 1992; Humberstone and Charman 1997). The nature of the oil and surfactant can 

affect the extent and kinetics of digestion (Tarr and Yalkowsky, 1989; Myers and Stella. 

1992; Zangenberg et al., 2001b). The effect o f digestion on the appearance and particle 

size of the formulations, and on their free fatty acid content was investigated using an in 

vitro digestion model.

7.3.5.1. Effect o f  digestion on appearance and particle size o f  1:50 dilutions

In vitro digestion o f formulations was carried out by diluting each one (1:200) with FaSIF 

containing pancreatin (4x, 0.04g/100ml). Pancreatin is a pancreatic extract containing 

pancreatic lipase and colipase and a number o f pancreatic enzymes including trypsin. 

After a two-hour incubation at 37°C, the particle size of the digested microemulsions was 

measured by PCS (Table 7.15).

130



C hapter  7-  In vitro ch aracterisa tion  o f  lip id  form u la tion s

Table 7.15. Appearance and particle size (Zave, nm) as determined by PCS (Mean ± 

S.D., n = 3), of 1:50 microemulsions after in vitro digestion with pancreatin. Particle 

size data for 1:50 FaSIF dilutions is included for comparison

Vehicle Appearance after 

digestion

1:50 digested in FaSIF 

(Zave, nm)

1:50 FaSIF 

(Zave, nm)

Captex 1 Milky 152.7 ± 1.2 22.1 ±0 .4

Captex 2 Milky 64.1 ± 3 .6 39.6 ±0.7

Captex 3 Milky 189.6 ± 2 .9 40.7 ± 1

Miglyol 812 Clear 41.9 ± 0 .4 32.6 ±4 .6

Olive Clear 35.5 ±0 .7 25.4 ±0.1

Peanut Clear 66.6 ±1.1 57.5 ± 0.5

5% soybean Clear 23.3 ±2.3 27.5 ±0.2

15% soybean Clear 20.4 ±0.1 135.4 ±0 .9

30% soybean Milky 47.6 ±0 .2 45.7 ± 0

Com Clear 76.9 ± 1.2 35.3 ± 0 .7

Plurol Oleique Milky 453.3 ±83.8 113.1 ±3.3

Upon digestion, the particle size of the majority o f the vehicles increased. This was 

reflected by a decrease in clarity o f the formulations. The loss o f clarity was more 

pronounced for the medium chain-based SEDDS than the long chain. In the case o f the 

5% and 15% soybean systems, the particle size tended to be smaller upon digestion.

7.3.S.2. Effect o f  digestion on free fatty acid content offormulations

The free fatty acid content o f each SEDDS was determined following in vitro digestion 

using a colorimetric assay kit for detection of non-esterified fatty acid (Figure 7.6). For 

comparison purposes, the free fatty acid content was also determined in the vehicles after 

incubation with FaSIF (4mM lecithin and 5mM sodium taurocholate) alone (i.e. non

digested control). The free fatty acid content o f FaSIF before and after digestion is also 

shown. The free fatty acid content o f the oils alone (i.e. no surfactants present) in the 

digested and non-digested states was also determined.
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a)

□  Non-digested 

■  Digested

Captex 1 Captex 2 Captex 3 Miglyol FaSIF

b)

□  Non-digested

^ "I ■  Digested

Olive Peanut 5% 15% 30% Com  FaSIF
soybean soybean soybean

c)

□  Non-digested 

■  Digested

Captex Miglyol Olive Peanut Soybean Corn

Figure 7.6. Free fatty acid content (mM) of a) MCT-based and b) LCT-based 

microemulsions and c) the oil phase alone in non-digested and digested states
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Overall there was a significant increase in free fatty acid after in vitro digestion o f the 

SEDDS (p < 0.01). In the case o f the Captex 1 and Miglyol systems, there was a 6 and 50- 

fold increase in the free fatty acid content following digestion. Free fatty acid content 

increased by approximately 15-fold in the case o f the olive, peanut and com oil-based 

SEDDS. There was less of an increase in free fatty acid for the soybean SEDDS, with the 

free fatty acid content increasing only 5-fold with digestion. For this SEDDS series, the 

free fatty acid content tended to increase with increasing soybean oil and Maisine content.

The SEDDS preconcentrates contained higher amounts of free fatty acid (about 10-fold 

higher) than the oils alone. Most o f the excipients in the SEDDS are a source of fatty acids 

themselves. In all cases, the magnitude o f increase in fatty acid after digestion of the oils 

alone was greater than the increase for the corresponding SEDDS, suggesting that the 

presence o f the excipients inhibits digestion in the SEDDS to some extent. The medium 

chain oils appeared to be more sensitive to inhibition o f digestion by the excipients than 

the long chain oils.

The free fatty acid content o f the Tween 80 systems in the digested and non-digested state 

was also investigated. Tween 80 contained some free fatty acid in the non-digested state 

and was sensitive to digestion by pancreatic lipase. The increase in fatty acid content upon 

digestion was not as pronounced (1.08 to 1.41-fold increases) as was seen for the SEDDS 

or oils, but was nevertheless statistically significant (p = 0.01).

O q
j □Non-digested
I

5 I ■  Digested

2% Tween 80 4% Tween 80 10% Tween 80

Figure 7.7. Free fatty acid (mM) content of Tween 80 in the non-digested and 

digested state
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7.3.6. Solubility studies using DDT

It is important to measure drug solubility in the final vehicle in order to estimate the 

deliverable dose o f that drug. Additionally, it is important to estimate the solubility o f the 

drug upon dilution of that vehicle. Upon digestion, the gastrointestinal fluids will dilute a 

drug vehicle, so while it may solubilise a large amount o f drug, it is important that the 

solubility o f that drug is maintained upon aqueous dilution.

7.3.6.1. DDT solubility in micellar systems

Solubility studies were conducted at room temperature (25°C), as per Section 6.4.6. 

Details of the formulation o f simulated fasted and fed small intestinal media are given in 

Section 6.3.4. Briefly, excess DDT was added to glass ampoules and 1ml o f media added. 

The ampoules were incubated in a shaking water-bath at 25°C. Samples were initially 

taken at 24-hour intervals in order to establish equilibrium solubility. Each sample was 

filtered, diluted appropriately and analysed by HPLC. Equilibrium solubility was reached 

when differences between consecutive samples were no longer statistically significant (p > 

0.05). All systems reached equilibrium solubility within 96 hours. Prior to HPLC 

analysis, samples were diluted 1 ;2 with acetonitrile.

Table 7.16. Saturated DDT solubility (ng/ml) in bile salt micellar systems at 25°C

System Saturated solubility (^g/ml)

Fasted state medium (FaSIF) 7.85

Fed state medium (FeSIF) 24.65

40:15:30mM (bile salt: lecithin: oleic acid) 228.6

mixed micelle system

DDT solubility in the mixed micellar system was higher than in the fasted and fed state 

systems. Griffin (2001) reported the solubility o f DDT in cholate: oleic acid (40:40mM) 

mixed micelles at 245|o.g/ml and in cholate: lecithin (40:40mM) mixed micelles at 

550fig/ml. DDT solubility (228.6(ag/ml) in the three-component mixed micellar system 

(40:15:30mM) was similar to both these systems.
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The solubiUty o f DDT in the Tween 80 simple micellar solutions was also investigated 

(Table 7.17). The critical micelle concentration (CMC) o f  Tween 80 in O.IM HCl is 

estimated to be 0.3mg/ml (Chen et al., 2003), thus in the systems investigated here, Tween 

80 was present at a concentration above its CMC. Upon 1:200 dilution, the 2%w/v and 

4%w/v systems will be below the cmc. Figure 7.8. displays graphically the relationship 

between DDT solubility and Tween 80 concentration. Solubility was significantly 

enhanced (11, 19 and 35-fold increase for the 2, 4 and 10%w/v systems respectively) in the 

Tween 80 systems compared to the bile salt/lecithin/oleic acid mixed micellar system. Li 

and Zhao (2002) also reported a linear increase in steroid solubility with increasing Tween 

80 concentration (0-20%w/w).

Table 7.17. DDT solubility (mg/ml) in 2, 4 and 10%w/v Tween 80 systems, at 25°C 

(Mean ± S.D, n = 4)

Tween 80 24 h 48 h 72 h

concentration solubility solubility solubility

(%w/v) (mg/ml) (mg/ml) (mg/ml)

2 1.48 ± 0 .5 4  2.37 ± 0.82 2.68 ±0.81

4 4.06 ± 0 .0 7  4.34 ± 0 .0 7  4.49 ± 0.27

10 4.75 ± 2 .6 8  4.87 ± 1.87 8.18 ±1 .2
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Figure 7.8. DDT solubility after 72 hours (mg/ml, Mean ± S.D., n = 4) at 25°C, 

against Tween 80 concentration (%w/v)
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7.3.6.2. DDT solubility in MCT-based SEDDS

The solubihty of DDT in the MCT-based SEDDS was estimated using the method 

described in Section 6.4.6.1. Solubihty of DDT in all systems was greater than 90mg/g 

and was slow to reach a maximum (48-72 hours). Equilibrium solubility was deemed to be 

achieved when the difference in solubility between two 24-hour time points was less than 

10%. In all cases equilibrium solubility was achieved after 48 hours.

Table 7.18. DDT solubility (mg/g) in vehicle preconcentrates (Mean ± S.D, n = 3), at 

25°C

Vehicle 24 hour solubility Equilibrium solubility

(mg/g) (mg/g)

Captex 1 79.60 ± 20.95 99.27 ±8.56

Captex 2 87.64 ± 1.19 100.48 ±7.89

Captex 3 91.34 ± 14.39 103.03 ±8.76

Miglylol 812 100.96 ±5.3 114.71 ± 14.71

The solubility of DDT in the aqueous diluted (1:50) systems was also evaluated. Excess 

DDT was added to 1:50 aqueous dilutions o f each SEDDS. Samples were placed in a 

shaking water bath at 37°C and analysed every 24 hours via HPLC for DDT content. The 

resulting solubilities are presented in Table 7.19.

Table 7.20 shows the deviation in actual aqueous DDT solubility from that predicted using 

the preconcentrate solubility (i.e. the calculated solubility when the saturated 

preconcentrates are diluted 1:50). The solubility o f DDT in the pre-diluted systems was 

lower than expected. This deviation was most likely due to the method employed to 

estimate the solubility; when vehicles saturated with DDT were diluted 1:50 with water, no 

visible sign of precipitation was observed after 24 hours (although these solutions were not 

analysed via HPLC). A more accurate estimate o f the aqueous solubility would therefore 

have been obtained if  the preconcentrates were first saturated with DDT and then diluted 

1:50 with water. Additionally, in the in vivo situation the preconcentrates would be diluted 

with gastrointestinal fluids (containing bile salts) and not water. From Section 7.3.6.1 the
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solubility o f DDT in both simulated fed and fasted state media was significantly enhanced 

compared to the aqueous solubility. This suggests that solubility testing in FaSIF dilutions 

would result in higher DDT solubility.

Table 7.19. DDT solubility (mg/ml) in 1:50 aqueous dilutions of vehicles (Mean ± 

S.D., n = 3), at 37°C

Vehicle 24 hour 

(mg/ml)

48 hour 

(mg/ml)

72 hour 

(mg/ml)

96 hour 

(mg/ml)

Captex 1 

Captex 2 

Captex 3 

Miglylol 

812

1.23 ±0.06 

1.14±0.10 

1.05 ±0.03 

1.40 ±0.08

1.34 ±0.04 

1.36 ±0.05 

1.13 ±0.07 

1.41 ±0.04

1.28 ±0.04 

1.27 ±0.09 

1.06 ±0.05 

1.40 ±0.06

1.36±0.11 

1.22 ±0.04 

0.99 ± 0.02 

1.40 ±0.07

Table 7.20. Predicted versus actual DDT aqueous solubility (1:50 dilution) (mg/ml) 

for each of the lipid vehicles. Data was taken from 48 hour and equilibrium solubility

time points for preconcentrate and diluted solubility.

Vehicle Predicted

solubility

(mg/ml)

Actual

solubility

(mg/ml)

Accuracy*

(% )

Captex 1 1.98 1.34 67.67

Captex 2 2.01 1.36 67.66

Captex 3 2.06 1.13 54.85

Miglylol 2.29 1.41 61.57

“Accuracy = (actual solubility/ predicted solubility) x 100

It should also be noted that a 1:200 dilution would be more representative o f the in vivo 

dilution in the human body. While it appears from the above table that the SEDDS are not 

capable o f maintaining the full dose of DDT in solution upon dilution, it is likely that in 

vivo, the amount o f DDT maintained in solution would be higher (due to presence of bile
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salts). The use o f water instead of FaSIF is more economical and can therefore provide a 

conservative prediction o f the in vivo situation.

7.3.6.3. DDT solubility in LCT-based SEDDS

The solubility o f DDT in the LCT-based SEDDS preconcentrates is presented in Table

7.21. After 48 hours DDT solubility in all cases was greater than 78mg/g. Overall, DDT 

solubility was lower in the LCT-based SEDDS compared with the MCT-based SEDDS (p 

< 0.05). DDT solubility in 1:50 aqueous dilutions o f the preconcentrates is shown in Table

7.22.

The predicted and actual solubility of DDT in the aqueous dilutions is presented in Table

7.23. In all cases actual solubility was lower than predicted. For the soybean oil SEDDS, 

the prediction improved with an increase in soybean oil content. Again, when DDT 

saturated systems were diluted, precipitation o f DDT was not evident.

Table 7.21. DDT solubility (mg/g) in vehicle preconcentrates (Mean ± S.D, n = 3) at 

25°C

Vehicle 24 hour solubility 

(mg/g)

Equilibrium solubility 

(mg/g)

Olive 36.93 ± 7.76 79.45 ± 10.83

Peanut 65.92 ±8.83 85.33 ± 17.58

5% Soybean* 85.22 ± 10.60 84.11 ± 13.28

15% Soybean 67.29 ± 15.24 82.75 ±32.61

30% Soybean 76.84 ± 1.469 104.24 ± 12.88

Com 73.03 ±0.57 90.24 ±6.31

Plurol Oleique Not Determined 77.73 ± 14.06

’ Solubility in 5% soybean decreased after 48 hours to 55.66 ± 12.58mg/g

The solubility o f DDT in the oil phase alone (i.e. no surfactants or other excipients) was 

also determined (Figure 7.9). There was no overall statistical difference between solubility 

in the oil alone compared to the SEDDS (p > 0.05).
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Figure 7.9. Comparison of DDT solubility (mg/g) in oil versus solubility in SEDDS 

preconcentrates (Mean ± S.D., n = 3), after 72 hours incubation at 25°C

Table 7.22. DDT solubility (mg/ml) in 1:50 aqueous dilutions of LCT-based SEDDS 

(Mean ± S.D., n = 4) at 25°C

Vehicle 24 hour 

(mg/ml)

48 hour 

(mg/ml)

72 hour 

(mg/ml)

96 hour 

(mg/ml)

Olive 1.09 ±0.03 1.16±0.03 1.13 ±0.06 1.16 ±0.06

Peanut 0.80 ±0.06 0.77 ± 0.04 0.71 ±0.02 0.83 ± 0.03

5% Soybean 0.60 ± 0.02 0.59 ± 0.02 0.32 ± 0.02 0.68 ±0.10

15% Soybean 0.70 ±0.17 0.87 ± 0.08 0.99 ± 0.05 1.09± 0.08

30% Soybean 1.24 ±0.06 1.24 ±0.02 1.57±0.11 1.50 ±0.08

Com 1.17±0.13 1.17±0.10 1.20 ±0.03 1.29 ±0.02

Plurol Oleique N/D N/D 1.29 ±0.04 N/D
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Table 7.23. Predicted versus actual DDT aqueous solubility (1:50) (mg/ml) for each 

of the lipid vehicles. Data was taken from the 48-hour and equilibrium solubility time 

points for preconcentrate and diluted solubility.

Vehicle Predicted solubility 

(mg/ml)

Actual solubility 

(mg/ml)

Accuracy

(% )

Olive 1.46 1.13 77.69

Peanut 1.85 0.71 38.67

5% Soybean 1.11 0.32 29.20

15% Soybean 1.74 0.99 56.72

30% Soybean 2.38 1.57 66.04

Com 1.88 1.20 64.07

Plurol Oleique 1.40 1.28 91.43

7.3.7. Solubility studies using cyclosporine A

The second candidate lipophilic compound was cyclosporine A. The solubility of 

cyclosporine was only investigated in the olive, com and Plurol Oleique-based vehicles 

since these were the only vehicles investigated in vivo, and also because of the relative 

expense of cyclosporine. Additionally two o f the commercially available cyclosporine 

formulations, Sandimmun® and Neoral® are also based on olive and com oil respectively. 

Preconcentrate solubility of cyclosporine is presented in Table 7.24.

Despite large differences in the log P  value and in aqueous solubility o f DDT and 

cyclosporine, the solubility o f cyclosporine in the olive and com oil-based preconcentrates 

was similar to that o f DDT. Cyclosporine solubility was similar (~90mg/g) in all three 

preconcentrates. One of the commercially available formulations, Neoral®, contains 

cyclosporine (lOOmg/ml) and is based on com oil, while the other, Sandimmun® 

(lOOmg/ml) contains olive oil, thus similar concentrations were achieved with the 

formulations used here. Both o f the commercial formulations contain ethanol, which 

probably accounts for their slightly higher cyclosporine solubility compared to the alcohol- 

free systems investigated here.
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Table 7.24. Cyclosporine solubility (mg/g) in vehicle preconcentrates (Mean ± S.D., n 

= 3) at 25°C

Vehicle Solubility (mg/g) Solubility (mg/g) Solubility (mg/g)

24 hours 48 hours 72 hours

Olive 113.89 ±2.97 84.41 ±3.01 87.72 ±2.57

Com 110.8 ±2.21 92.78 ±3.28 90.78 ±2.27

Plurol Oleique* 68.26 ± 10.57 82.04 ±2.23 92.18± 1.7

The solubility o f cyclosporine A in the diluted systems (1:50) was determined as 

previously described. The results are presented in Table 7.25.

Table 7.25. Cyclosporine A solubility (mg/ml) in 1:50 aqueous dilutions of vehicles 

(Mean ± S.D., n = 3) at 37°C

Vehicle Solubility 

(mg/ml) 

24 hours

Solubility 

(mg/ml) 

48 hours

Solubility 

(mg/ml) 

72 hours

Olive 1.13±0.16 1.17 ±0.20 1.19±0.23

Com 1.05 ±0.53 1.25 ±0.07 1.33 ±0.31

Plurol Oleique 0.28 ± 0.07 1.07 ±0.26 1.11 ±0.23

Cyclosporine solubility in the aqueous dilutions was lower than predicted from 

preconcentrate solubility in the three systems. Only ~ 68% of the solubilised drug was 

maintained in solution upon aqueous dilution (Table 7.26). Solubility was lowest in the 

diluted Plurol Oleique system. The aqueous solubility o f cyclosporine is much higher than 

DDT (6.6|j,g/ml versus 1.2ng/ml for DDT). One might have expected therefore, a larger 

amount of cyclosporine to remain in solution upon aqueous dilution, however this was not 

the case. Again the testing methodology used may explain the apparent lack of efficiency 

of the SEDDS in solubilising the drug upon dilution (as discussed above for DDT).
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From Section 7.3.6, it was evident that all SEDDS investigated were susceptible to 

digestion. This resulted in some instability in the microemulsion structure manifesting 

itself as an increased droplet size. Solubility of DDT or cyclosporine in digested 

formulations was not investigated here. It may be the case that upon digestion the 

solubility o f DDT or cyclosporine may be altered relative to the non-digested state.

Table 7.26. Predicted versus actual cyclosporine aqueous solubility (1:50) (mg/ml) 

for each of the lipid vehicles (data taken from 48 hour time points)

Vehicle Predicted solubility 

(mg/ml)

Actual solubility 

(mg/ml)

Accuracy* (%)

Olive 1.69 1.17 69.23

Com 1.85 1.25 67.56

Plurol Oleique 1.64 1.07 64.63

Accuracy = (actual solubility/ predicted solubility) x 100
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7.4. Discussion 

Simple and mixed micelles

The formulation and characterisation o f bile salt mixed micelles (sodium taurocholate, 

lecithin, oleic acid) and simple Tween 80 micelles was described. A mixed micelle 

formulation containing 40mM sodium cholate, 15mM lecithin and 30mM oleic acid and 

having a particle size o f less than 80nm was found to be stable. 30mM of oleic acid was 

the maximum amount of fatty acid which could be incorporated without compromising the 

formulations stability. DDT solubility (~0.2mg/ml) in the mixed micelle system was 

higher than that in either the fasted or fed state media. Simple micelles containing the 

synthetic non-ionic surfactant, Tween 80 were also examined. At concentrations of 2, 4 

and 10% the systems were stable. The particle size (< 80nm) of these formulations 

decreased with increasing Tween 80 content, while DDT solubility (> 2mg/ml) increased 

linearly with increasing Tween 80 content. Micellar systems have been reported to 

enhance solubility and absorption of lipophilic drugs and therefore have been exploited as 

vehicles for drug delivery (O’Reilly et al., 1994b; Obodozie, 1997). Micellar formulations 

of bile salt/lecithin and Tween 80 have been shown to inhibit intestinal cytochrome p450 

(Mountfield et a l, 2000), however due to stability and palatability issues, these systems are 

not desirable from a commercial point o f view.

Formulation o f SEDDS

SEDDS were investigated in greater depth, as they were capable of solubilising larger 

quantities o f DDT compared to the micellar systems. They are also more attractive 

systems than micellar systems from a formulation point of view. However, it is not yet 

possible to predict successfully which combinations o f surfactant; co-surfactant and oil 

will produce a microemulsion. This is despite numerous attempts to do so using for 

example HLB number and critical packing parameters (CPP) (Warisnoicharoen et al., 

2000). Two key formulation components o f a microemulsion are the nature o f the oil and 

the surfactant phase and their ratio. Several reports have noted a particular specificity 

between these formulation variables and self-emulsifying behaviour (Pouton, 1985; Shah 

etal., 1994; Craig etal., 1995; Khoo e? a/., 1998b).

When choosing the oils and excipients to be used in the formulations in this study, 

consideration was given to; safety and commercial availability o f the oil/surfactant, 

lymphotropic potential (i.e. potential to enhance lymphatic transport o f drugs) and the
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potential to inhibit P-gp or cytochrome p450. All chosen excipients fulfilled all or some of 

these criteria. Non-ionic surfactants such as Cremophor EL also have the ability to form 

microemulsions, which are insensitive to pH and electrolyte concentration (Lawrence and 

Rees, 2000). There have however, been reports o f Cremophor causing anaphylactic 

reactions (mainly after IV administration) and nephrotoxicity in some patients (Yee, 1991, 

Panchagnula, 1998; He et al., 2002). Tween 80 and Cremophor EL were selected for 

incorporation into SEDDS because both are commercially available and their toxicity 

profile is well characterised. Both o f these surfactants have lymphotropic potential as 

demonstrated in vivo in the rat by Griffin (2001) and in vitro in Caco-2 cells by Seeballuck 

(2004). Additionally, Cremophor EL and Tween 80 may act as P-gp/CYP modulators 

(Nerukar et al., 1996; Nerukar et al., 1997). Peceol and Maisine 35-1 were selected 

because of their high oleic and linoleic acid contents and hence have considerable 

lymphotropic potential.

Long chain triglyceride oils were incorporated into SEDDS because o f their favourable 

effects on the lymphatic transport o f lipophilic drugs (Palin et al., 1982; Charman et al., 

1986a; Caliph et al., 2000; Charman et al., 2001; Griffin, 2001). Medium chain 

triglyceride oils were investigated due to favourable reports on bioavailability 

enhancement by medium chain fatty acids (Aungst, 2000; Williams and Barry, 2004). In 

general, the LCT-based systems contained >30% triglyceride oil and mixed glycerides 

(Peceol or Maisine), with the remainder (< 70%) being composed of non-ionic surfactant. 

The combination o f Cremophor EL: Tween 80 (2:1) proved a useful combination for the 

formulation o f LCT-based SEDDS. Only the Captex-based SEDDS contained a co-solvent 

(Transcutol P). The HLB value o f the systems ranged fi-om 9-13, thus all systems were 

expected to form oil-in-water emulsions upon dilution. The SEDDS investigated here fall 

into Pouton’s (2000) IIIA category (as described in Section 3.5.1) with respect to 

composition, however the particle size was lower than that described by Pouton.

Dispersion (emulsijlcation) characteristics o f vehicles

All SEDDS (with the exception of the Plurol Oleique system) investigated formed clear 

transparent dispersions (microemulsions) upon aqueous dilution. All formulations were 

found to readily disperse in both acid (O.IM HCl) and water. The methods used to evaluate 

dispersabilty o f the formulations relied on visual observation and hence were subjective 

and qualitative at best. No observable difference in dispersion properties between the
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different formulations; medium or long chain oil-based was observed. The use of a 

pharmacopoeal method to monitor a particular drug’s dissolution might prove to be a less 

subjective and more sensitive method to gauge the ease of emulsification.

Using a similar dispersion (modified dissolution) method to the one used here, Khoo et al. 

(1998b) reported that the inclusion of high concentrations (> 40%) o f Cremophor EL in 

microemulsion formulations impeded the initial rate o f vehicle dispersion in aqueous 

media. The Captex 1 formulation investigated here contained over 50%w/w Cremophor 

EL but there was no evidence o f such impedance with this formulation when compared to 

the others with a lower Cremophor EL content.

Particle size analysis o f SEDDS

A drug delivery vehicle containing droplets o f small size is favourable with respect to drug 

absorption because o f the increased surface area available to the intestinal mucosa for 

absorption (Tarr and Yalkowsky, 1989; Charman et al., 1992; Shah et al., 1994). With the 

exception o f the Plurol Oleique SEDDS all formulations had particle sizes less than 50nm 

when diluted with water (i.e. in the absence of bile salts). A more correct nomenclature for 

these formulations therefore is SMEDDS (self-microemulsifying drug delivery systems). 

SEDDS typically produce emulsions with particle size of less than 200nm, whereas 

SMEDDS form transparent microemulsions with a particle size of less than 50nm (Khoo et 

al., 1998b). This small particle size was reflected in the visual clarity of each diluted 

preconcentrate.

The addition of DDT and cyclosporine to the olive and com oil-based SEDDS did not 

appreciably alter the particle size of the systems. However, when added to the Plurol 

Oleique system there was a reduction in particle size, the effect being more pronounced 

upon inclusion of cyclosporine. These findings are in contrast to results from Gao et al. 

(1998) who found that addition o f cyclosporine (up to its solubility limit) to a Captex 355- 

based SEDDS caused an increase in particle size. The authors suggested that the inclusion 

of a lipophilic compound causes a degree o f instability in microemulsions.

In general, it can be said that the outcome o f drug addition to SEDDS is specific to every 

case and depends on the drug/system physicochemical compatibility. It is thought that the 

drug interferes with the process o f self-emulsification to some extent, probably by
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changing the optimal oil/ surfactant ratio (Gershanik and Benita, 2000). However, there 

have been reports where drug incorporation did not affect particle size (Charman et a l, 

1992) as was observed in the present studies in the case o f the com and olive oil-based 

vehicles. Similarly instances where self-emulsification was improved with drug 

incorporation have also been reported (Pouton, 1985). The latter result was observed with 

the Plurol Oleique-based formulation in the present studies. It has been suggested that 

emulsions with smaller oil droplets in more complex formulations are more prone to 

changes caused by addition o f a drug compound (Constantinides, 1995; Meinzer et al., 

1995), but the opposite appears to be the case here, with the larger particle-sized 

formulation (Plurol Oleique-based SEDDS) being more affected by drug inclusion.

Digestion o f SEDDS

Since most of the SEDDS investigated here fall into Pouton’s type IIIA category (Pouton, 

2000), the significance o f vehicle digestion is yet unclear. Neoral®, a SMEDDS 

containing cyclosporine (up to lOOmg/ml), is a Type III system and has been shown to act 

independently o f bile, suggesting that the formulation is not necessarily digested before the 

drug is absorbed (Mueller et al., 1994a). There is evidence that the metabolism and 

absorption o f a vehicle itself may play a role in the drug uptake process. However, much 

of this evidence relates to studies where drugs were administered in simple oil solutions or 

crude emulsions (Palin et al., 1982; Myers and Stella, 1992; Humberstone and Charman, 

1997; deSmidt et al., 2004)

Given the questionable importance o f digestion for the SEDDS under investigation, only 

preliminary digestion studies were carried out. Most o f the SEDDS were susceptible to in 

vitro digestion, as was evidenced by the increase in free fatty acid content o f the 

formulations following incubation with pancreatin. The amount o f free fatty acid present 

in the oils alone was lower than that in the SEDDS, but the free fatty acid content increased 

upon digestion. The degree of free fatty acid increase for the oils w'as larger than that for 

the equivalent SEDDS, indicating possible inhibition o f digestion by the surfactants 

present in the SEDDS. More comprehensive digestion studies would be required to prove 

this. It has been shown that high concentrations o f non-ionic surfactants inhibit pancreatic 

lipase, most likely by interference o f the enzyme-lipid binding mechanism (Solomon et al., 

1996; MacGregor e/fl/., 1997).
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The Tween 80 systems (2, 4 and 10%w/v) were also sensitive to in vitro digestion by 

pancreatin. Susceptibility of Tween surfactants to enzyme hydrolysis by a number of 

mammalian and bacterial lipases and esterases has previously been reported (Plou et ah, 

1998; Seeballuck, 2004). The liberated fatty acid (oleic acid) from the digested Tween 80 

molecule may subsequently stimulate chylomicron formation.

Many studies have shown that the nature o f the oil and surfactant material can affect the 

extent and kinetics o f the digestion process (Tarr and Yalkowsky, 1989; Myers and Stella, 

1992; Patel et a l, 1999). The use o f the free fatty acid assay kit in the present studies only 

allowed for determination of the extent o f digestion and not the rate. Using a pH stat 

model, addition of Cremophor EL: Tween 80 (1:1) did not appear to alter the extent of 

lipolysis of Miglyol 812 oil (Seeballuck, 2004). However, in the absence of bile salt, 

lipolysis o f Miglyol 812 was significantly impaired by the two excipients. Furthermore, 

using a radiolabel, the lipolysis o f triolein was not impaired by the excipients in the 

presence o f bile salts, but in the absence o f bile salts a >12-fold decrease in lipolysis was 

observed (Seeballuck, 2004). These studies illustrate the importance o f including bile salt 

in the in vitro digestion mix. The digestion media used in the present studies did contain 

bile salts (5mM sodium taurocholate).

Solubility studies

High drug solubility in a lipid vehicle is an advantage, as it allows for increased drug 

loading, thus offering potential for reduced dosage volume and elevated intra-luminal drug 

levels. DDT solubility was estimated in all o f the SEDDS preconcentrates. Solubility in 

all systems was slow to reach a maximum and was still increasing after 24 hours. After 48 

hours, the solubility in the MCT-based SEDDS was greater than 95mg/g and greater than 

78mg/g in the LCT-based vehicles. Higher solubility in MCT-based SEDDS compared to 

LCT-based SEDDS is consistent with the findings of Khoo et al. (1998b), Seeballuck 

(2004) and Porter et al. (2004). The solubility o f DDT in the oil phase alone was 

investigated and found to be similar to that in the SEDDS. SEDDS are more desirable than 

simple oil formulations given their ability to enhance bioavailability and reduce variability 

most likely through their reduced particle size upon dispersion and the presence of 

surfactants capable o f modulating P-gp and cytochrome p450 activity (Kovarik et al., 

1994; Shah et al., 1994; Gursoy and Benita, 2004).
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There was no clear relationship between the HLB value of the system and the solubility of 

either DDT or cyclosporine. A recent report by Devani and co-workers (2004) found that a 

linear relationship existed between the solubility o f mefenamic acid and danazol (two 

poorly water-soluble drugs) and the HLB value o f an oil-surfactant mix. In this study the 

HLB values ranged from 2 to 16, whereas in the present studies the range was narrower (9- 

13).

In order to assess the possible risk of drug precipitation o f formulation in vivo, drug 

solubility was determined in 1:50 aqueous dilutions. It is not yet clear whether it is 

necessary for the drug to be in solution within the oil-surfactant mixture or whether the 

absorption enhancement will also take place for suspended drugs. For example, Barker et 

al. (2003) reported a substantial increase in the absorption o f a-tocopherol in Gelucire 

44/14 in man despite the two components being phase-separated. In a recent study 

however, the bioavailability o f danazol in a medium chain- and long-chain lipid-based 

microemulsion formulation was compared using a canine model (Porter et al., 2004). It 

was found, that the medium-chain formulation resulted in little enhancement in danazol 

bioavailability when compared with the long-chain formulation. When the solubility 

profiles o f danazol in the two systems under digesting conditions were compared, 70% of 

the drug precipitated out from the medium chain formulation compared to only 6% for the 

long-chain. These results suggest the importance of a formulation’s capability for 

maintaining a drug in solution under digestion conditions.

In the present studies, solubility of both DDT and cyclosporine was lower than that 

predicted from preconcentrate solubility, but this deviation is most likely attributable to the 

method used (as discussed in Section 7.3.6.2). The loss of some solubility could be due to 

the hydrophilic surfactants (HLB >12) such as Cremophor EL and Tween 80 parting from 

the oil phase during dispersion and becoming dissolved in the aqueous phase forming a 

micellar solution in the continuous phase. In general, the MCT-based SEDDS exhibited 

superior solubilising properties upon dilution compared to the LCT-based systems. A 

more predictive test for bioavailability may however lie in the determination o f drug 

solubility in the digested formulation.

Solubility o f cyclosporine in the preconcentrates was similar to that o f DDT. This was 

despite a difference in log P  value of the two compounds (2.92 for cyclosporine and 6.19

148



C hapter  7-  In vitro  characterisa tion  o f  lip id  form u la tion s

for DDT). Upon dilution o f the com, olive and Plurol Oleique-based preconcentrates, 

cyclosporine solubility was also lower than predicted with only -68%  of solubilised 

cyclosporine being maintained in solution upon aqueous dilution. This was despite the fact 

that cyclosporine had a higher aqueous solubility than DDT. The reasons for the 

‘apparent’ precipitation of some o f the drug are the same as for those offered in the case of 

DDT (Section 7.3.6.2).

7.4. Conclusions

A stable mixed micellar vehicle containing bile salt, lecithin and oleic acid was formulated. 

Solubility of DDT in this system was enhanced compared to both its aqueous solubility and 

solubility in fed and fasted state simulated media. Simple micelle systems containing 

Tween 80 were also investigated. The particle size o f these systems decreased with 

increasing Tween content and solubility o f DDT also increased with increasing Tween 80 

content, and was significantly enhanced compared to the mixed micellar vehicle. The 

Tween 80 systems were sensitive to in vitro digestion with pancreatin.

With the aim of promoting lymphatic transport o f DDT and cyclosporine in mind, a series 

of long and medium chain triglyceride-based SEDDS with HLB values ranging fi'om 9-13, 

were formulated and characterised. In general, the systems readily dispersed to form stable 

microemulsions with an average particle size <50nm upon dilution. Particle size was 

largely unaffected by dilution factor and dilution media, although those systems with larger 

particle sizes were more sensitive to changes in dilution conditions. Inclusion of DDT and 

cyclosporine in the olive and com oil-based SEDDS did not alter particle size, however the 

particle size o f the Plurol Oleique SEDDS was reduced upon inclusion o f DDT and 

cyclosporine. All systems were sensitive to in vitro digestion by pancreatin and were 

capable o f solubilising large quantities (~80mg/g) o f the lipophilic compounds, DDT and 

cyclosporine. Upon aqueous dilution of dmg-loaded preconcentrates, a significant portion 

o f solubilised dmg remained in solution. No significant differences in the physical 

characteristics (particle size and dmg solubility) were observed between the medium and 

long chain triglyceride-based SEDDS.
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8. Intestinal lymphatic transport of DDT: Micellar systems versus SEDDS 

8.1. Introduction

Lymphatic transport o f a drug molecule offers many advantages including reduced first 

pass metabolism, improved bioavailability, controlled rate of entry o f a drug to the 

systemic circulation, specific delivery to lymph resident B- and T- lymphocytes and the 

opportunity to target a major pathway for the dissemination o f tumour metastases (Porter 

and Charman, 2001). Drug transport via the intestinal or mesenteric lymphatics has been 

shown to be a significant contributor in the overall drug transport of a number of lipophilic 

drugs including probucol (Palin and Wilson, 1984), cyclosporine A (Takada et al., 1986a), 

mepitiostane (Ichihashi et al., 1991), ontazolast (Haus et al., 1994) and halofantrine 

(Charman e/a/., 1996).

The mechanisms whereby lipophilic molecules are lymphatically transported are poorly 

understood (Porter and Charman, 1997). DDT was used in the present studies as a model 

compound because o f its high lipid solubility (95mg/ml in peanut oil) and log P  (6.19) 

(Charman and Stella, 1986b). In addition, it is relatively metabolically stable and is 

reported to be well transported by the intestinal lymphatics (Pocock and Vost, 1974). The 

anaesthetised rat model has been employed here as it provides a controlled system for 

evaluating and probing the mechanistic aspects o f the lymphatic transport process 

(Charman et al., 1986a). It is a relatively simple and robust model and allows for 

simultaneous blood sampling.

It has been shown that drug association with the intestinal lipoproteins (primarily 

chylomicrons) assembled in the enterocytes during the digestion and absorption of lipids is 

critical for lymphatic drug transport (Ichihashi et al., 1992; Myers and Stella, 1992). As a 

consequence of this requirement, drug formulations which contain lipids (and therefore 

stimulate lipoprotein output from the enterocyte) have generally been found to enhance the 

lymphatic transport o f highly lipophilic drugs (Porter and Charman, 2001). Additional 

means by which lipid vehicles increase drug absorption include; delayed gastric emptying, 

improved drug dissolution and enhanced drug solubility in the intestine via bile salt 

solubilisation (Charman et al., 1997).
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In order to identify the parameters necessary for the optimisation o f lymphatic transport of 

a drug, the effects o f a range o f different lipid vehicle types on both extent and rate of 

lymphatic DDT transport and triglyceride turnover were examined.

8.2. Aims and objectives

The aims and objectives of this chapter were as follows:

• To assess the rate and extent o f DDT (a model lipophilic compound) lymphatic 

transport and triglyceride output after intraduodenal administration of a mixed 

micelle formulation and to compare this to previous work carried out using simple 

and mixed micelle formulations

• To assess the rate and extent o f DDT lymphatic transport and triglyceride output 

after intraduodenal administration o f a series o f SEDDS containing the medium 

chain triglyceride, Captex 355

• To assess the rate and extent o f DDT lymphatic transport and triglyceride output 

after intraduodenal administration o f increasing concentrations o f the non-ionic 

surfactant. Tween 80

• To establish the effect of DDT on lymphatic triglyceride output

• To look at the relationship between DDT lymphatic transport and lymphatic 

triglyceride output and to establish methods o f determining the efficiency of 

lymphatic transport o f DDT
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8.3. Results

8.3.1. Intestinal lymphatic transport of DDT

8.3.1.1. Intestinal lymphatic transport o f  DDTfrom a mixed micellar system 

Lymphatic transport studies were carried out using the mesenteric lymph duct-cannulated 

rat model as described in Section 6.5.1. All formulations (3ml volumes) were administered 

intraduodenally via a cannula. Lymph was extracted and analysed for DDT content as 

described in Section 6.7. The lymphatic transport from a DDT-saturated bile salt micelle 

preparation containing 40;15:30mM sodium cholate (NaC): soybean lecithin (PL); oleic 

acid (OA) was initially studied. This was a continuation of work previously carried out by 

Griffin (2001), who studied the lymphatic transport of DDT after administration in a series 

o f simple and two component mixed micellar vehicles containing 40mM NaC, 40:40mM 

NaC:OA and 40:40mM NaC:PL.

Micellar surfactant systems increase the bioavailability o f poorly absorbable drugs by 

increasing the dissolution rate from dosage forms, increasing the interfacial surface area 

available for absorption and/or facilitating transfer o f solute across the intestinal wall. 

However, the exact mechanisms by which they affect absorption are complex, and 

conflicting results have been reported indicating that these systems may enhance 

(Muranishi et at., 1980; O’Reilly et a l, 1994b), or retard transport (Amidon et a l, 1982; 

?OQ\ma e ta l ,  1989; Poelmae^a/., 1990).

The lymphatic transport o f DDT (expressed as a cumulative percent o f the administered 

dose) upon intraduodenal administration o f the 40:15:30mM mixed micelle preparation is 

shown in Figure 8.1. 19.04 ± 4.89% of the DDT dose administered in the mixed micelle 

vehicle was lymphatically transported over 8 hours. Figure 8.2 shows the hourly rate of 

intestinal lymphatic transport o f DDT for the mixed micellar vehicle. Peak transport rate 

occurred 4 hours post-initiation o f drug administration, with 4.53 ± 2.33% of the dose 

being transported over this period.
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Figure 8.1. Cumulative percent dose of DDT (Mean ± S.D., n = 5) in mesenteric 

lymph against time (hour), after intraduodenal administration of 40: 15: 30mM 

(sodium cholate: soybean lecithin: oleic acid) mixed micellar formulation
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Figure 8.2. Rate of mesenteric lymphatic transport of DDT (% dose/hour) (Mean ± 

S.D., n = 5) against time (hour), after intraduodenal administration of the 40: 15: 

30mM (sodium cholate; soybean lecithin: oleic acid) mixed micellar system

154



Chapter 8- Intestinal lymphatic transport o f  DDT: M icellar systems vs. SEDDS

Table 8.1 allows for comparison of the rate and extent o f DDT transport between the 

different bile salt micellar systems. Griffin (2001) reported enhanced lymphatic transport 

of DDT when given in mixed micelle formulations compared to the simple micelle 

formulation (40mM NaC). This enhancement was explained in terms o f differences in 

lymph triglyceride output (which will be examined further in Section 8.4), since the mixed 

bile salt systems enhanced lymphatic triglyceride output compared to the simple bile salt 

preparation. It was anticipated that the combination of phospholipids and oleic acid used 

here in the 40:15:30mM formulation would further enhance triglyceride and in turn 

increase lymphatic transport, but the results here did not support this. The maximum 

transport rate (|J.g/h) o f DDT from the 40:15:30mM system appeared to be lower than that 

reported for the other two mixed micellar systems. Ideally all systems should be compared 

in a single study carried out by one person and using similar rats.

A B-cyclodextrin (3.03mM) formulation saturated with DDT was investigated as a non

lipid, non-surfactant control (formulation o f this vehicle is detailed in Section 6.3.2). 

Cyclodextrin was chosen as a non-lipid control since it was not expected to promote 

triglyceride output, yet could solubilise a sufficient amount o f DDT for detection. B- 

cyclodextrin is a cyclic oligosaccharide consisting of seven glucose units which are all 

covalently linked by a-1, 4 glycosidic bonds. The most interesting feature o f cyclodextrins 

is that they have a cavity inside. This cavity is relatively hydrophobic and in the case o f B- 

cyclodextrin, is large enough to incorporate a molecule the size o f naphthalene. The 

cyclodextrin and guest molecule form an inclusion complex which is held together by 

weak non-bonded interactions. The inclusion of a drug in a cyclodextrin molecule may 

lead to an advantageous modification of drug properties such as protection against 

decomposition, oxidation and evaporation and increased solubility leading to enhanced 

bioavailability. It is also possible to decrease some undesirable side effects o f certain 

drugs and mask unpleasant odours or tastes through formulation with cyclodextrins 

(Duchene et a l,  2003).

The cyclodextrin formulation resulted in the lowest DDT lymphatic transport rate 

compared to the micellar vehicles (maximum DDT lymph concentration achieved with the 

cyclodextrin was 1.57 ± 0.77|ig/ml). It is interesting to note, that with this formulation 

peak DDT lymph levels occurred after 8 hours, unlike the other formulations where peak 

levels were observed 4-5 hours following administration of the dose. Table 8.1
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summarises the rate and extent o f DDT lymphatic transport and the physicochemical 

properties o f the various micellar systems investigated.

Table 8.1. A comparison of the various micellar formulations and the extent of DDT 

lymphatic transport compared to that from the cyclodextrin control

Micellar

system

Formulation 

excipients (mg) 

in 3ml dose

Micelle

size

(nm)

DDT

dose 

(mg, 

Mean ± 

S.D.)

% dose DDT 

transported in 

lymph (Mean 

± S.D.)

Maximum

DDT

transport

rate

(fig/h)(Mean 

± S.D.)

NaC

40mM

62mg NaC 1.1*" 0.192 4.93 ± 

1.41^

2.68±

1.57^

NaC: OA 

40:40mM

62mg NaC 

41mg OA

3.9“ 0.884 17.75 ± 

2.91^

54.83±

25.49^

NaC: PL 

40:40mM

62mg NaC 

112mgPL

7.3“ 1.8 13.37 ± 

2.10^

67.22±

18.27^

NaC:PL:OA 

40:15:30mM 

(n = 5)

62mg NaC 

42mg PL 

30.75mg OA

76.2 0.98 19.04 ± 

4.89*^

44.39±

22.83^

Cyclodextrin

(3.03mM)

(n = 3)

13.278mg

hydroxypropyl-

P'cyclodextrin

N/A 0.136 7.32 ± 

2.31^^

1.57 ± 

0.77^

After 6 hours, work carried out by Griffin (2001)
® As determined by PCS, Obodozie (1997)
 ̂After 8 hours, work carried out in the present study

8.3.1.2. Intestinal lymphatic transport o f  DDT front medium chain triglyceride (Captex 

355) -based SEDDS

While administration of DDT in a mixed micellar vehicle enhanced lymphatic transport, 

this type o f formulation is not pharmaceutically ideal in terms of its stability and drug 

solubilising capacity. The Captex 355-based SEDDS were characterised in the previous
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chapter. With regard to self-emulsification and solubilisation ability, these formulations 

hold considerable potential to enhance bioavailability o f poorly soluble compounds. 

However, since they are based on medium chain triglycerides their ability to promote 

lymphatic transport is questionable.

The effect o f the Captex 1 SEDDS on lymphatic transport of DDT was initially studied. 

As this formulation did not contain a source o f long chain fatty acids, 20%w/w oleic acid 

(Cl8 fatty acid) was added in an attempt to enhance lymphatic transport from the 

formulation (Captex 2). 20%w/w oleic acid was the maximum quantity which could be 

incorporated into the formulation without compromising the stability or self- 

microemulsifying properties of the formulation. A third formulation containing 10%w/w 

Tween 80 (a polysorbitan ester o f oleic acid) in addition to the 20%w/v oleic acid was then 

studied (Captex 3). 10%w/w was also the maximum permissible amount of Tween 80 

which could be incorporated into the formulation. The effects o f these three vehicles on 

the extent and rate o f DDT lymphatic transport are shown in Figures 8.3 and 8.4. The 

cyclodextrin control is included to allow for comparison of lymphatic transport from a 

non-lipid vehicle.

Previous studies in our lab have shown that it was not possible to dose rats with undiluted 

SEDDS (this resulted in poor lymph flow and/or death o f the animal), presumably the high 

levels o f surfactant leads to dehydration o f the gut and/or toxicity. For this reason all 

SEDDS were given as 1 in 50 aqueous dilutions. A 3ml dose was administered in all 

cases, this corresponds to an approximate dose o f 14ml to a 70kg human, this is not an 

unrealistic dose volume for a liquid formulation (British National Formulary 43, 2004).

Since each vehicle contained different (saturated) doses o f DDT, cumulative amount of 

DDT (|ig) rather than cumulative % dose were used to represent the extent o f DDT 

lymphatic transport. DDT concentration (|ig/ml) in lymph was used to represent the rate of 

DDT transport, since it was more useful from a therapeutic point o f view to know the 

attainable drug levels in the lymph. Lymph flow remained largely uninfluenced by vehicle 

administration; hence any changes in DDT concentration in lymph reflect a change in DDT 

transport rate rather than flow.
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Figure 8.3. Cumulative DDT ((ig) collected in mesenteric lymph (Mean ± S.D., n > 3) 

against time (hour), after intraduodenal administration of Captex 355 based-SEDDS 

(cyclodextrin is a non-lipid control)
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Figure 8.4. DDT transport (p.g/ml) in mesenteric lymph (Mean ± S.D., n > 3) against 

time (hour), after intraduodenal administration of Captex 355-based SEDDS 

(cyclodextrin is a non-lipid control)
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From Figure 8.3 it is evident that the Captex 355-based SEDDS enhanced DDT lymphatic 

transport compared to the cyclodextrin control (p < 0.05). The addition o f oleic acid to the 

formulation did not enhance cumulative Ijmphatic transport of DDT (599.45 ± 232.35 

versus 406.79 ± 106.74)ag DDT over 8 hours for the Captex 1 and 2 formulations 

respectively). However, upon addition o f Tween 80 (i.e. Captex 3), DDT lymphatic 

transport was significantly increased (p < 0.05) (1042.32 ± 378.42)ig after 8 hours).

The rate profile for DDT lymphatic transport followed a similar trend for each o f the three 

Captex 355-based SEDDS (Figure 8.4). Lymphatic transport rates increased to a 

maximum at 3 hours post-initiation of dose, after which there was a decline in rate of 

transport. The Captex 3 formulation (containing both oleic acid and Tween 80) resulted in 

a higher peak in DDT lymphatic transport rate after 3 hours (490.22 ± 112.02^g/ml) 

compared to the other two formulations (193.03 ± 47.03 and 297.00 ± 227.39|ig/ml for the 

Captex 1 and 2 formulations respectively). However, due to large variations in the data, 

these differences were not statistically significant (p > 0.05).

Table 8.2 summarises the excipients in each 3ml dose administered, the DDT dose 

administered and lymphatic transport upon administration of each formulation. It should 

be noted that due to the high level of variation in the data it is not possible to prove 

statistical significance o f the results. The trend towards increasing DDT transport with 

inclusion of long chain fatty acids in the formulation is however apparent.
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Table 8.2. Comparison of the composition of the different Captex 355-based SEDDS, 

the DDT dose administered and the extent and rate of DDT lymphatic transport from 

each system

System

Excipients (mg) in 3 ml 

dose

DDT dose 

(mg) in 

3ml

(Mean ± 

S.D.)

Cum. % 

dose DDT 

after 8 

hours 

(Mean ± 

S.D.)

Maximum

DDT

concentration 

in lymph 

(Hg/ml, Mean ± 

S.D.)

Cum. DDT 

transport 

(^g) after 8 

hours 

(Mean ± 

S.D.)

Captex 1 (n = 3)

Captex 355 (12.63mg) 

Cremophor EL (31.58mg) 

Transcutol P (15.91mg)

5.55 ± 

0.29

11.42±

4.09

193.03 ±47.03 599.45 ± 

232.35

Captex 2 (n = 3)

Captex 355 (12.63mg) 

Cremophor EL (25.58mg) 

Transcutol P (9.79mg) 

Oleic acid (12mg)

7.73 5.26 ± 

1.38

297.00 ±227.39 406.79 ± 

106.74

Captex 3 (n = 3)

Captex 355 (12.63mg) 

Cremophor EL (25.58mg) 

Transcutol P (12.78mg) 

Oleic acid (12mg)

Tween 80 (6mg)

5.07 ± 

0.33

15.10±

12.92

490.22 ± 112.02 1042.36 ± 

378.42

8,3.1.3. Intestinal lymphatic transport o f DDT from Tween 80 systems 

In the previous section, the addition o f Tween 80 to the Captex formulations resulted in an 

increase in both the rate and extent of DDT lymphatic transport. Tween 80 (polysorbate 

monooleate) is a non-ionic surfactant extensively used in the pharmaceutical industry and 

has been widely employed as a wetting or solubilising agent (Budavavi et a i, 1996) for in 

vivo bioavailability studies. There have been many reports o f Tween 80 being used in
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combination with other excipients in lymphatic transport studies (Nishigaki et a l, 1976; 

Palin et a i, 1982; Porter et al., 1996; Kwei et a i, 1998; Caliph et al., 2000, Holm et al., 

2001). However to date, there have been no specific reports on the effect of Tween 80 

alone on lymphatic drug transport. It was therefore decided to further investigate the effect 

of this commonly used excipient on DDT lymphatic transport.

Three Tween 80 aqueous systems (2, 4 and 10%w/v) were examined. In all cases, a 

saturated dose of DDT in the vehicle was given in order to determine the maximum 

lymphatic transport possible from each system. Figure 8.5 illustrates the cumulative 

amounts of DDT ([ig) lymphatically transported over the 8-hour period from each 

dispersion.

300
2%w/v Tween 80 
4%w/v Tween 80 
10%w/v Tween 80

250 -

H 200

100 -

50 -

0 2 3 4 5 6 7 8

Time (hour)

Figure 8.5. Cumulative DDT (jig) collected in mesenteric lymph (Mean ± S.D., n > 4) 

against time (hour), after intraduodenal administration of 2, 4 and 10%w/v Tween 80 

systems

Cumulative DDT (^ig) transported after administration of the 4 and 10%w/v Tween 80 

systems was significantly higher than that from the 2%w/v system (p < 0.05). Lymphatic 

transport of DDT from the 4% system was 2.3 times higher than that from the 2%, while 

transport from the 10% was 3.2 times higher the 2%w/v system. There was no statistical 

significant difference between the 4 and 10% dispersions (p > 0.05). All three Tween 80
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systems significantly enhanced DDT lymphatic transport compared to the cyclodextrin 

control (p < 0.05). Peak DDT lymphatic transport rate occurred after 4 hours for the 2 and 

10%w/v systems and after 3 hours for the 4%w/v system (Figure 8.6). Peak transport rates 

for the 4 and 10% systems were similar.

—♦— 2%w/v Tween 80
25U 1
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Figure 8.6. DDT transport (|j.g/ml) in mesenteric lymph (Mean ± S.D., n > 4) against 

time (hour), after intraduodenal administration of Tween 80 systems (2, 4 and 10% 

w/v). Cyclodextrin lymph DDT levels were included for comparison.

Table 8.3 summarises the amount of Tween 80 in each 3ml dose, the dose of DDT given 

and lymphatic transport for each Tween 80 system.

I
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Table 8.3. Comparison of the different Tween 80 systems and the extent of DDT 

lymphatic transport from each

Tween

80

system

(%w/v)

Tween

80

(mg) 

in 3ml 

dose

DDT 

dose 

(mg) in 

3ml 

(Mean 

± S.D.)

Particle

size^

(Zave,

nm.

Mean ± 

S.D.)

Cum. % 

dose DDT 

after 8 

hours 

(Mean ± 

S.D.)

Maximum

DDT

concentration 

in lymph 

(^^g/ml, Mean 

± S.D.)

Cum. DDT

( n g )

transported 

after 8 hours 

(Mean ± 

S.D.)

II

60 1.05 ± 

0

79.5 ± 

1.0

4.88 ± 

4.49

30.14±

19.73

64.34 ±47.16

II

120 1.54 ± 

0.08

10.1 ± 

0.40

9.73 ± 

2.59

147.15 ± 

84.06

152.69 ± 

40.93

10

(n = 4)

300 1.56 ± 

0.82

8 .8  ±  

0 .8

14.95±

4.33

139.48 ± 

60.23

208.7 ± 

67.25

as determined using Photon Correlation Spectroscopy

In a similar study, administration of DDT (1.95mg) in a 2% Cremophor EL dispersion 

resulted in approximately 9.5% of the dose being lymphatically transported over an 8-hour 

period (Griffin, 2001). When DDT (0.72mg) was administered in a 2% TPGS formulation, 

only ~5.2% of the dose was lymphatically transported (Griffin, 2001). The lymphatic 

transport of DDT from the 2% Tween 80 system was comparable to the values reported 

using Cremophor EL and TPGS

A strong positive linear correlation (r  ̂= 0.84) existed between the concentration o f Tween 

80 and the cumulative amount o f DDT transported over 8 hours (Figure 8.7). It would 

however, be desirable to investigate a wider range o f concentrations.
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Figure 8.7. Cumulative DDT (|iig) transported in mesenteric lymph (Mean ± S.D., n = 

4) following intraduodenal administration of DDT in different concentrations of 

Tween 80

8.3.2. Intestinal lymphatic transport of triglycerides

It appears that one o f the critical steps involved in the lymphatic transport of lipophilic 

molecules is the association o f these molecules with the intestinal lipoproteins (primarily 

chylomicrons) assembled in the enterocytes during the digestion and absorption of lipids 

(Ichihashi et al,  1992; Myers and Stella, 1992). Drug formulations which contain lipids 

(and therefore stimulate the turnover o f lipoproteins through the enterocyte) have generally 

been found to enhance the lymphatic transport o f highly lipophilic drugs. As chylomicrons 

are the major transporters of triglyceride, the triglyceride levels in the lymph serve as an 

indicator o f chylomicron output. It was therefore desirable to assess the impact of different 

lipid vehicles on the rate and extent o f intestinal lymphatic triglyceride output and to 

determine if  a positive effect on chylomicron output influences the lymphatic transport of 

DDT.

Lymph triglyceride levels were determined using a colorimetric-based assay (Section 6.6). 

Initially, an estimate of endogenous triglyceride turnover was determined by perfusing 

saline (0.9%w/v sodium chloride) and analysing triglyceride levels in the lymph samples 

collected over the 8-hour period. Endogenous triglyceride transport was estimated at 1.87
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± 0.2mg/h (mean ± S.D., n = 3). This rate of triglyceride output appears to be in agreement 

with previously reported data (allowing for variations in experimental protocol). For 

example, Porter et al. (1997) reported an endogenous triglyceride turnover of 2.67mg/h in 

anaesthetised rats. Griffin (2001) reported a value o f 1.52 ± O.llmg/h and Holm et al. 

(2001) gave a value of 1.22 ± 0.38mg/h. Endogenous triglyceride turnover (and lymph 

flow) in conscious rats is higher, with values o f 3.6-± 1.2mg/h triglyceride being reported 

(Holm et al., 2002). Decreased lymph flow in anaesthetised rats is most likely due to the 

effect o f the anaesthetic on gut motility and the general motility o f the animal (Edwards et 

al., 2001).

8.3.2.1. Intestinal lymphatic triglyceride output after administration of the mixed 

micellar vehicle

Figures 8.8 and 8.9 show the extent and rate o f intestinal lymphatic triglyceride upon 

administration of the mixed micellar vehicle (40mM bile salt: 15mM lecithin: 30mM oleic 

acid) compared to the saline control. It is clear that the cumulative triglyceride output was 

significantly higher (p < 0.05) after administration o f the mixed micelle vehicle (37.23 ± 

9.64mg) compared to the saline control (14.93 ± 1.61mg). From Figure 8.9 it is evident 

that the rate o f triglyceride output for the mixed micelle system increased almost linearly to 

a peak at 3-4 hours followed by a decline in rate. In contrast, triglyceride output rate fi-om 

the saline control remained the same throughout the 8-hour period.

Table 8.4 allows for comparison of triglyceride levels (rate and extent) and lymph flow 

after administration o f different bile salt micellar vehicles. The endogenous (saline) 

turnover is included for reference. DDT-fi-ee FaSIF (fasted state simulated intestinal fluid 

containing 5mM sodium taurocholate and 4mM lecithin) was also administered to the rats. 

With the exception o f the simple micelle formulation (40mM NaC) and FaSIF, all vehicles, 

significantly enhanced triglyceride output compared to the saline control (p < 0.05).
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Figure 8.8. Cumulative intestinal lymphatic triglyceride (mg) collected in mesenteric 

lymph (Mean ± S.D., n > 3) against time (hour), after intraduodenal administration of 

the mixed micelle vehicle (saturated with DDT) and the saline control

-Mixed micelle

E
"Sli

OH

E

25 1
4 — Saline control

20 -

10 -

T T

3 4 5

Time (hour)

Figure 8.9. Triglyceride concentration (mg/ml) in mesenteric lymph (Mean ± S.D., n 

> 3) against time (hour), after intraduodenal administration of the mixed micellar 

vehicle (saturated with DDT) and the saline control
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Table 8.4. Cumulative transport of triglyceride into the mesenteric lymph (mg) 

(Mean ± S.D., n > 3) and cumulative lymph flow (ml) after 8 hours, as a function of 

micellar lipid vehicle

Formulation Cumulative mass of triglyceride 

(mg) appearing in mesenteric 

lymph (Mean ± S.D.) ®

Cumulative

TG

transport

(mg)*̂

Cumulative 

lymph flow 

(ml)

0-2hr 0-4hr 0-6hr 0-8hr

Saline control

(n = 3)

2.84

±0.04

6.49

±0.27

10.13

±0.59

14.93 

± 1.61

N/A 4.40

±0.70

Saline

control^

5.89 

± 1.03

9.16 

± 1.07

11.95 

± 1.66

14.31

±0.94

N/A 4.45

±0.35

FaSIF 

(n = 4)

1.44

±0.83

3.02

±2.73

4.24 ± 

5.11

7.89

±7.69

N/A 5.31 

± 1.94

NaC

40mM'^

3.97

±0.65

8.72 

± 1.76

13.31

±2.93

N/A 1.36

±5.08

3.34

±0.83

NaCrOA

40:40mM''

4.44 

± 1.74

20.72

±4.14

34.29

±5.88

N/A 22.33

±6.28

3.92

±2.35

NaC:PL

40:40mM'^

5.49 

± 1.45

21.06

±6.43

33.73

±10.15

43.66

±11.96

29.35 

± 13.17

4.34 

± 1.10

NaC:PL:OA

40:15:30mM

3.18 

± 1.24

16.05

±7.54

29.25

±10.66

37.23

±9.64

22.30 

± 11.25

4.72

±0.97

^Griffin (2001)
® Representing endogenous (saline) and exogenous lipid 

Attributable to exogenous lipid (i.e. total TG -  endogenous TG)

There were no significant differences (p > 0.05) in lymph flow between the different 

groups. This is consistent with previous reports in which differences in the extent o f DDT 

lymphatic transport were due to changes in the rate and extent o f lipoprotein formation, 

rather than a change in lymph flow (Charman et a l, 1986a; Charman et a l, 1986b). It 

should be noted however, that the terms ‘endogenous’ and ‘exogenous’ lipid are used in a 

simplified manner because endogenous lipid turnover has been shown to increase in the 

presence o f exogenous lipid (Shiau et al., 1985; Porsgaard and Hoy, 2000b). Consequently, 

experiments utilising radiolabelled exogenous lipid would be required to accurately
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distinguish between endogenous and exogenous lipid transport. Rank order for cumulative 

triglyceride output after 6 hours was: NaC: OA > NaC: PL > NaC: PL: OA, but these 

differences were not statistically significant (p > 0.05).

Lymph triglyceride output was monitored after administration o f DDT-ft'ee FaSIF (fasted 

simulated intestinal fluid), which contains 5mM sodium taurocholate and 4mM lecithin 

and is representative o f intestinal contents (human) at fasting levels (Dressman et a i ,  

1998). Despite the presence of a small amount o f lecithin, this formulation did not 

promote lymphatic triglyceride output; in fact cumulative triglyceride levels were less than 

those after hydration with saline (not statistically different). The FaSIF data appeared to be 

more variable than the saline. The rate of triglyceride output remained constant after 

administration o f FaSIF and did not exhibit any peaks in triglyceride output.

83.2.2. Intestinal lymphatic triglyceride output after administration o f Captex 355- 

based SEDDS

Cumulative triglyceride levels after administration o f the Captex 355-based SEDDS are 

shown in Figure 8.10. The saline control (DDT-fi’ee) is shown for comparison. All 

vehicles significantly enhanced triglyceride output compared to the saline control (p < 

0.05). Addition o f oleic acid alone to the Captex 1 formulation (i.e. Captex 2 formulation) 

did not increase triglyceride output. However, upon addition o f Tween 80 (Captex 3), 

cumulative triglyceride output increased from 26.89 ± 7.29mg for the Captex 1 SEDDS to 

37.20 ± 8.78mg for the Captex 3 SEDDS.

Triglyceride output profiles were similar for the Captex 2 and Captex 3 formulations. The 

output rates increased sharply to a peak o f approximately 12mg/ml at 3 hours, after which 

there was a decline in output rate (Figure 8.11). Transport rates for the original Captex 1 

formulation, remained more constant, although a peak transport rate of 6.07 ± 1.13mg/ml 

was also observed at 3 hours post-administration.
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Figure 8.10. Cumulative intestinal lymphatic triglyceride output (mg) (Mean ± S.D., 

n > 5) against time (hour), after intraduodenal administration of Captex 355-based 

microemulsion formulations saturated with DDT
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Figure 8.11. Triglyceride concentration (mg/ml) in mesenteric lymph (Mean ± S.D., n 

> 5) against time (hour), after intraduodenal administration of Captex 355-based 

microemulsion formulations saturated with DDT
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S.3.2.3. Intestinal lymphatic triglyceride output after administration o f Tween 80 

systems

The effect of different Tween 80 systems (2, 4 and 10%w/v) on lymphatic triglyceride 

output is shown in Figure 8.12. Tween 80 resulted in a concentration dependent increase 

in triglyceride output. Upon administration of the 4% and 10% Tween 80 system, 

cumulative triglyceride output was significantly higher than the saline control (p < 0.05) 

(1.93-fold higher for the 4%w/v and 2.9-fold for the 10%w/v). The 2%w/v Tween 80, was 

not significantly different to the saline control (p > 0.05).
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Figure 8.12. Cumulative intestinal lymphatic triglyceride output (mg) (Mean ± S.D., n 

> 4) against time (hour), after intraduodenal administration of Tween 80 systems 

(saturated with DDT)

Figure 8.13 shows the triglyceride output rate profile for the Tween 80 systems (saline 

control included for comparison). While the same general trend as for the Captex series 

was observed, the increase in triglyceride output rate was less sharp and more prolonged 

with the Tween 80 systems. Peak triglyceride output was somewhat delayed for the Tween 

80 series and occurred 4 to 5 hours after administration (compared to 3 hours for the 

Captex series). The different lag times are most likely due to differing rates or degrees of 

hydrolysis of the fatty acid source (Tween 80 is an oleic acid ester) in the intestinal lumen 

by lipase enzymes. Since the Captex 2 and 3 formulations already contain free oleic acid.
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the lag time is likely to be less than for the Tween 80 formulations, which presumably 

must first be hydrolysed, to free oleic acid before it can stimulate lipoprotein output.

2%w/v Tween 80 
4%w/v Tween 80 
10%w/v Tween 80 
Saline20 -

E

E
O
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XQ.
E

0 2 3 4 5 6 7 8

Time (hour)

Figure 8.13. Triglyceride concentration (mg/mi) in mesenteric lymph (Mean ± S.D., n 

> 5) against time (time), after intraduodenal administration of Tween 80 systems (2, 4 

and 10%w/v) saturated with DDT

A summary of lymph triglyceride levels and lymph flow rates for the Captex 355 series, 

the Tween 80 series and the saline, FaSIF and cyclodextrin controls is given in Table 8.5. 

Lymph flow rate was similar regardless of vehicle administered. Rank order for 

cumulative lymph triglyceride levels was: 10%w/v Tween 80 > Captex 3 (oleic acid and 

Tween 80) > 4%w/v Tween 80 > Captex 1 > Captex 2 (oleic acid) > 2%w/v Tween 80
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Table 8.5. Cumulative transport of triglyceride into the mesenteric lymph (mg) 

(Mean ± S.D., n > 3) and lymph flow (ml/h) (Mean ± S.E.) after 8 hours, as a function 

of lipid vehicle

Formulation Cumulative mass of triglyceride 

(mg) appearing in mesenteric 

lymph (Mean ± S.D.)

Cumulative

triglyceride

transport

(mg)®

Lymph 

flow (ml/h, 

Mean ± 

S.E.)0-2hr 0-4hr 0-6hr 0-8hr

Saline

control

2.84±

0.04

6.49±

0.27

10.13±

0.59

; 14.93± 

: 1.61

N/A 0.55 ± 0.08

Cyclodextrin 3.17±

0.69

6.47±

3.33

8.11±

3.51

: 11.41± 

I 5.31

N/A 0.59 ±0.15

FaSIF 

(n = 4)

1.44±

0.83

3.02±

2.73

4.24±

5.11

: 7.89± 

7.69

N/A 0.69 ±0.11

Captex 355-based SEDDS

Captex 1 4.94±

1.59

13.48±

2.59

21.13±

5.20

26.89±

7.29

11.96±

8.90

0.65 ±0.14

Captex 2 5.17±

1.90

13.69±

6.03

18.99±

6.22

23.21±

5.40

8.29 ± 

7.01

0.57 ±0.24

Captex 3 5.42±

2.61

28.35±

12.26

34.30±

10.69

37.20±

8.78

22.28 ± 

10.39

0.65 ±0.10

Tween 80 dispersions

2%w/v 

Tween 80

1.62±

1.04

5.20±

1.97

10.07±

3.92

12.94±

4.61

0 0.51 ±0.09

4%w/v 

Tween 80

4.12±

2.09

12.13±

3.80

21.24±

9.13

28.82±

10.62

13.89 ± 

6.22

0.60 ±0161

10%w/v 

Tween 80

3.38±

1.81

13.66±

6.20

32.72±

13.97

43.4U

16.43

28.48 ± 

18.04

0.67 ± 0.09

Representing endogenous (saline) and exogenous lipid 
® Attributable to exogenous lipid (i.e. total -  endogenous) 
N/A- not applicable
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8.3.3. Effect of lipid vehicle on lymph flow rate

Variation of lymph flow with time after administration of each of the vehicles is shown in 

Figure 8.14. There was no significant difference in mean lymph flow rate for any of the 

vehicles studied. This was in agreement with previous reports (Charman et al, 1986a). 

Lymph flow rates remained relatively constant over the 8-hour period, however for all 

vehicles there was a trend toward decreased lymph flow for the 2 and 3-hour period (non- 

statistically significant), after which the lymph flow rate appeared to recover. For all 

systems, with the exception of the saline control, lymph flow tended to increase toward the 

8-hour time point. Charman and Stella (1986a) also observed an increase in lymph flow 

toward the 8-hour time point upon administration of lipid.
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Figure 8.14. Mean flow rate (ml/h) of mesenteric lymph (Mean ± S.D., n > 3) against 

time (hour), following intraduodenal administration of the Captex 355 series, the 

Tween 80 series and the saline control (error bars omitted for clarity)
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8.3.4. Effect of DDT on lymphatic triglyceride output

The effect of drug administration on intestinal lymphatic triglyceride output has not been 

widely reported. In order to assess the impact of DDT on the lymph triglyceride output, 

the Tween 80 series was also administered without DDT. The results are shown in Figure 

8.15. Lymph triglyceride levels were determined for the DDT-free vehicles and compared 

to the corresponding DDT experimental group (Table 8.6). For the 4 and 10%w/v Tween 

80 systems, the extent and rate of triglyceride output tended to be higher in the DDT-free 

group compared to the DDT group, however these differences were not statistically 

significant (p > 0.05). DDT had no effect on lymph flow rate (p > 0.05). These results 

suggest that administration of DDT did not have a significant effect on either lymph flow 

or lymph triglyceride output.

A  strong positive correlation (r = 0.99) existed between cumulative triglyceride output 

and Tween 80 concentration (DDT-free) and is shown in Figure 8.16. A good correlation 

between the two variables was also found for the DDT-containing systems (r = 0.91). For 

both DDT-containing systems and DDT-free systems, cumulative triglyceride for the 

4%w/v and 10%w/v systems were higher than the 2%w/v systems (p < 0.05). While the 

cumulative amount transported was higher for the 10%w/v system compared to the 4%w/v 

system, due to variation in the data these differences were not considered statistically 

significant (p > 0.05)
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Figure 8.15. Cumulative intestinal lymphatic triglyceride output (mg) (Mean ± S.D., 

n > 4) against time (hour), after intraduodenal administration of Tween 80 systems 

(DDT-free)
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Figure 8.16. Cumulative mesenteric lymph triglyceride output (mg) (Mean ± S.D., n > 

4) after 8 hours, against Tween 80 concentration (%w/v). Systems were DDT-free.
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Table 8.6. Comparison of intestinal lymphatic triglyceride output (extent and rate) 

after administration of Tween 80 systems with or without DDT

System Cumulative 

TG transport 

after 8 hours 

(mg. Mean 

±S.D,, n > 4)

Maximum 

lymph TG 

concentration 

(mg/ml,

Mean ± S.D., 

n > 4 )

Statistical 

significance for 

cumulative 

lymph TG 

levels 

(p < 0.05)

Mean hourly 

lymph flow 

rate (ml/h, 

Mean ± S.E., n 

>32)

2%w/w Tween 

80

12.00 ±8.25 3.00 ±2.52 No 0.51 ±0.09

2%w/w Tween 

80 + DDT

12.94 ±4.60 6.11 ± 1.38 0.41 ±0.10

4%w/w Tween 

80

31.18± 8.83 7.28 ±3.54 No 0.72 ±0.14

4%w/w Tween 

80 + DDT

28.82 ± 10.62 7.56 ±4.28 0.73 ±0.17

10%w/w Tween 

80

75.13 ±26.19 17.27 ±9.16 No 0.67 ± 0.09

10%w/w Tween 

80 + DDT

43.41 ± 16.42 15.90±7.13 0.58 ±0.24

8.3.5. In vitro determination of DDT solubility in lymph of varying triglyceride 

concentration

It is well established that DDT is transported in the triglyceride core o f the lymph 

chylomicron (Pocock and Vost, 1974). Charman and Stella (1986a) suggested that the 

lymphatic transport o f a lipophilic drug via chylomicrons might eventually be limited by 

the solubility of that drug in the triglyceride core o f the chylomicron. It was therefore 

desirable to have an estimate o f the solubility o f DDT in lymph containing different 

amounts o f triglyceride (chylomicra).
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In vitro studies were conducted to measure the solubility of DDT in isolated lymph 

containing different concentrations of triglyceride (Table 8.7). These results were 

compared to the ‘theoretical solubility’ of DDT in an equivalent concentration of 

triglyceride, based on calculations using the saturated solubility o f DDT in peanut oil 

(Section 7.3.6.3). Using the measured solubility of DDT in peanut oil (0.1017mg/ml) and 

the measured triglyceride content (mg/ml) o f the lymph, the predicted (theoretical) DDT 

content of the lymph was calculated as:

Lymph DDT = 0.1017mg/ml X lymph TG (mg/ml).

Table 8.7. Solubility of DDT (iiig/ml, Mean ± S.D, n = 4) in lymph of varying 

triglyceride content (mg/ml)

Lymph triglyceride 

(mg/ml)

Actual solubility at 37“C 

(Hg/ml)

Predicted solubility at 37“C 

(^g/ml)

1.88 143.32 ± 13.6 191.20

2.78 326.54 ±32.49 282.76

3.13 342.60 ±38.08 318.32

5.43 372.17 ±8.62 552.23

6.00 545.0 ± 64.65 610.20

8.62 652.18 ±49.55 876.65

14.10 670.03 ±23.66 1433.97

Looking at the measured data, as expected, increasing the triglyceride load o f the lymph 

resulted in a higher DDT solubility. DDT solubility increased with increasing lymph 

triglyceride content, this increase in solubility was less pronounced at the higher lymph 

triglyceride concentrations. At triglyceride levels above 9mg/ml, increasing lymph 

triglyceride levels offered no advantage in terms of DDT loading (Figure 8.17). Up to this 

point there was a good correlation between actual and predicted solubility values. For 

lymph triglyceride levels between 1 and 9mg/ml, a linear relationship existed between 

triglyceride content and DDT solubility (Figure 8.18).
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Figure 8.17. Solubility (predicted and measured) of DDT in lymph at 37“C (|iig/ml, 
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8.3.6. Relationship between DDT lymphatic transport and triglyceride turnover

Figure 8.19 shows the rate of DDT lymphatic transport and triglyceride output for each 

formulation studied. Both transport rates increased sharply to a peak at 3 hours for the 

mixed micelle formulation. The same trend was observed for the Captex 2 and 3 vehicles. 

Peaks in transport rates were less pronounced for the Captex 1 formulation. For the Tween 

80 series there was less of a correlation in rates. DDT lymphatic transport rates peaked 

after 3 hours for the 4% and 10% Tween 80 systems, while peak triglyceride transport rates 

occurred one hour later at 4 hours. This delay is most probably due to the necessity for 

digestion (hydrolysis) o f the Tween 80 ester to release oleic acid. The cyclodextrin (non

lipid control) remained at baseline levels o f both triglyceride and DDT transport for the 

duration of the experiments and did not exhibit any definable trends.

The relationship between DDT lymphatic transport and lipid turnover can be also be 

examined by looking at the relationship between the hourly transport o f DDT (|ag/ml) and 

the corresponding hourly triglyceride transport (mg/ml) for each lipid vehicle (Figure 

8.20). The level of correlation between the two is an indicator o f the degree o f dependence 

of DDT transport on triglyceride output, for that particular formulation. A strong positive 

correlation existed between DDT lymphatic transport and triglyceride output rates for the 

mixed micelle and the Captex 355 series formulations, with correlation coefficients for all 

being in excess o f 0.8. These strong positive correlations suggest that DDT was 

transported into the lymph in association with resynthesised exogenous long chain lipids. 

The intercept o f the x-axis was around 2mg/ml in all cases, this triglyceride transport rate 

was similar to the endogenous transport rate obtained using the saline control. The 

correlation between the two variables was weaker for the Tween 80 series (correlation 

coefficients > 0.5). This was due to the different times to peak transport rates o f DDT and 

triglyceride for these systems. There was no correlation (r  ̂ = 0.02) between DDT 

lymphatic transport and triglyceride output for the cyclodextrin control, suggesting that 

DDT lymphatic transport was independent o f triglyceride output in this case.
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Figure 8.19. Mesenteric lymph DDT levels (|ng/ml) (primary axes) and lymph 

triglyceride levels (mg/ml) (secondary axes), against time (hour) for the various 

formulations (■ lymph DDT levels, ■ lymph triglyceride levels)
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Figure 8.20. Intestinal lymphatic DDT transport rate ( îg/ml or ng/h) versus 

triglyceride output (mg/ml or mg/h) in intestinal lymph after intraduodenal 

administration of DDT in the different formulations
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8.3.7. Efficiency of DDT lymphatic transport for the different lipid vehicles

In an attempt to determine which vehicles had the greatest lymphotropic potential, two 

methods were used to estimate the efficiency o f lymphatic transport o f DDT for each o f the 

vehicles studied. The first estimate was the drug loading value (fig DDT/mg TG), 

calculated by dividing the cumulative amount o f DDT transported over the 8 hours by the 

cumulative amount of triglyceride transported over the same time. This estimate is 

effectively the slope o f a graph o f triglyceride against DDT transport and has previously 

been used as an index of vehicle efficiency (Charman et a l, 1986).

The second estimate used the equation o f the line obtained Irom the lymph solubility data 

(Figure 8.18). The lymph triglyceride levels obtained experimentally were inserted into 

the equation to yield theoretical lymph DDT levels. These were then compared to the 

actual lymph DDT levels obtained experimentally and expressed as a percentage of 

theoretical capacity, to give another value for efficiency o f transport. The average 

efficiency of DDT transport over the 8-hour experiment for each formulation is given in 

Table 8.8. Efficiency tended to be higher when triglyceride transport was at a maximum 

and lower efficiency of lymphatic transport was observed in the 1-2 and 6-8 hour periods. 

It should be noted that both estimates o f efficiency were in agreement and yielded similar 

trends, for the range o f vehicles studied.

The Captex 355 SEDDS series exhibited superior efficiency in terms of drug loading and 

% efficiency o f lymphatic transport, compared to both the mixed micelle and Tween 80 

series. The Captex 355-based SEDDS had drug-loading values approximately four times 

higher than the mixed micellar and Tween 80 series. The third Captex vehicle (with oleic 

acid and Tween 80 added) gave the highest drug loading value (28.02|j,g/mg). The same 

formulation also gave the highest percentage efficiency, however this was only 26.43 ± 

19.47%. This means that based on the lymph triglyceride levels obtained after 

administration o f this formulation, DDT transport was only 26% of that predicted based on 

obtained triglyceride levels. It should be noted however, that the saturation solubility of 

DDT in peanut oil was reached after 24 hours. The solubility in oil after 8 hours may be 

more reflective o f the in vivo situation.
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Table 8.8. DDT loading, correlation coefficients and efficiency of DDT lymphatic 

transport for different lipid vehicles

Vehicle Mean loading (^g 

DDT/mg TG)^

Correlation

coefficient®

Efficiency of 

transport (%)^

Cyclodextrin 0.87 0.02 0.52 ± 0.20

Mixed micelle 5.01 0.85 5.79 ±3.59

Captex 1 22.29 0.88 24.34 ±14.31

Captex 2 17.53 0.84 22.98 ± 12.16

Captex 3 28.02 0.98 26.43 ± 19.57

2%w/v Tween 80 4.97 0.63 3.98 ± 1.97

4%w/v Tween 80 5.30 0.62 9.42 ± 7.36

10%w/v Tween 80 4.60 0.54 8.16 ±5.57

Calculated by dividing the mean cumulative amount o f DDT transported over 8 hours (^g) by the mean 
cumulative triglyceride transported over 8 hours (mg)
® Linear correlation coefficient when DDT transport (jig/ml) was plotted against TG transport (mg/ml) 
(Figure 8.20)

Calculated by comparing theoretical DDT levels (using equation from solubility studies [TG levels x 
66.678]+ 87.501) to actual DDT levels
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8.4. Discussion

Effect o f mixed micellar formulation on lymphatic transport

It is a well known fact that ingested fats (mainly triglycerides o f  long chain fatty acids) are 

emulsified in the lumen o f  the gut and subsequently hydrolysed by pancreatic lipase to 

water-insoluble monoglyceride and fatty acid. These insoluble products are solubilised by 

bile salts, which form water-soluble m ixed m icelles and are easily absorbed (Simmonds, 

1972). It is thought that the micellar state m ay facilitate the incorporation o f  the lipid 

component o f  the mixed m icelle into the m ucosal membrane. The incorporated lipid 

interacts with the polar region o f  the membrane phospholipids and enhances the fluidity 

and permeability o f  the mucosal membrane. Consequently poorly absorbed drugs can 

transfer across the mucosal membrane easily (Sim m onds et al., 1968, Fernandez and 

Borgstrom, 1989; Fernandez and Borgstrom, 1990; Supersaxo et al. 1991; Liu et al., 1995; 

Forter et al., 1996).

Formulations with physicochemical characteristics representative o f  the final stages o f  

lipid digestion (i.e. mixed micellar systems containing fatty acids) appear to promote the 

lymphatic transport o f  lipophilic compounds (Sim m onds et al., 1968, Fernandez and 

Borgstrom, 1989; Fernandez and Borgstrom, 1990; Supersaxo et al. 1991; Liu et al., 1995; 

Porter et al., 1996). Liu et al. (1991) reported that m ilk fat globule membrane (MFGM), a 

natural emulsifier promoted the lymphatic absorption o f  vitamin D 3 to a greater extent (2.5- 

fold) than an o/w  emulsion. It was proposed that the promotion o f  vitamin D 3 lymphatic 

transport by MFGM occurred as a result o f  the formation o f  m ixed m icelles in the 

intestinal lumen. M ixed m icelle formation occurred in the presence o f  MFGM, bile salts 

and pancreatic lipase and this formation o f  m ixed m icelles resulted in increased 

solubilisation o f  vitamin D 3 and was the dominant mechanism o f  promotion o f  lymphatic 

drug absorption by MFGM (Liu et al. 1995).

Results presented here show that m ixed micellar system s enhanced DDT lymphatic 

transport and triglyceride output compared to non-lipid (cyclodextrin) systems. However, 

use o f  a three component m ixed micellar formulation (containing 40mM  sodium cholate, 

15mM lecithin and 30mM  oleic acid) offered no advantages over the less complex two 

component m ixed micellar systems (NaC/ OA and NaC/ PL). This was not surprising 

given that there was not a large difference in the amount o f  fatty acid source in each
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system, i.e. the one system contained 40mM oleic acid, the second; 40mM phospholipid 

and the third, 30mM oleic acid and 15mM phospholipid (45mM fatty acid source in total 

for the third system compared to 40mM for the other two). There was very little difference 

in lymphatic triglyceride output between the systems and as a consequence of this, very 

little difference in extent and rate o f DDT lymphatic transport.

Effect o f Captex 355-based SEDDS on lymphatic transport

Co-administration o f DDT with the Captex 355-based SEDDS also enhanced lymphatic 

transport and triglyceride output compared to the cyclodextrin control. This was the case 

even for the Captex 1 system, which contained only Captex 355 (a medium chain 

triglyceride), Cremophor EL (polyoxyethylene triricinoleate) and Transcutol P (purified 

diethylene glycol monoethyl ether). Addition of the long chain (Cig) monounsaturated 

fatty acid, oleic acid and Tween 80 to the Captex 1 system (i.e. Captex 3) led to an 

additional increase in DDT lymphatic transport.

Caliph et al. (2000) found that the lymphatic transport of a lipophilic drug (halofantrine) in 

rats was highly dependent on the chain length of the co-administered lipid, with the extent 

o f lymphatic transport and triglyceride output increasing 3-fold upon administration o f the 

drug in a LCT (peanut oil) compared to a MCT (Captex 355 oil). Similarly, Myers and 

Stella (1991) reported greater lymphatic transport of penclomedine when administered in a 

soybean (LCT) oil emulsion, compared to a trioctanoin (MCT) emulsion. Nankervis et al., 

(1995) also found that the level o f lymphatic transport of isotretinoin from long chain 

triglyceride oils was higher than from medium chain oils. A similar trend has been 

observed in vivo in humans, Holmberg et al. (1990), demonstrated an approximately 3-fold 

higher absorption efficiency o f vitamin D3 when administered in the long chain 

triglyceride oil (peanut oil) compared to administration in a medium chain triglyceride oil 

(Miglyol 812). It was hypothesised that the difference was most likely due to lower 

lymphatic transport from the MCT-based formulation.

Results presented here showed significant increases in lymphatic triglyceride output and 

DDT lymphatic transport following administration in MCT-based SEDDS. This appears to 

contradict published studies, however, the data here is complicated by inclusion of 

excipients in the formulations. For example, Griffin (2001) found that Cremophor EL 

(administered as a 2% micellar system) increased both lymphatic transport of DDT and
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triglyceride output compared to a saline control. Administration of 1.954mg DDT in a 2% 

Cremophor EL vehicle resulted in lymphatic transport o f 9.45 ± 1.79% o f the dose (mean ± 

S.D.) and cumulative triglyceride levels of 22.85 ± 1.23mg after 8 hours. It was suggested 

that either the Cremophor was metabolised, acting as a lipid source or it had an indirect 

action whereby it increased endogenous triglyceride turnover. Similarly, Captex 355, (a 

MCT) which is used in the present studies, may increase endogenous turnover or be 

incorporated into long chain re-esterification products.

Previous studies have shown that oleic acid increases the lymphatic transport o f DDT. 

Charman et al. (1986a) found that oleic acid doubled the extent o f DDT transport when 

compared to administration in the triglyceride equivalent (peanut oil). Hence the addition 

of oleic acid to the Captex-based SEDDS was expected to increase triglyceride output and 

DDT lymphatic transport but this was not the case. The addition o f oleic acid to the 

Captex formulation (Captex 2) did not result in a significant enhancement o f DDT 

lymphatic transport nor triglyceride output relative to the Captex 1 vehicle. The Captex 2 

formulation contains equal amounts of long chain and medium chain fatty acid or source 

thereof A possible reason for the lack o f enhancement in lymphatic transport could be that 

DDT preferentially associates with the medium chain components (due to higher solubility 

in these as per Section 7.3.7) rather than the long chain components, hence making portal 

transport more favourable than lymphatic transport.

The addition o f Tween 80 (a sorbitan ester of oleic acid) and oleic acid to the Captex 355- 

based SEDDS (Captex 3) appeared to be successfial in terms o f enhanced DDT lymphatic 

transport and triglyceride output. Administration o f this vehicle resulted in higher 

cumulative triglyceride levels and DDT lymphatic transport levels. Lymphatic transport 

data from this formulation was more variable than for the previous two, making statistical 

analysis difficult. The addition o f Tween 80 to the Captex 355 SEDDS also resulted in an 

increased DDT loading value and percentage efficiency.

Effect o f Tween 80 on lymphatic transport

Administration o f 2, 4 and 10%w/v Tween 80 aqueous systems resulted in a linear increase 

in both cumulative triglyceride lymph levels and cumulative DDT transported in the 

lymph. For the 2%w/v Tween 80 system, the effects were more pronounced on DDT 

transport rather than triglyceride output. DDT lymphatic transport from this vehicle was
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enhanced compared to the cyclodextrin control (p < 0.05), while triglyceride output was 

not significantly different (p > 0.05). This might suggest that enhancement o f DDT 

lymphatic transport by Tween 80 was not entirely related to triglyceride output. This 

hypothesis is supported by the fact that correlation coefficients (obtained when comparing 

transport rates) for the Tween 80 series were only around 0.6 (even lower for the 10% 

dispersion), while the coefficients for the mixed micelle and Captex series were all greater 

than 0.8. A high correlation coefficient is indicative o f chylomicron-mediated transport of 

DDT. It is possible that enhanced lymphatic transport from the Tween 80 series of 

formulations may also be due to a membrane effect o f Tween 80, since Tween 80 is a 

known inhibitor o f P-gp efflux protein and the cytochrome p-450 enzyme (Nerurkar et al., 

1996).

Peak lymphatic transport rate for DDT occurred one hour earlier than peak triglyceride 

output rate for the 4 and 10%w/v Tween 80 systems. Using a conscious dog model, Khoo 

et al. (2001) made a similar observation regarding the rates o f triglyceride and halofantrine 

lymphatic transport when administered with dog food (containing 5% crude fat). The rate 

of lymphatic transport of halofantrine peaked before that o f triglyceride output. This 

discontinuity in rates represented a decrease in halofantrine concentration per unit mass of 

triglyceride. The authors suggested that the discontinuity between halofantrine and 

triglyceride transport required a change in either processing or kinetic factors in order to 

produce the relative decrease in halofantrine per mass o f triglyceride transported. They 

attributed this deviation in rates to a decrease in halofantrine concentration within the 

enteroc}4e lipid processing microdomains, reflecting a decrease in the mass o f halofantrine 

remaining to be absorbed.

Despite comparatively high cumulative triglyceride levels following administration of the 

4 and 10%w/v Tween 80 systems, the total amount of DDT transported over the 8-hour 

period was lower than anticipated. DDT loading values and % efficiency for both Tween 

80 systems were low compared to those obtained with the Captex 355-based SEDDS. The 

2%w/v Tween 80 system did not promote triglyceride output but did enhance DDT 

lymphatic transport compared to the cyclodextrin control. This suggests that in the case o f 

the 2%w/v Tween 80 system, DDT lymphatic transport was not occurring via alterations in 

chylomicron output but by some other mechanism. The enhanced DDT lymphatic 

transport (> 6-fold, p < 0.05) upon administration of the 2%w/v Tween 80 system
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compared to the cyclodextrin control may simply be a function o f enhanced overall drug 

absorption occurring as a result o f efficient solubilisation in the Tween 80 systems and /or 

enhanced drug absorption facilitated by surfactant effects on membrane permeability 

(Porter and Charman 2001). P-gp and cj^ochrome p450 inhibition by Tween 80 may also 

be a contributing factor.

Numerous studies have examined the effects of Tween 80 on lymphatic transport with 

mixed results. For example, Noguchi et al. (1975) compared the lymphatic transport of 

vitamin A in rats when administered in a triolein emulsion and a 4%w/v Tween 80 micellar 

solution. The extent of lymphatic transport was similar for both vehicles, but peak 

transport occurred earlier for the Tween 80 formulation. The data suggested that although 

Tween 80 did not appear to increase lymph triglyceride output, lymphatic transport of 

vitamin A appeared to be chylomicron-mediated. The authors suggested that the vitamin A 

was dissolved in the endogenous triglycerides and were enveloped in the chylomicron.

Palin et al. (1982) found comparable plasma DDT levels after administration in Miglylol 

oil and a 6% Tween 80 system (p > 0.05). DDT lymph levels were highest following 

administration in the arachis oil formulation. Kwei et al. (1998) found that the lymphatic 

transport o f MK-386, a 5a-reductase enzyme inhibitor was greater from a 1:1 mixed 

lipid/surfactant system (containing Imwitor®, mono and diglycerides o f capric and 

caprylic acids/ Tween 80) than from a soybean oil solution. Nishigaki et al. (1976) 

reported a 2-fold increase in lymphatic transport of retinyl palmitate after administration of 

an aqueous Tween 80 micellar solution compared with a lipid solution formulation. These 

reports suggest that Tween 80 has a promotive effect on lymphatic transport of lipophilic 

compounds.

Daher et al. (2003) reported on the effects o f Tween 80 on the size and number of 

chylomicrons secreted during lipid absorption in the rat model. Addition of Tween 80 at 

0.1, 1 and 10% levels to an olive oil (25%) emulsion did not significantly alter the 

triglyceride flux rates, but in the groups containing Tween 80, apoB48 secretion rates were 

significantly higher compared to the saline and olive oil controls. On the basis o f one 

apoB48 per chylomicron this meant there was an increase in the number o f chylomicrons 

being secreted into the lymph. Chylomicron size increased for all lipid-fed groups 

compared to the saline control, however mean size was significantly smaller in the Tween
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80 treated groups compared to those treated with ohve oil alone. The authors suggested 

that the presence o f Tween 80 in the diet at 1 and 10% concentrations resulted in a better 

efficiency of the digestive system in absorbing dietary fat. It is possible therefore that if 

Tween 80 was included in a formulation, it may increase the efficiency o f lipid absorption, 

and therefore increase triglyceride output.

Seeballuck (2004) looked at the effect o f Tween 80 on triglyceride rich lipoprotein (TRL) 

secretion in Caco-2 cells. Tween 80 was found to produce a concentration dependent 

increase in TRL secretion, albeit at lower concentrations than those observed in the rat 

model (significant effects were observed at 0.15%w/v). This effect on lipoprotein 

secretion was attributed to the oleic acid moiety in Tween 80. Digestion studies proved 

Tween 80 to be sensitive to intestinal digestion at the ester bond by both pancreatic lipase 

and Caco-2 cell homogenate, leading to liberation o f free fatty acid.

In a recent study (Odeberg et al., 2003), the bioavailability o f the lipophilic carotenoid, 

astaxanthin was determined in male subjects after administration in three different lipid- 

based vehicles. The bioavailability of astaxanthin was enhanced with all lipid vehicles 

tested compared to the reference formulation (containing algal meal and dextrin in a hard 

gelatin capsule). The highest bioavailability (3.7-fold increase compared to control) was 

observed with a formulation containing a high content of Tween 80 with glycerol mono- 

and dioleate. A similar formulation contained Span 80 in addition to Tween 80 but 

resulted in reduced bioavailability. It was hypothesised that this was due to a reduction in 

the Tween 80 content. While the lymphatic levels o f astaxanthin were not obtained in this 

study, the authors suggested that the increased bioavailability may have been mediated by 

enhanced lymphatic transport o f astaxanthin due to the presence o f Tween 80.

Effect o f lipid vehicles on triglyceride output

In all cases (with the exception of the 2%w/v Tween 80 system), administration of the lipid 

vehicles promoted triglyceride output. The resulting triglyceride rate profiles following 

administration of the lipid vehicles in this study are typical o f those reported for long chain 

fatty acids (Tso et al., 1982, Porsgaard et al., 1999; Porsgaard et al., 2000b, Martin et al., 

2000). In general, triglyceride output rate increased to a maximum 3-4 hours post

administration and thereafter decreased toward the basal transport level. The increase in 

triglyceride content o f the lymph was reflected by an increase in turbidity in the l>rnph
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samples. Porsgaard et al. (1999) showed that collection of lymph samples (in the rat 

model) for 8 hours after administration o f fat was sufficient to cover the major part o f the 

absorptive phase and that fatty acids transported from 15 to 24 hours after administration 

of fat were derived mainly from endogenous sources.

The administration of Tween 80 vehicles with and without DDT showed that while there 

was a general trend towards decreased triglyceride output in the presence o f DDT the 

differences compared to the DDT-free systems were not statistically significant (p > 0.05).

In vitro solubility o f DDT in lymph

In vitro studies using isolated lymph o f varying triglyceride content showed that the 

solubility o f DDT in lymph increased linearly with increasing triglyceride content. At a 

triglyceride level around 9mg/ml DDT solubility appeared to have reached a saturation 

point. This observation was consistent with Charman and Stella’s (1986b) hypothesis that 

the lymphatic transport o f DDT may eventually be limited by its solubility in the 

triglyceride core o f the chylomicron. Surprisingly, DDT solubility in lymph was quite 

high at the lower triglyceride levels (143.32 ± 13.6)ag/ml DDT at 1.88mg/ml triglyceride), 

but was not the case in vivo. The in vitro data was however, more predictive o f the in vivo 

situation for lymph o f higher triglyceride content. The in vitro results allow for a rough 

estimation of the level of DDT one can expect in lymph containing a specified amount of 

triglyceride.

Relationship between DDT transport and triglyceride turnover

Pocock and Vost (1974) have shown, using radiolabelled DDT, that DDT is transported in 

the lymph in the triglyceride core of the chylomicron. For lipophilic molecules such as 

DDT, the chylomicron is the major determinant o f lymphatic transport (Charman et al., 

1986a). This was evident from examination of the relationships between triglyceride 

output (chylomicron) and DDT lymphatic transport. For the mixed micelle and SEDDS, 

there was a good correlation between transport rates for DDT and triglyceride. The 

relationship between the two rates was less well defined for the Tween 80 series, where 

relatively lower correlation coefficients suggested that other factors might have influenced 

the lymphatic transport o f DDT. The rate of DDT lymphatic transport for the 4 and 

10%w/v Tween 80 systems peaked before the triglyceride rate did, hence the lower 

correlation coefficients.
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Estimates o f efficiency o f lymphatic transport for the different vehicles 

The use of DDT lymph solubility data in the present studies has proved a useful tool in 

assessing the levels of efficiency with which various lipid systems promote lymphatic 

transport. Drug loading values and estimates of percentage efficiency gave similar trends 

for the systems investigated. The Captex 355-based SEDDS resulted in drug-loading 

values four to five times higher than those of either simple (Tween 80) or mixed micellar 

systems. The percentage efficiency of the SEDDS was much higher than the other micellar 

formulations. This may be a result of higher vehicle drug loading for the SEDDS. It 

would appear from investigation here, that of the tested formulations, the SEDDS offered 

the greatest potential for enhancement of lymphatic transport. A similar estimate of 

efficiency of lymphatic transport from a lipid vehicle has been reported (Holm et al, 

2001a; Holm et al, 2001b; Holm et al, 2002). This group plotted the cumulative 

triglyceride from lymph against the cumulative amount of lymphatic transport of the 

compound in question. A comparison of slopes then gives an indication of efficiency of 

the vehicles examined.

8.5. Conclusions

Both micellar systems and SEDDS enhanced intestinal lymphatic transport of DDT. This 

enhancement can be attributed to promotion of lymphatic triglyceride output resulting from 

administration of these vehicles. The presence of DDT in the lipid vehicles did not alter 

lymphatic triglyceride output or lymph flow.

The non-ionic surfactant Tween 80, when administered at concentrations of 2-10%w/v was 

capable of promoting the lymphatic transport of DDT. Both lymphatic triglyceride output 

and DDT lymphatic transport increased linearly with Tween 80 concentration. This 

enhancement of transport was most likely mediated via promotion of chylomicron 

transport, although other factors may play a role.

Drug loading values and percentage efficiency estimations are two useful tools for 

assessing the lymphotropic properties of a lipid vehicle. Using these two indicators, it 

would appear that of the formulations investigated, SEDDS offered greater potential in 

terms of lymphatic transport enhancement of lipophilic drug molecules.
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9. Further intestinal lymphatic transport studies of DDT using SEDDS 

9.1. Introduction

Self-Emulsifying Drug Delivery Systems (SEDDS) are isotropic mixtures o f natural or 

synthetic oils, solid or liquid surfactants or alternatively, one or more hydrophilic solvents 

and co-solvents/surfactants (Wakerly ef a/., 1987; Craig, 1993). For lipophilic compounds 

that exhibit dissolution rate limited absorption, these systems may potentially offer an 

improvement in the rate and extent of absorption and result in more reproducible blood 

profiles following oral administration (Gursoy and Benita, 2004).

The efficiency of oral absorption of a drug from SEDDS depends on many formulation 

related parameters such as surfactant concentration, oil/surfactant ratios, droplet size and 

charge, all of which determine self-emulsification ability. Although enhanced lymphatic 

transport has been suggested as a potential mechanism o f enhanced bioavailability 

(Kommuru et a l, 2001), few studies have investigated the lymphotropic potential of 

SEDDS (O’Driscoll, 2002). It has been suggested that by promoting rapid absorption of a 

drug, the higher concentrations o f drug within the enterocyte may improve lymphatic drug 

transport by a concentration-partitioning phenomenon (Haus et al., 1998). In the previous 

chapter the potential advantages offered by SEDDS, in terms o f promoting the rate and 

extent of lymphatic transport of DDT were recognised. It was therefore desirable to 

further investigate the use of this type of drug delivery system for the enhancement of 

lymphatic transport of lipophilic molecules.

A number o f medium and long chain triglyceride-based SEDDS were formulated and 

characterised in Chapter 7. Excipients were chosen with consideration given to safety and 

promotion of lymphatic transport o f triglyceride (and thereby DDT). In the previous 

chapter, a series o f MCT-based SEDDS were evaluated in the mesenteric lymph duct- 

cannulated model and showed promise with regard to promoting intestinal lymphatic 

transport o f DDT. The effect o f a range of SEDDS on lymphatic transport o f DDT and 

triglycerides will be investigated in this chapter.
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9.2. Aims and objectives

The aims o f this chapter were as follows:

• To assess the effect o f administration of a range o f SEDDS on the rate and extent of 

DDT lymphatic transport and triglyceride output in the mesenteric lymph duct- 

cannulated rat model

• To investigate the relationship between rates o f DDT lymphatic transport and 

lymphatic triglyceride output after administration o f a range o f SEDDS

• To estimate the efficiency of DDT lymphatic transport from each SEDDS and to 

assess the influence o f lipid chain length on lymphatic transport

• To establish the relationship between dose o f DDT administered and rate and extent 

of intestinal lymphatic transport o f DDT and triglycerides

• To determine DDT blood levels after administration o f DDT in SEDDS

• To compare the distribution of DDT into blood versus lymph, in lymph-cannulated 

and nonlymph-cannulated rats
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9.3. Results

9.3.1. Intestinal lymphatic transport of DDT from a range of SEDDS

The intestinal lymphatic transport o f DDT after intraduodenal administration in a variety of 

SEDDS was investigated and results are given in the following sections.

9.3.1.1. Intestinal lymphatic transport o f DDT from SEDDS containing olive, peanut 

and Miglyol 812 oil

The intestinal lymphatic transport o f DDT from three SEDDS containing olive (long 

chain), peanut (long chain) and Miglylol 812 (medium chain) oil was studied, hi order to 

determine maximum DDT transport levels possible, all vehicles contained saturated doses 

of DDT. Administration o f saturated doses also keeps thermodynamic activity of 

formulations at equivalent levels (Charman and Stella, 1986a).

DDT lymphatic transport from the olive oil vehicle was highest, with 727.36 ± 65.25p,g 

being transported over the 8-hour period (Figure 9.1). 465.00 ± 102.41|ag DDT was 

transported from the Miglyol 812 SEDDS and only 270.26 ± 164.42|ng DDT was 

transported from the peanut oil SEDDS for the same period. Lymphatic transport from the 

olive oil vehicle was statistically higher than from the peanut and Miglyol 812 vehicles 

(Student’s t-test, p < 0.05), while there was no significant difference between transport 

from Miglyol 812 and peanut oil vehicles due to high variation in the peanut oil data.

Following administration o f the SEDDS, the DDT lymphatic transport rate for all three 

systems increased sharply to a maximum at 3 hours post-dosing. A decline in the transport 

rate was then observed (Figure 9.2). Peak transport rate for the olive SEDDS was almost 

4-fold higher than for the peanut SEDDS and 2-fold higher than the Miglyol 812 SEDDS.

The olive and peanut SEDDS are almost identical in composition apart from the oil phase, 

however cumulative transport o f DDT from the olive vehicle was over 2.5 times that of the 

peanut vehicle, while the peak transport rate was almost four times higher. Despite both 

formulations having similar compositions, there was a large difference in droplet sizes for 

the olive and peanut oil formulations, 28.4 ± 0.3nm for the olive SEDDS versus 126.5 ± 

0.7nm for the peanut. This highlights the highly specific and complex nature of 

microemulsion formation.
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Figure 9.1. Cumulative amount of DDT ( .̂g) in mesenteric lymph (Mean ± S.D., n > 

3) against time (hour), after intraduodenal administration in olive, peanut and 

Miglyol 812 oil-based SEDDS
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Figure 9.2. DDT transport (^g/ml) in mesenteric lymph (Mean ± S.D., n > 3) against 

time (hour), after intraduodenal administration in olive, peanut and Miglyol 812 oil- 

based SEDDS
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Miglyol 812 is a mixture o f medium chain (C8 and CIO) triglycerides (Product 

Information, Sasol). The fatty acid chain length of the administered lipid has been found 

to affect the lymphatic transport of lipophilic compounds. The general consensus is that 

long chain fatty acids promote lymphatic transport to a greater extent than medium chain 

fatty acids (Palin et al, 1982; Nankervis et a l,  1996; Caliph et al, 2000; Porter and 

Charman, 2001). The Miglyol 812 SEDDS contained an equal amount o f Maisine 35-1, 

which is a mixture o f mono-, di- and triglycerides of the long chain fatty acids linoleic acid 

(56%), oleic acid (29%) and palmitic acid (1.9%) obtained by partial hydrolysis of maize 

oil (Certificate o f Analysis, Gattefosse 2001). Maisine 35-1 was used in the formulation 

since its inclusion resulted in stable formulations with a small droplet size. Furthermore, 

the presence of long chain fatty acids gave it considerable lymphotropic potential. The 

Miglyol SEDDS was developed by Seeballuck (2004) and its effect on Caco-2 cell lipid 

metabolism and secretion was extensively investigated. While it did not enhance 

triglyceride secretion in the cells it was nevertheless investigated in the rat model, since in 

the previous chapter it was shown that the Captex 355 (MCT-based) formulations did 

enhance lymphatic transport o f DDT.

9.3.1.2. Intestinal lymphatic transport o f DDT from SEDDS containing soybean oil

A second series o f SEDDS containing increasing amounts o f soybean oil (a long chain 

triglyceride oil) and Maisine 35-1 was developed. Physical stability and particle size of the 

diluted formulations were considered when choosing the ratio of components (Section 

7.3.2). In addition to Cremophor EL, Tween 80 was also incorporated into the 

formulations for two reasons; firstly as a surfactant which will aid emulsification o f the oil 

droplets and solubilisation o f DDT and secondly because o f its ability to promote 

triglyceride output (Section 8.3.2).

Cumulative transport levels for DDT from the three soybean oil-based SEDDS are shown 

in Figure 9.3. Rank order for cumulative DDT transport was: 30% > 15% > 5%. The 30% 

soybean SEDDS gave significantly higher cumulative DDT transport compared to the 5% 

soybean vehicle (p < 0.05). Due to variation in the data, there was no significant difference 

in cumulative DDT transport between the 30 and 15% systems (p = 0.062) and no 

significant difference between the 5%> and 15%> formulations (p = 0.182).
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Figure 9.3. Cumulative DDT (^g) collected in mesenteric lymph (Mean ± S.D., n > 3) 

against time (hour), after intraduodenal administration in soybean oil-based SEDDS
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Figure 9.4. DDT transport (fig/ml) in mesenteric lymph (Mean ± S.D., n > 3), against 

time (hour), after intraduodenal administration in soybean oil-based SEDDS
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Figure 9.4 shows the rate of intestinal lymphatic transport of DDT for the soybean oil- 

based SEDDS. The peak rate for the 5% formulation (98.29 ± 56.3|xg/ml) occurred after 

2- 3 hours and was lower than the peak rate for the other two vehicles (251.21± 56.3 and 

364.33 ± 278.66|ig/ml for the 15 and 30% SEDDS respectively), which occurred after 3 

hours. The 30% soybean formulation appeared to maintain the peak transport rate over a 

two-hour period (3 and 4 hours), after which the rate declined.

9.3.1.3. Corn oil-based SEDDS (high and low dose DDT)

It was noted in the previous section that despite administration o f a lower DDT dose with 

the 30% soybean SEDDS, DDT lymphatic transport with respect to rate and extent was 

greater from this formulation compared to the 5 and 15% formulations. In order to 

investigate the effect o f DDT dose on lymphatic transport, a ‘high’ dose (saturated) and a 

‘low’ dose (approximately 50% saturation) o f DDT (8.56 and 3.59mg) were administered 

in a com oil-based SEDDS. Com oil contains a high content o f linoleic acid and has been 

shown to promote lymphatic transport o f the lipophilic carotenoid, lycopene (Clarke et al., 

2000). The com oil SEDDS contained 30%w/w com oil, 20%w/w Peceol, and 60%w/w 

Cremophor EL: Tween 80 (2:1). 30% com oil was the maximum amount of oil which 

could be incorporated without compromising the formulation’s stability and 

microemulsifying properties.

The extent o f DDT lymphatic transport upon administration of the two doses was similar 

with 1092.23 ± 392.10|ig DDT being cumulatively transported after 8 hours from the ‘low’ 

dose system and 905.90 ± 392.10|j.g from the ‘high’ dose system. These amounts were not 

statistically different (p > 0.05). The data was more variable at the lower dose level than 

the higher dose (Figure 9.5).

Maximum lymphatic transport rate from both low and high dose systems occurred 3 hours 

post-dosing, after which time the rate rapidly declined and remained at a constant low rate 

(<20[ig/ml) from 5 hours onwards (Figure 9.6). There was no significant difference in 

either extent or rate o f transport for the two DDT doses (p > 0.05).

A comparison o f the extent and rate o f DDT transport for all the SEDDS investigated is 

given in Table 9.1.
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Figure 9.5. Cumulative amount of DDT (^g) in mesenteric lymph (Mean ± S.D., n = 

3) against time (hour), after intraduodenal administration of a ‘high’ (8.59mg) and 

‘low’ (3.86mg) dose DDT in a corn oil-based SEDDS
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Figure 9.6. DDT transport (fxg/ml) in mesenteric lymph (Mean ± S.D., n > 3) against 

time (hour), after intraduodenal administration of a ‘high’ (8.59mg) and ‘low’ 

(3.56mg) dose DDT in corn oil-based SEDDS
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Table 9.1. A comparison of the extent and rate of DDT lymphatic transport after 

administration of a ‘high’ and ‘low’ dose in corn oil-based SEDDS

System

Excipients (mg) 

in 3ml dose

Particle

size

(Zave,

nm.

Mean ± 

S.D.)

DDT 

dose in 

3ml 

(mg. 

Mean ± 

S.D.)

Cum. DDT 

transported 

(^g) after 8 

hours 

(Mean ± 

S.D.)

Cum. % dose 

DDT

transported 

after 8 hours 

(Mean ± S.D.)

Max. DDT 

lymph 

concentratio 

n (^g/ml. 

Mean ± S.D.)

Olive 

(n = 3)

28.4 ±  

0.3

2.55 727.36 ±  

65.25

28.5 ±  

0.26

445.99 ±  

45.75 { 3 h f

Peanut 126.5 ± 2.92 ± 270.26± 10.28 ± 112.72 ±

(n = 5) 0.7 0.98 164.42 2.48 58.14 (3h)"

Miglyol 26.0 ± 2.28 ± 465.00 ± 20.39 ± 211.22 ±

Al 0.1 0.21 102.41 4.49 80.24 (3h)"

5% soybean 36.6 ± 7.4 ± 261.02 ± 3.53 ± 98.29 ±

( n > 5 ) 0.6 3.27 107.65 0.34 56.3 (2h)“

15% soybean 39.2 ± 6.0 ± 535.29± 8.89 ± 251.21 ±

(n = 4) 0.4 0.26 100.82 1.67 56.3 (3h)"

30% soybean 2 1 .0 ± 3.6 ± 820.05± 22.28 ± 364.33 ±

(n = 5) 1.1 0.36 263.74 7.17 278.66 (3h)"

Corn oil, ‘low’ 26.8 ± 3.86 ± 1092.23 ± 28.29 ± 676.18 ±

dose (n = 3) 0.1 0.12 392.10 10.16 83.93

Corn oil, ‘high’ 26.8 ± 8.59 ± 905.89 ± 10.55 ± 540.73 ±

dose (n = 3) 0.1 0.25 72.38 0.843 334.69

Corn oil, 

average of high 

and low dose 

(n = 6)

26.8 ±  

0.1

6.23 ± 

3.34

980.43 ± 

226.87

N/A 544.91 ± 

109.05

 ̂time at which maximum DDT concentration was observed
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9.3.2. Intestinal lymphatic transport of triglycerides following administration of 

SEDDS

9.3.2.1. Intestinal lymphatic transport o f triglycerides after administration of SEDDS 

containing olive, peanut and Miglyol 812 oil

As discussed in Section 8.3.2, the efficiency with which a formulation promotes lymphatic 

transport o f triglyceride plays a role in the partitioning o f absorbed drug into lymph. 

Cumulative lymph triglyceride levels after administration o f the olive, peanut and Miglyol 

812-based SEDDS are shown in Figure 9.7. Rank order for triglyceride output was: olive 

> Miglyol 812 > peanut (35.27 ± 0.83, 31.41 ± 2.91, 29.15 ± 6.14 and 29.15 ± 6.14mg 

cumulative triglyceride after 8 hours for the three formulations). The rank order for 

cumulative DDT transported was similar (Section 9.3.1). Cumulative lymph triglyceride 

levels resulting ft-om olive oil SEDDS tended to be higher than the peanut and Miglyol 812 

SEDDS. There was no significant difference in triglyceride levels resulting from 

administration o f the peanut and Miglyol SEDDS (p > 0.05). Despite the fact that the 

peanut and Miglyol 812 oil vehicles resulted in almost identical cumulative lymphatic 

triglyceride output, lymphatic transport o f DDT from the Miglyol 812 SEDDS was 1.7 

times higher than fi-om the peanut oil SEDDS. This observation may be a result o f the 

different excipients used in the two formulations or as a result of different droplet sizes of 

the formulations.
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Figure 9.7. Cumulative intestinal lymphatic triglyceride (mg) collected in mesenteric 

lymph (Mean ± S.D., n > 3) against time (hour), after intraduodenal administration of 

olive, peanut and Miglyol 812 oil-based SEDDS

The triglyceride transport kinetics following administration of the three SEDDS (olive, 

peanut and Miglyol) are shown in Figure 9.8. Triglyceride output after administration of 

the saline control is included for comparative purposes. As was seen for DDT transport 

(Figure 9.2), peak triglyceride transport rates occurred after 3 hours for all three 

formulations. Peak triglyceride transport rate for the olive SEDDS (14.39 ± 3.91mg/ml) 

was significantly higher than for the peanut (7.34 ± 1.939mg/ml) and Miglyol SEDDS 

(9.09 ± 1.57mg/ml) (p < 0.05). Following the 3-hour time point (peak output), triglyceride 

output from the olive SEDDS tended to be lower than that from the Miglyol and peanut 

SEDDS. Triglyceride output rate from the peanut SEDDS tended to be higher than the 

other two formulations from 5 hours onwards, thus this formulation achieved a more 

sustained output of triglyceride compared to the olive SEDDS.
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Figure 9.8. Triglyceride concentration (mg/ml) in mesenteric lymph (Mean ± S.D., n 

> 3) against time, after administration of olive, peanut and Miglyol oil-based SEDDS 

The saline control was included for comparative purposes.

93.2.2. Intestinal lymphatic transport of triglycerides after administration of SEDDS 

containing soybean oil 

Cumulative lymphatic triglyceride output after administration of the 5, 15 and 30%w/w 

soybean SEDDS is shown in Figure 9.9. Despite the increasing content of soybean oil, the 

cumulative triglyceride output resulting from the three systems was similar with 

cumulative transport (after 8 hours) of 37.87 ± 13.43mg for the 5% SEDDS, 36.29 ± 

10.20mg for the 15% SEDDS and 38.53 ± 5.59mg for the 30% SEDDS. This is in contrast 

to cumulative DDT lymphatic transport, which increased with increasing soybean content 

(Table 9.2). The lack of difference in triglyceride levels is most likely due to the fact that 

the amount of Cremophor EL and Tween 80 increased as the soybean oil content 

decreased, and since both of these excipients are capable of stimulating triglyceride output, 

the triglyceride output was similar for all formulations.
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Figure 9.9. Cumulative intestinal lymphatic triglyceride (mg) collected in mesenteric 

lymph (Mean ± S.D., n > 3) against time (hour), after intraduodenal administration of 

soybean oil-based SEDDS

Triglyceride transport kinetics for the 15% and 30% soybean SEDDS were similar, with 

peak lymph triglyceride output rates occurring at 3 hours, followed by a sharp decline and 

a levelling out from 5 hours onwards (similar to the saline control) (Figure 9.10). The 

triglyceride transport rate for the 5% soybean SEDDS remained almost constant at 

~8mg/ml between 2 to 5 hours, after which there was a slight decline, thus providing a 

sustained level of triglyceride output. This formulation had the highest proportion (90%) 

of Cremophor EL /Tween 80 (2:1) blend. In the previous chapter, peak triglyceride output 

after administration of the Tween 80 systems, occurred after 4 hours. Griffin (2001) also 

reported a peak triglyceride output rate occurring 4 hours post-administration of a 2% 

Cremophor EL system. The apparent sustained triglyceride output from the 5% soybean 

SEDDS may be therefore due to the high concentration of Cremophor EL and Tween 80, 

which must first be hydrolysed to ricinoleic acid and oleic acid respectively, before 

promoting lymph triglyceride output. Although soybean oil must also undergo hydrolysis 

before absorption, its rate of hydrolysis may be faster than that of Cremophor EL and 

Tween 80. Triglyceride lipases work at oil-water interfaces (Embleton and Pouton, 1997) 

and since surfactants are more water-soluble than triglycerides, they may not offer as
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favourable conditions for optimum activity of the lipase enzyme compared to the 

triglycerides.

E
■dJd
S
ao

u
BOu
oH
JSa
S

m 3

30 n

5% soybean 
15% soybean 
30% soybean 
saline

25 -

T T T " I

2 3 4 5

Time (hour)

Figure 9.10. Triglyceride concentration (mg/ml) in mesenteric lymph (Mean ± S.D., n 

> 3) against time (hour), after intraduodenal administration of soybean oil-based 

SEDDS

9.3.2.3. Intestinal lymphatic transport o f triglycerides after administration of corn oil- 

based SEDDS ( ‘high’ and ‘low’ dose DDT)

Cumulative lymphatic triglyceride levels for the ‘high’ dose DDT com oil-based SEDDS 

were higher than those of the io w ’ dose (40.88 ± 4.53 versus 34.31 ± 11.90mg for ‘high’ 

and ‘low’ dose respectively) but this difference was not statistically significant (p > 0.05). 

Variation in the ‘low’ dose triglyceride data was greater than in the ‘high’ dose data, as 

was also seen with the DDT levels (Figure 9.11). The lack of effect of DDT on 

triglyceride output is in agreement with the Tween 80 data reported in Section 8.3.4, where 

the presence of DDT in the Tween 80 systems, did not significantly alter triglyceride 

output.
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Figure 9.11. Cumulative intestinal lymphatic triglyceride (mg) collected in mesenteric 

lymph (Mean ± S.D., n > 3) against time (hour), after intraduodenal administration of 

‘high’ and ‘low’ dose DDT in a corn oil-based SEDDS
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Figure 9.12. Triglyceride concentration (mg/ml) in mesenteric lymph (Mean ± S.D., n 

> 3) against time (hour), after intraduodenal administration of ‘high’ and ‘low’ dose 

DDT in a corn oil-based SEDDS
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Lymphatic triglyceride transport rate profiles for the ‘high’ and ‘low’ dose DDT in the 

com oil-based SEDDS were similar, with both following the same trend. Peak transport 

rates for the ‘low’ dose were lower than the ‘high’ dose, but this difference was not 

statistically significant (p > 0.05). Peak transport rate occurred 3 hours post

administration, after which there was a decline in rate. Triglyceride levels appeared to be 

at baseline values after 8 hours.

A summary of triglyceride levels and hourly lymph flow rates for the various investigated 

SEDDS is given in Table 9.4. The 30% com oil (‘high’ dose) and 30% soybean oil vehicle 

tended to result in higher cumulative levels o f triglyceride, however due to different 

amounts of excipients present, it is difficult to accurately correlate the oil content with 

triglyceride output. All vehicles investigated promoted lymphatic triglyceride output 

compared to the saline control (p < 0.05).
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Table 9.4. Cumulative transport of triglyceride into the mesenteric lymph (mg) 

(Mean ± S.D., n > 3) and lymph flow (ml/h) (Mean ± S.E.) after 8 hours, as a function 

of lipid vehicle

Formulation Cumulative mass of triglyceride (mg) 

appearing in mesenteric lymph (mean 

± S.D.) ^

Cumulative

triglyceride

transport

(mg)®

Lymph 

flow 

(ml/h) 

(Mean ± 

S.E.)

0-2hr 0-4hr 0-6hr 0-8hr

Saline control 2.84 ± 

0.04

6.49 ± 

0.27

10.13±

0.59

14.93 ± 

1.61

N/A 0.55 ± 

0.08

Olive 5.09 ± 

1.25

23.96 ± 

2.94

30.63 ± 

0.4

35.27 ± 

0.83

20.34 ± 

2.44

0.83 ± 

0.25

Peanut 4.49 ± 

2.32

13.49 ± 

5.93

22.24 ± 

6.73

29.15 ± 

6.14

14.22 ± 

7.75

0.73 ± 

0.15

Miglyol 812 4.65 ± 

1.55

16.03 ± 

2.97

23.39 ± 

3.56

31.41 ± 

2.91

16.48 ± 

4.52

0.73 ± 

0.13

5% Soybean 6.69 ± 

3.74

18.35 ± 

7.99

29.94 ± 

10.12

37.87 ± 

13.43

22.94 ± 

15.04

0.89 ± 

0.15

15% Soybean 6.05 ± 

2.48

26.16 ± 

8.36

32.37 ±

11.37

36.29 ± 

10.20

21.36±

11.81

0.90 ± 

0.16

30% Soybean 4.71 ± 

2.45

24.28 ± 

6.41

34.30 ± 

5.71

38.53 ± 

5.59

23.60 ± 

7.20

0.79 ± 

0.12

Corn (‘low’ 

DDT dose)

9.42 ± 

3.31

26.87 ± 

10.68

31.43 ± 

10.69

34.31 ± 

11.90

19.38 ± 

13.51

0.72 ± 

0.11

Corn (‘high’ 

DDT dose)

11.14±

2.34

30.15 ±

4.15

36.94 ± 

3.90

40.88 ± 

4.33

25.95 ± 

5.94

0.74 ± 

0.10

Corn (‘high’ 

and ‘low’ dose 

DDT average)

10.28 ± 

2.73

28.51 ± 

7.47

34.19 ± 

7.81

37.60 ± 

8.78

22.67 ± 

10.39

0.72 ± 

0.10

Representing endogenous (saline control) and exogenous lipid 
® Attributable to exogenous lipid (i.e. exogenous -  endogenous)
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9.3.3. Effect of SEDDS on intestinal lymph flow rate

Lymph flow rate was unaffected by the SEDDS administered (Figure 9.13). After 

administration of each SEDDS, regardless of composition, flow rate appeared to drop after 

two hours and then quickly recover, as was also observed in Section 8.3.3. Findings by 

Holm et al. (2001b) suggest that formulations containing fatty acids with increasing double 

bonds enhance lymph flow, although this was not statistically significant. Since the 

vehicles examined here were more complex, it was difficult to attribute any effect on flow 

to one single vehicle component. Morgan (1964) suggested that fluctuating lymph flow, 

which resulted after administration of an oleic acid vehicle, was possibly due to an irritant 

effect of oleic acid on the gastrointestinal mucosa. Nankervis et al. (1995) found that 

lymph flow in animals dosed with isotretinoin in soybean oil was higher than when dosed 

with peanut oil.
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Figure 9.13. Mean mesenteric lymph flow (ml) against time (hour), after 

intraduodenal administration of SEDDS (error bars omitted for clarity)
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9.3.4. Relationship between DDT lymphatic transport and triglyceride turnover

Figure 9.14 shows the corresponding rates o f DDT lymphatic transport and triglyceride 

output for the long and medium chain triglyceride-based SEDDS investigated in this 

chapter. For the olive oil-based SEDDS, the trend in DDT transport rate closely followed 

the triglyceride rates. The similarity in trends was not as clear for the peanut oil and 

Miglyol 812-based SEDDS, where the rates o f DDT transport fell more quickly than 

triglyceride output rates. In the case of the 15% soybean SEDDS, DDT and triglyceride 

rates matched well. For the 5% soybean SEDDS, while the triglyceride output rate 

remained relatively high 2-5 hours post-initiation o f dose, the DDT transport rate dropped 

after the peak at 2 hours. The reverse was true for the 30% soybean SEDDS, where DDT 

transport rate declined at a slower rate than the triglyceride output rate. There was a closer 

matching of rates for the ‘high’ dose com oil formulation compared to the ‘low’ dose. In 

the case o f the lower DDT dose, the DDT transport rates peak more slowly than the 

corresponding triglyceride output rates. For both doses the fall off in rate o f DDT and 

triglyceride transport appeared to be similar.

The relationship between DDT lymphatic transport and lymph triglyceride output was 

illustrated by examining the relationship between the hourly transport of DDT ()ig/ml) and 

the corresponding hourly triglyceride transport (mg/ml) for each lipid vehicle (Figure 

9.15). With the exception of the 5% soybean SEDDS, the correlation coefficients (r^) for 

intestinal DDT transport rate ()ig/h) and triglyceride output (mg/ml) for all vehicles were in 

excess of 0.8, and even as high as 0.97 for the ‘high’ dose com oil SEDDS. This indicates 

that the lymphatic transport o f DDT was influenced to an extent, by the quantity of 

triglyceride (and therefore chylomicrons) secreted into the lymph following administration 

o f a lipid-based vehicle.
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Figure 9.14. Mesenteric lymph DDT levels (^.g/ml) (primary axes) and lymph 

triglyceride levels (mg/ml) (secondary axes), against time (hour) for the MCT- and 

LCT- based SEDDS (■ lymph DDT levels, ■ lymph triglyceride levels)
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Figure 9.15. Intestinal DDT transport rate (ng/ml) versus triglyceride output (mg/ml) 

in intestinal lymph after intraduodenal administration of DDT in the MCT- and 

LCT-based SEDDS
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9.3.5. Efficiency of DDT lymphatic transport from tlie different SEDDS

As in Section 8.3.6.1, estimates o f the efficiency o f lymphatic transport o f DDT for each of 

the vehicles studied were made using two methods. The first method used drug loading 

values ()ag DDT/mg TG in the lymph) and the second, % average efficiency o f lymphatic 

transport, based on the triglyceride levels obtained. Table 9.5 summarises the efficiency 

data for each o f the SEDDS investigated in this chapter. As was also observed in Chapter 

8, both estimates o f efficiency were in agreement and yielded similar trends for the range 

o f SEDDS studied. The ‘low’ dose com oil SEDDS gave the highest drug loading value 

(31.83)ig DDT/mg TG) and an average efficiency of transport o f 28.07 ± 22.85%. The 5% 

soybean SEDDS gave the lowest loading value (6.95) and lowest efficiency (7.01 ± 

5.46%). The high variation in the % percentage efficiency for each vehicle was due to the 

fact that efficiency o f DDT lymphatic transport was high when triglyceride levels were 

high and low when triglyceride levels were low.

Table 9.5. DDT loading, correlation coefficients and efficiency of DDT lymphatic 

transport for different lipid vehicles

Vehicle Mean loading (^g 

DDT/mg TG)^

Correlation

coefficient®

Efficiency of 

transport (%)^

Olive 20.62 0.98 30.20 ±22.65

Peanut 9.27 0.86 11.95 ±5.60

Miglylol 14.80 0.93 14.29 ± 10.91

5% soybean 6.95 0.72 7.01 ± 5.46

15% soybean 14.75 0.95 9.47 ±7.14

30% soybean 21.28 0.81 21.10± 15.04

Low dose DDT com 31.83 0.94 28.07 ±22.85

High dose DDT com 22.16 0.97 21.00± 15.12

Calculated by dividing the mean cumulative amount o f  DDT transported after 8 hours (ng) by the mean 
cumulative triglyceride transported after 8 hours (mg) i.e. slope
® Linear correlation coefficient when DDT transport (ng/ml) is plotted against TG transport (mg/ml) (as per 
Figure 9.15)

Calculated by comparing theoretical DDT levels, using equation from solubility studies (TG levels x 
66.678) + 87.501, to actual DDT levels and expressing as a percentage
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9.3.6. Comparison of DDT blood concentrations in lymph-cannulated and non 

lymph-cannulated rats

The effect o f  redistribution o f  DDT from lymph to blood and the contribution o f 

lym phatically transported DDT to overall bioavailability levels were investigated. Blood 

sampling led to a higher rat m ortality rate and therefore blood samples were only taken 

from selected vehicle groups. DDT blood concentration-time profiles (0-8h) in lymph- 

cannulated and nonlymph-cannulated rats, which had been administered the 5% and 15% 

soybean SEDDS are presented in Figure 9.16. Both 5% and 15% soybean SEDDS 

contained saturated doses o f  DDT. In lymph-drained animals, mesenteric lymph was 

collected (drained) and analysed separately, therefore DDT input to the blood was 

composed only o f transport from the portal blood. In the non-cannulated animals (no 

lymph drainage), blood levels reflect absorption directly into the portal blood and also 

indirectly via the lymphatics. If lymph transport constitutes a significant component o f  the 

total amount o f  drug reaching the systemic circulation, then differences in the areas under 

the blood concentration time curves o f  lymph-cannulated and nonlymph-cannulated rats 

should result.

From Figure 9.16a, it is evident that DDT blood levels in the cannulated and non- 

cannulated rats were similar for the 5% soybean SEDDS. For the 15% soybean SEDDS 

(Figure 9.16b), DDT blood levels were higher in the non-cannulated rats from 0-2 hours, 

but levels were similar thereafter, this was also reflected in the Cmax (Table 9.6). Some o f 

the pharmacokinetic parameters are presented in Table 9.6. In the case o f the 5%> soybean 

SEDDS data, the Cmax in the non-cannulated rats was higher than for the cannulated rats 

but not statistically different (p > 0.05), due to the high variation in the data. The overall 

AUCo-8h values were similar for both experimental groups. For the 15%> soybean SEDDS, 

the Cmax was higher and occurred earlier (1.5h) in the non-lymph cannulated rats 

compared to the cannulated rats, although again there was no statistical difference in these 

results (p > 0.05) due to high variation in the data.

The AUCo-8h values for both cannulated and nonlymph-cannulated groups were similar for 

both 5% and 15% soybean SEDDS. The AUC was higher for the 15%» SEDDS compared 

to the 5% SEDDS (Table 9.6). Because DDT transported in the lymph o f  cannulated rats 

was drained and could not redistribute itself into the blood, the AUC in these rats was
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expected to be lower than those in the nonlymph-cannulated rats (where DDT can 

redistribute from lymph into the blood). It does not appear as though this was the case for 

the data presented here,
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Figure 9.16. DDT blood concentration-time profiles in rats with mesenteric lymph 

duct intact or cannulated, following intraduodenal administration of DDT in (a) 5% 

soybean SEDDS and (b) 15% soybean SEDDS (n > 3)
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Table 9.6. Selected pharmacokinetic parameters (± S.D.) after intraduodenal 

administration of DDT in the 5% and 15% soybean SEDDS to rats with mesenteric 

lymph duct intact or cannulated

Experiment Cmax

(Hg/ml)

Tmax

(hour)

AUCo-8h 

(^g h ml'*)

5% soybean, lymph-cannulated 1.83 ±2.01 2 9.67 ±3.25

5% soybean, nonlymph- 

cannulated

2.56 ± 1.68 2 8.42 ± 0.99

15% soybean, lymph-cannulated 2.34 ±0.53 3 13.37 ±5.46

15% soybean, nonlymph- 

cannulated

5.32 ±6.42 1.5 14.69 ± 12.81

Using IV data from a study carried out by O ’Driscoll et al. (1991), estimates o f AUC o—<», 

clearance (CLr) and apparent biological half-life (ti/2) were obtained for a two- 

compartment model of DDT (Table 9.7) (Griffin, 2001).

Table 9.7. Estimated pharmacokinetic parameters for DDT following IV 

administration (to rats) of 5mg DDT in a soybean oil emulsion (Griffin, 2001)

Pharmacokinetic Estimated

parameter value

AUC o-*oo 84.105)1 ghml'*

C L r 59.5mlh'*

tl/2 5.1h

In lymph-cannulated animals total DDT availability was defined as the mass transported 

directly into the lymph plus the proportion of the dose absorbed via the blood into the 

systemic circulation (relative to an IV control), i.e. lymph + blood versus I.V. DDT 

bioavailability was also estimated in nonlymph-cannulated rats (i.e. lymph intact animals)
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using a standard IV/ oral (intraduodenal) bioavailability study design and by sampling only 

systemic blood. The oral (intraduodenal) bioavailability calculated in this way was 

compared with the total availability estimated from lymph plus blood data, in lymph- 

cannulated animals (Tables 9.8 and 9.9).

Table 9.8, Comparison of DDT bioavailability (Mean % dose ± S.D., n > 4), after 

intraduodenal administration of DDT in the 5% soybean SEDDS, in lymph- 

cannulated and nonlymph-cannulated rats

Experiment Lymph-cannulated Nonlymph-cannulated

rats rats

Lymphatic absorption 3.53 ±0.34 N/A

Blood availability® 7.77 ±2.66 6.76 ± 0.2

Total (lymph + blood) 
availability

11.30 ±3 .0 6.76 ± 0.2

1 ' "    ..

Cumulative mass of DDT recovered in mesenteric lymph over 8 hours, calculated as percentage of dose
® The percentage dose of DDT absorbed directly into the blood was calculated as [(AUCorai / Dorai)/ AUCfv 

/Div)] X 100

Table 9.9. Comparison of DDT bioavailability (Mean % dose ± S.D., n > 4), after 

intraduodenal administration of DDT in the 15% soybean SEDDS, in lymph- 

cannulated and non-lymph cannulated rats

Experiment Lymph-cannulated Nonlymph-cannulated

rats rats

Lymphatic absorption^ 8.89 ± 1.67 N/A

Blood availability® 13.20 ±5.39 14.51 ± 12.65

Total (lymph + blood) 22.09 ± 7.06 14.51 ± 12.65
availability
Cumulative mass of DDT recovered in mesenteric lymph over 8 hours, calculated as percentage of dose 

® The percentage dose of DDT absorbed directly into the blood was calculated as [(AUCorai I Dorai)/ AUCp/ 
/Div)] X 100
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From Tables 9.8 and 9.9, it is evident that DDT levels were underestimated by 

approximately 35% in the nonlymph-cannulated rats. This observation was also made by 

O’Driscoll et al. (1991) and Griffin (2001). The lack of mass balance between lymph- 

cannulated and nonlymph-cannulated rats was not however statistically significant due to 

the variation in the data (p > 0.05). Caliph et al. (2000) performed similar comparative 

experiments for halofantrine and reported a statistically significant lack of mass balance.

9.3.7. Comparison of DDT blood levels in nonlymph-cannulated rats

In order to determine if different lipid vehicles affected DDT blood levels, blood was taken 

from non-cannulated rats which had been intraduodenally administered DDT in a selection 

of vehicles. DDT was administered in a cyclodextrin formulation, to compare blood levels 

from lipid-based vehicles to those after administration of non lipid-based vehicles. Figure 

9.17 shows DDT levels in blood for the different formulations after administration to 

nonlymph-cannulated rats. Unlike lymph levels, there was no clear trend for blood DDT 

levels, with levels remaining relatively constant throughout the 8-hour experiment 

regardless of the vehicle administered. Selected pharmacokinetic parameters for each 

formulation are presented in Table 9.10.

Cyclodextrin 

Miglyol 

5% Soybean 

15% Soybean 

Peanut

12  -

— X -

6 80 2 3 4 5 7

Time (hour)

Figure 9.17. Blood DDT concentration (jig/ml) (Mean ± S.D., n > 3) against time 

(hour), after intraduodenal administration of saturated DDT doses in a range of lipid 

and non-lipid based vehicles, to nonlymph-cannulated rats
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Table 9.10, Selected pharmacokinetic parameters (± S.D.) after intraduodenal 

administration of DDT in various formulations, to nonlymph-cannulated rats

Experiment Cmax (ng/ml) T max AUCo-8h

(Mean ± S.D.) (hour) (^g h ml'*)

Cyclodextrin 3.62 ± 0.93 2 23.82 ± 10.89

Miglyol 3.21 ± 1.47 4 13.06 ±6.66

5% soybean 2.56 ± 1.68 2 8.42 ± 0.99

15% soybean 5.32 ± 6.42 1.5 14.69 ± 12.81

Peanut 1.50 ±0.75 4 7.91 ±7.10

Due to the large variation in the data it was difficult to draw any definite conclusions 

regarding the effect of formulation on DDT blood levels in nonlymph-cannulated rats. This 

may be a result of assay sensitivity, since the levels detected were close to the limit of 

quantitation for this assay. The non-lipid cyclodextrin vehicle resulted in the highest 

AUCo-8h value, although this was not statistically significant (p > 0.05). Rank order for 

AUCo-8h was: cyclodextrin > 15% soybean > Miglyol > 5% soybean > peanut. While rank 

order for cumulative DDT transported in lymph was: 15% soybean > Miglyol > peanut > 

5% soybean »  cyclodextrin (Chapter 8). DDT blood levels were much lower than the 

lymph levels, in the case of the lipid vehicles, but were slightly higher in the case o f the 

cyclodextrin vehicle. It would not appear, from the data presented here, that there was 

significant redistribution of DDT fi-om the lymph to the blood compartment.
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9,4. Discussion

To date the majority of lymphatic transport studies have examined the lymphatic transport 

o f lipophilic compounds from simple lipid solutions o f either free fatty acids or 

triglycerides. While these studies have proved useftil in elucidating some of the 

mechanisms involved in lymphatic transport, they are not very representative of market 

formulations which are unlikely to be so simple. With increasing interest in the use o f self- 

emulsifying delivery systems (SEDDS) for bioavailability enhancement o f poorly soluble 

drugs, it would be useful to gain frirther knowledge regarding the effect of these 

formulations on the rate and extent of lymphatic transport.

Effect o f  olive, peanut and Miglyol 812 oil-based SEDDS on lymphatic transport o f  DDT  

and triglyceride

Since long chain triglycerides (and fatty acids) promote lymphatic transport o f certain 

lipophilic compounds to a greater extent than medium chain triglycerides (Palin et at., 

1982, Caliph et al., 2000), it was anticipated that the peanut (long chain triglyceride) oil 

SEDDS would result in a greater extent of DDT lymphatic transport than the Miglyol 

(medium chain) SEDDS. This was not however the case, as the Miglyol SEDDS resulted 

in DDT lymphatic transport almost twice (20.39 ± 4.49%) that o f the peanut SEDDS 

(10.28 ± 2.48%). While cumulative triglyceride levels upon administration of the two 

formulations were not significantly different (p > 0.05), the rate profiles showed that peak 

triglyceride output rate for the Miglyol SEDDS was higher than that for the peanut 

SEDDS. The two indices of efficiency- loading value and % efficiency, both revealed the 

Miglyol formulation to be superior to the peanut with respect to enhancing lymphatic 

transport. Caution should be used in interpreting these results and attributing differences 

solely to triglyceride chain length however, as the two formulations contained different 

surfactant excipients.

Lymphatic transport of DDT from lipid solutions o f peanut and Miglyol oil has been 

previously studied in the lymph-cannulated rat (Palin et al., 1982; Noguchi et al., 1985b; 

Charman et al., 1986a; Charman et al., 1986b). Palin et al. (1982) examined the lymphatic 

transport o f DDT (approximate dose o f 30mg) following administration in peanut oil and 

Miglyol 812 oil. Thoracic lymph levels were approximately four times higher in the 

peanut oil rats compared to the Miglyol. Peak DDT levels in the lymph occurred 2.5 hours
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after administration of the dose and were approximately 180)ig/ml for the peanut oil and 

50|ig/ml for the Miglyol. In the current study peak levels occurred 3 hours post

administration and were 112.72 ± 58.14|ag/ml for peanut SEDDS and 211.22 ± 80.24|ag/ml 

for the Miglyol SEDDS. The presence of Cremophor EL and Maisine 35-1 in the Miglyol 

formulation is likely to have influenced peak DDT levels. It is difficult to explain the 

difference in DDT lymphatic transport from the peanut and Miglyol formulations, given 

that they both promote triglyceride output to the same extent. The influence of the 

excipients used should also be considered and since the compositions of the two 

formulations differ it is difficult to draw any definite conclusions as to the role of the 

excipients used. The droplet size of the peanut SEDDS was considerably larger (5 times) 

than that of the Miglyol SEDDS and this may have influenced DDT transport.

Both peanut and olive oil SEDDS had the same composition differing only in oil phase. 

Despite this similarity in composition, there was a 4-fold difference in particle sizes of the 

two SEDDS, 28.4 ± 0.3nm for olive and 126.5 ± 0.7nm for peanut, and also in the resulting 

lymphatic transport (transport from the olive formulation was approximately 4-fold higher 

than from peanut). This difference in particle size may have played a role in the enhanced 

lymphatic transport of DDT from the olive vehicle. The smaller particle size presents an 

increased surface area available for digestion of the lipids and for absorption of DDT. 

Peanut and olive oil are both long chain triglyceride oils. Olive oil typically contains 77% 

oleic acid and approximately 8% linoleic, while peanut oil typically contains 56% oleic 

acid and 26% linoleic acid (Sigma Technical Services, 2004). Given that both SEDDS 

contain long chain triglycerides, which are known to promote triglyceride output 

(Porsgaard and Hoy, 2000b), it was surprising that there is a large difference in the rate and 

extent of lymphatic transport of both DDT and triglyceride. Triglyceride levels after 

administration of the olive SEDDS were significantly higher (with respect to both rate and 

extent) than those resulting from the peanut SEDDS. The rate profiles (triglyceride and 

DDT) for the olive SEDDS perfectly correlated. In contrast, the rate of DDT lymphatic 

transport from the peanut SEDDS fell quickly after peaking, while the triglyceride levels 

remained relatively high.

Charman et al. (1986a and 1986b) investigated the lymphatic transport of DDT following 

administration in peanut oil using the same rat model. Upon intraduodenal administration 

of 2mg DDT, approximately 18% (~360|ig) of the dose was recovered in the lymph after 8
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hours. The route o f administration (peroral or intraduodenal) did not affect the extent of 

transport. Despite administration of a higher DDT dose in the present study, the extent of 

lymphatic transport of DDT from the peanut SEDDS was significantly lower. 

Furthermore, the SEDDS was expected to produce lower particle size upon dispersion 

compared to a simple oil solution. One can only assume that there was some interaction 

between peanut oil and one or both o f the excipients present in the formulation, which 

acted to impede lymphatic transport o f DDT and triglyceride. Whether this effect occurred 

pre-absorptively or within the enterocyte is unclear and requires further investigation. 

Thus, while the incorporation of olive oil and Miglyol 812 into a SEDDS formulation was 

advantageous with respect to enhancing the lymphatic transport o f DDT, these benefits 

were not extended to peanut oil.

Effect o f  soybean oil-based SEDDS on lymphatic transport o f  DDT and triglyceride

The effect o f increasing oil content on lymphatic transport was investigated using SEDDS 

containing 5, 15 and 30%w/w soybean oil. In order to maintain self-emulsification 

properties, the proportion of non-ionic surfactant blend (Cremophor EL and Tween 80) 

was increased in the SEDDS containing the lower amounts o f oil. The Maisine 35-1

content matched the soybean oil content in all three formulations. Alterations in the

soybean oil content did not significantly change cumulative triglyceride levels but the 

triglyceride rate profiles for the three formulations did vary. The 5% formulations resulted 

in a broader peak in triglyceride levels producing a more sustained effect on triglyceride 

secretion. The 15 and 30% formulations gave higher and sharper peaks in triglyceride rate 

output at 3 hours, after which time the rate decreased and remained relatively constant 

from 5 hours onward.

The rate and extent o f DDT lymphatic transport was more sensitive to changes in the

soybean oil content o f the SEDDS than triglyceride output was. Cumulative DDT

lymphatic transport increased from 261.02 ± 107.65|ig for the 5% soybean system, to 

535.29 ± 100.82|ig for 15% and 820.05 ± 263.74}ig for the 30% soybean oil systems. The 

drug loading value and % efficiency also increased with increasing oil content. When both 

rates of transport (DDT and triglyceride) were examined together an interesting trend 

emerged- in the 5% system the DDT rate o f transport fell earlier and more quickly than 

that of triglyceride, while both rates correlated well in the 15% system. In the 30%> 

soybean system, the DDT transport rate was maintained at a peak over two hours while
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triglyceride rate fell. Since cumulative triglyceride levels were similar for all three 

soybean formulations and DDT transport differed, it is possible that an increased 

concentration o f oil (as opposed to surfactant and excipients) favours partitioning of the 

DDT molecule into the triglyceride core o f the chylomicron. This is an area which 

requires further exploration in order to explain this phenomenon.

Lymphatic transport of DDT from soybean oil emulsions has been previously reported 

(O’Driscoll et a i,  1991 and Myers and Stella, 1991). Administration of lOmg DDT in a 

crude 10% soybean emulsion (particle diameter 0.2-0.4|am) resulted in approximately 

17.5% (cumulative DDT of approximately 1750|ag) o f the dose being transported in the 

lymph over 8 hours (O’Driscoll et a l, 1991). This represents a greater extent of lymphatic 

transport of DDT from the crude emulsion compared to the soybean SEDDS in the current 

study. Peak DDT lymphatic transport rate from the crude soybean emulsion 

(approximately 440 ± 370|ig/ml) was similar to that obtained with the 30% soybean 

SEDDS investigated here (364 ± 278.66|ig/ml). Again due caution should be taken when 

interpreting these results since different excipients and soybean concentrations were used 

in the two studies. Using the same model and soybean emulsion to that used by O’Driscoll 

et al. (1991), Myers and Stella (1991) administered a 2.5mg dose of DDT and found that 

approximately 15% (375|ig) of the DDT dose was lymphatically transported. It is difficult 

to ascertain if the observed differences in lymphatic transport can be attributed to 

differences in the formulation (emulsion versus SEDDS), or whether there was a dose 

related effect (Figure 9.18). It should be noted, that in the case of the soybean SEDDS 

series, increasing the dose did not increase the cumulative amount o f DDT transported 

(Table 9.2).

Effect o f  DDT dose on lymphatic transport o f  triglyceride and DDT from a corn oil- 

based SEDDS

The effect o f DDT dose on lymphatic transport o f DDT and triglyceride was examined in 

Section 9.3.2.3. Despite a 2-fold difference in the DDT dose administered in a com oil- 

based SEDDS; there was no significant difference in either the rate or the extent of DDT 

lymphatic transport (p > 0.05). These results suggest that at a certain dose, for a given 

vehicle, Ijmiphatic transport o f DDT becomes saturated and no benefit is derived from 

increasing the dose. This suggestion is consistent with in vitro solubility data of DDT in 

lymph of differing triglyceride levels (Section 8.3.5). Noguchi et al. (1975) examined the
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intestinal lymphatic transport of different doses o f Sudan Blue dye. When 0.8mg was 

administered the fraction o f lymphatic transport was smaller than when 0.2mg was 

administered, which is in agreement with the findings presented here. Administration of 

different doses o f DDT in the present studies did not affect triglyceride output. Since the 

presence of DDT does not appreciably alter triglyceride output (Section 8.3.4), this result 

was anticipated. In Figure 9.18 the lymphatic transport of DDT from soybean vehicles 

appeared to increase with increasing DDT dose, however the data used comes from two 

different vehicles and research groups and only three points are available for plotting. 

Further studies using the same vehicle and an expanded range o f doses would be required 

to draw any definite conclusions regarding the effect o f DDT dose on its lymphatic 

transport.
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Figure 9.18. Relationship between dose of DDT administered (mg) and DDT 

lymphatic transport for the soybean oil based lipid vehicles based on data from 

Myers and Stella (1992), the 30% soybean oil SEDDS (Section 9.3.2) and O’Driscoll et 

aL (1991)

Efficiency o f lymphatic transport

Using drug loading and efficiency values from the correlation graphs, the com and olive 

oil SEDDS appeared to be the best formulations in terms of enhancing DDT intestinal 

lymphatic transport. Once again these findings were complicated by the fact that different 

systems had different excipients and oil concentrations. This made it difficult to determine 

whether or not there was a real difference between certain formulations. Com and olive oil

y =  I9 7 .7 7 X -22.65
R- = 0.9823
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differ in their fatty acid composition. Olive oil contains mainly oleic acid (77%) with 

around 8 % linoleic acid, while com oil contains mainly linoleic acid (57%) and only 26% 

oleic acid (Sigma Aldrich, Technical Services, 2004; Porsgaard and Hoy, 2000b). Studies 

here would suggest that the higher linoleic acid content in com oil might be responsible for 

the enhanced lymphatic transport; however fiirther work would be required to confirm this.

Holm et al. (2001a) compared the lymphatic transport o f halofantrine when administered 

in fatty acid dispersions containing oleic (Cig: i), linoleic (Cig; 2 ) and linolenic acid (Cig; 3 ). 

The rank order o f  lymphatic transport o f  halofantrine was Cig:2 > C i8 :i> Cig:3 , although 

there was no statistically significant difference between the three. The same trend was 

evident when lymphatic triglyceride output was assessed. Efficiency o f halofantrine 

lymphatic transport was determined by comparing the slopes o f the lines when cumulative 

triglyceride was plotted against cumulative halofantrine transported (i.e. similar to dmg 

loading value calculated here). Linoleic acid was more efficient than oleic and linolenic 

acid. Holm et al. (2001b) observed the same trends when the study was carried out using 

conscious rats dosed with the triglyceride equivalents. In contrast to these findings, Clark 

et al. (2 0 0 0 ) found that the lymphatic transport o f the carotenoids astaxanthin and lycopene 

was higher after intraduodenal administration in a mixed micellar solution containing olive 

oil than in one containing com  oil. Porsgaard and Hoy (2000a) examined lymphatic 

transport o f a-tocopherol from different unsaturated oils and found that there was no clear 

dependence o f  the efficiency o f  lymphatic transport on the degree o f unsaturation o f the 

lipids.

Comparison o f DDT blood concentrations in lymph cannulated and non-lymph 

cannulated rats

W hen DDT blood levels were examined in lymph-carmulated and nonlymph-cannulated 

rats, the blood levels appeared to be marginally lower in the cannulated rats suggesting that 

the DDT transported into the lymph contributed to the blood levels in the non-cannulated 

rats. The extent o f  DDT availability (blood plus lymph) estimated in lymph carmulated 

animals was higher than that predicted from bioavailability estimates in nonlymph- 

cannulated animals (i.e. blood data alone). This lack o f  mass balance o f  DDT was 

previously observed by O ’Driscoll et al. (1991) and Griffin (2001).
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Other discrepancies have been reported in the extent of absorption o f a lipophiUc hpid 

regulator (CI-976) when assessed in lymph-cannulated and nonlymph-cannulated rats 

(Haus et a l, 1994). Increased lymphatic transport of the drug did not result in a 

proportionate increase in drug plasma level. The authors found increased deposition levels 

of the drug in adipose tissue and proposed that drug delivery to the systemic circulation in 

association with lymph lipoproteins led to altered systemic clearance o f the drug and rapid 

partitioning to adipose tissue.

Caliph et al. (2000) reported a significant lack o f mass balance between availability and 

bioavailability values o f halofantrine when administered in lipid vehicles to conscious rats. 

After administration of halofantrine in a LCT-based formulation, the plasma AUC of 

halofantrine in nonlymph-cannulated rats was significantly greater than that in lymph- 

cannulated rats. This demonstrated the importance of lymphatic transport in contributing 

to systemic plasma levels o f halofantrine after administration in that vehicle. In 

comparison, halofantrine plasma profiles fi'om cannulated and non-cannulated animals 

were not significantly different after administration in either short chain triglyceride or 

lipid-free formulations, reflecting the lack of lymphatic transport in animals dosed with 

these formulations. Furthermore, halofantrine bioavailability assessed in nonlymph- 

cannulated animals was lower than the extent o f total availability measured in lymph- 

cannulated animals (estimated as percent appearing in the intestinal lymph plus percent 

transported in the blood). The authors here proposed that drug entering the systemic 

circulation via the lymph (in association with lymph chylomicrons) may be more rapidly 

cleared than drug entering via the portal blood, thus leading to a lower plasma AUC in the 

non-lymph cannulated animals. The systemic availability was the same in both models 

(cannulated and non-cannulated) when the extent o f lymphatic transport was low, 

indicating that the discrepancies between the two data sets reflect a lymph specific 

mechanism and not a simple methodological difference.

In another study using structured triglyceride vehicles, Holm et al. (2002) investigated the 

lymphatic transport and systemic absorption o f halofantrine, and also found that 

halofantrine plasma levels were lower in lymph-cannulated animals compared to the non- 

cannulated animals. The above findings highlight the importance of including both 

cannulated and non-lymph carmulated groups in pharmacokinetic and toxicological studies.
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Comparison o f DDT blood levels in non-lymph cannulated rats

DDT blood levels obtained in nonlymph-cannulated rats were similar to those obtained 

previously (Palin e/a/., 1982; O’Driscoll e? a/., 1991; Griffin, 2001). Due to high variation 

in the data it was difficult to establish statistical differences between the different vehicles. 

This was in contrast to the lymph data, where there was a clear difference in lymph levels 

for the different vehicles. For example, lymphatic transport from the cyclodextrin vehicle 

was lower than that from the lipid vehicles, but there was little difference in blood levels. 

This observation is consistent with a report by Karpf et al. (2004). This group found 

significant differences in the lymphatic transport o f halofantrine from three different lipid- 

based vehicles (Cremophor emulsion, lecithin emulsion and a TG solution), however no 

difference was found in the plasma bioavailability of the three formulations. In contrast, 

Palin et al. (1982) found the total absorption o f DDT from peanut oil was significantly 

greater than that from Miglyol 812. In another study, the rank order for halofantrine 

availability in nonlymph-cannulated conscious rats was: MCT > LCT > SCT > non-lipid 

formulation (Caliph et al., 2000).

9.4. Conclusions

SEDDS based on long and medium chain triglyceride oils promoted the lymphatic 

transport of DDT. The results suggest that this promotion of DDT lymphatic transport 

occurs via an enhancement of triglyceride (chylomicron) output to the mesenteric lymph. 

Both the nature of the oil phase and the excipients were important factors to consider in the 

design o f the lymphotropic vehicles. SEDDS containing higher amounts o f oil phase 

enhanced lymphatic transport to a greater degree compared to similar formulations 

containing lower amounts of oil. It would appear that the kinetics o f triglyceride transport 

and not just the extent of triglyceride output are important factors with respect to 

enhancement of lymphatic transport. It would also appear that the lymphatic transport of 

DDT is a saturable process and increasing the dose administered may not always result in 

higher lymph DDT levels.

Lymphatic transport contributes to the overall availability o f DDT and analysis o f blood 

levels alone does not fully reflect the availability o f DDT from the SEDDS. Following 

intraduodenal administration o f SEDDS no clear blood profile trend was observed but this 

was possibly due to the larger variation in the blood data.
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10. Intestinal lymphatic transport of cvclosporine A 

10.1. Introduction

Cyclosporine A (CsA), a cyclic polypeptide of fungal origin, is a potent 

immunosuppressive agent used in organ transplantation and autoimmune diseases (Mueller 

et al., 1994). Cyclosporine is extremely lipophilic (log P  ~3) and virtually water-insoluble 

(less than 10)ig/ml) (Ueda et al., 1983). It has a very selective inhibitory effect on T 

lymphocytes, suppressing the early cellular response to antigenic and regulatory stimuli 

(Diasio and LoBuglio, 1996). As lymphocytes circulate through the lymph and the 

lymphatic system, it has been postulated that concentration of cyclosporine in the lymph is 

most likely a determinate o f therapeutic efficacy (Ueda et a l, 1983b; Takada et al., 1986a).

Throughout the 1980’s a number o f papers concerning the lymphatic transport of 

cyclosporine were published. These transport studies were conducted in rats and used the 

thoracic duct-cannulated model, which is known to overestimate lymphatic transport of 

drug molecules. Lymphatic transport o f cyclosporine was studied using mixed micelles 

and simple oil solutions and in general, lymphatic transport was less than 1% of the 

administered dose (Ueda et al., 1983b; Takada et al., 1985; Takada et al., 1986a; Takada et 

al., 1986b; Takada et al., 1988; Yanagawa et al., 1989; Katayama et al., 1994), although in 

some cases the concentration o f cyclosporine in the lymph was 25 times higher than that in 

the blood (Takada et a l, 1985; Takada et al., 1986).

A major finding of the earlier studies was the increased lymphatic transport of 

cyclosporine in the apparent absence of enhanced chylomicron-based transport. For 

example, Takada et al. (1986a) compared the lymphatic transport of cyclosporine in 

thoracic duct-cannulated rats, fi'om different orally administered formulations. After a 6- 

hour period rank order for cumulative lymphatic transport of cyclosporine was: HCO-60 

(hydrogenated castor oil) solution > sugar ester solution (non-lipid) > mixed micelle 

solution > sesame oil > linoleic acid. In a follow up study, the authors found that pre

administration of milk (which should stimulate chylomicron formation) did not influence 

lymphatic transport compared with rats which were pre-administered with saline (Takada 

et al., 1986b). It has been suggested that the mechanisms of promotion of the lymphatic 

bioavailability of cyclosporine appear to occur through pathways, which are not primarily 

dependent upon chylomicron formation (Charman, 1992).

230



Chapter 10- Intestinal lymphatic transport o f  cyclosporine A

Despite the emergence o f two commercially available lipid-based cyclosporine 

formulations (Sandimmun® and Neoral®), there have been no further reports regarding 

the lymphatic transport o f cyclosporine from lipid-based formulations. It is desirable 

therefore to firstly investigate the lymphatic transport o f cyclosporine in the mesenteric 

lymph duct cannulated model using the standardised animal model procedures (with 

respect to fasting, timing of drug administration etc.), and secondly to investigate the 

lymphatic transport o f cyclosporine from the commercial product Neoral® and other lipid- 

based microemulsions. It would also be o f interest to formally investigate the relationship 

between lymphatic triglyceride output and lymphatic transport o f cyclosporine, since 

earlier reports suggest it may not be crucial for its lymphatic transport.

10.2. Aims and objectives

The aims and objectives o f this chapter were as follows:

• To investigate the intestinal lymphatic transport o f cyclosporine fi'om the 

commercial microemulsion formulation, Neoral®, in the rat model, using a 

radiolabel assay for cyclosporine and to compare this to the results obtained after 

HPLC analysis

• To develop and validate a HPLC assay for the determination of cyclosporine in 

lymph

• To examine the rate and extent of intestinal lymphatic transport o f cyclosporine 

from various microemulsion formulations using the mesenteric lymph duct- 

carmulated rat model

• To study the effect o f cyclosporine dose on intestinal lymphatic transport

• To determine the rate and extent of lymphatic triglyceride output following 

administration of different cyclosporine formulations

• To investigate the relationship (if any) between lymphatic transport o f cyclosporine 

and intestinal lymphatic triglyceride output

• To assess the effect o f different cyclosporine doses on the rate and extent of 

lymphatic triglyceride output

• To look at cyclosporine blood levels following administration of selected 

formulations
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10.3. Results

10.3.1. Estimation of intestinal lymphatic transport of cyclosporine using a 

cyclosporine radiolabel

Most o f the reports to date regarding the lymphatic transport of cyclosporine employed the 

thoracic duct-cannulated rat model, which tends to overestimate intestinal lymphatic 

transport since it collects lymph from other regions o f the body besides the intestines. In 

these studies, transport was typically studied over longer periods o f time (e.g. 114 hours) 

(Ueda et al., 1983a; Takada et al., 1985; Takada et al., 1986; Takada et al., 1988; 

Yanagawa et al., 1989; Katayama et al., 1994). While the amounts o f cyclosporine 

lymphatically transported were found to be variable, they were all consistently low 

(typically less than 2% of the total dose). Based on these previous reports, the expected 

cyclosporine lymph concentrations could be low, making the HPLC assay sensitivity an 

important consideration. It was decided therefore, that prior to embarking on the lengthy 

and work intensive process o f both developing and validating a HPLC assay for the 

determination of cyclosporine in lymph and performing the intestinal lymphatic transport 

studies in the rat, an estimate of lymph cyclosporine concentrations in the current animal 

model should be obtained using a cyclosporine radiolabel.

An estimate of the lymphatic transport o f cyclosporine was obtained by adding a trace 

amount (4|il/ml fonnulation) of cyclosporine radiolabel {{mebmt-^-^ H] cyclosporine A, 

ImCi/ml, 9Ci/mmol), to a 1:50 aqueous dilution o f the commercial formulation, Neoral® 

(lOOmg capsules were used). Neoral® contains a com oil blend, ethanol, polyoxyl-40- 

hydrogenated castor oil, DL-a-tocopherol, glycerol and propylene glycol (the exact 

quantities of each were not available). 3ml volumes o f 1:50 dilutions were intraduodenally 

administered to each animal, as in the DDT studies. This meant that a dose o f 6mg was 

given to each rat, or an approximate dose of 19.8mg/kg (average weight o f rat being 300g). 

This compares well to the initiation dose o f cyclosporine used in transplant patients; 10- 

15mg/kg followed by maintenance o f 2-6mg/kg daily (British National Formulary 43, 

2004). The animal studies were conducted in the usual manner (as described in Section 

6.5.1) and the content of radiolabel recovered in the lymph was determined as per Section

6.8.3. The cumulative % of the administered radiolabel recovered in the lymph is 

presented in Figure 10.1.
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Figure 10.1. Cumulative % of administered radiolabel (Mean ± S.D., n = 3) 

recovered in mesenteric lymph against time (hour), after intraduodenal 

administration of a 1:50 aqueous dilution of Neoral® containing trace amounts of 

radiolabelled cyclosporine

After the 8-hour experimental period, 2.11 ± 0.31% of the cyclosporine radiolabel was 

recovered in the mesenteric lymph. Figure 10.2 shows the rate of intestinal lymphatic 

transport of the cyclosporine radiolabel. Firstly, there is a high level of variation 

associated with the rate of lymphatic transport of the radiolabel, secondly the rate appears 

to increase up to 5 hours, after which it decreases somewhat, but then it increases fiarther to 

a second peak at the 8-hour time point. This profile trend is in contrast to that observed 

after administration of DDT in lipid vehicles (Chapters 8 and 9), where only one peak in 

rate occurred and this occurred 3-4 hours post-dosing.
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Figure 10.2. % cyclosporine radiolabel (Mean ± S.D., n = 3) recovered in the

mesenteric lymph against time (hour), after intraduodenal administration of a 1:50 

aqueous dilution of Neoral® containing trace amounts of radiolabelled cyclosporine

From these initial studies using the cyclosporine radiolabel, it would appear that the 

lymphatic transport o f cyclosporine from Neoral® over an 8-hour period, in the mesenteric 

lymph duct-cannulated model is significant and warrants fixrther investigation. The use of 

a cyclosporine radiolabel allows for fast and simple determination o f cyclosporine levels, 

since there are no time consuming extraction and analysis processes involved. However, it 

is likely that this method overestimates cyclosporine levels since only the label is traced 

and it does not distinguish between intact cyclosporine and its metabolites. Studies have 

shown that approximately 60% of the radiolabel recovered in the lymph is incorporated 

into cyclosporine metabolites (Ueda et al., 1983).

It is generally agreed that the most accurate and useful method o f determining cyclosporine 

levels is by HPLC (Lensmeyer and Fields, 1985; Khoschsorur et al., 1997; Murthy et al., 

1998). For this reason a method for assaying lymph cyclosporine levels via HPLC was 

developed
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10.3.2. Development and validation of a HPLC assay for determination of 

cyclosporine A in lymph

Several assay methodologies including monoclonal and polyclonal immunoassays and 

chromatographic methods have been reported for the measurement o f cyclosporine in 

whole blood, plasma and serum of humans (Murthy et al., 1998). Although immunoassay- 

based methods are simple to use, the cross reactivity o f the antibody with the metabolites 

leads to overestimation o f the parent cyclosporine A concentration in the blood 

(Lensmeyer and Fields, 1985). Cyclosporine levels obtained using HPLC are on average 

12% less than with RIA (radioimmunoassay) and 25% less than the levels reported by 

TDX analysis (fluorescence polarisation immunoassay) (Mater Hospital, 2004). Many 

laboratories prefer to measure whole blood concentration of cyclosporine A rather than 

plasma or serum, mainly due to variation in the distribution of the drug in the plasma, 

which depends on the sample temperature and haematocrit and the fact that cyclosporine 

binds to red blood cells (Chimalakonda et al., 2002; Amini et al., 2003).

During the past two decades many attempts have been made to improve HPLC methods for 

cyclosporine analysis in blood, resulting in numerous published methods (Ptachcinski et 

al., 1986; Lunn and Schmuff, 1997). Many difficulties have been reported with HPLC 

methods for the cyclosporine assay. Some procedures require time-consuming multi-step 

extractions; in some the extraction efficiency is poor ranging from 49-74%; some have 

unsatisfactory minimum detection limits and /or in some there is rapid deterioration of 

costly reverse-phase analytical columns (which is accentuated by the high column 

temperature that is often necessary for satisfactory resolution) (Lensmeyer and Fields, 

1985). The difficulty with all cyclosporine chromatographic methods is related to the 

absence of a chromophore necessitating the use o f short wavelength (e.g. 210nm) 

ultraviolet detection. Because so many molecular species absorb energy at this 

wavelength, sample preparation procedures are usually complex and involve vigorously 

removing potentially interfering compounds. Most o f the published methods involve the 

use o f solid phase extraction (SPE) following rapid protein precipitation with acetonitrile, 

but this is also a time consuming procedure (Amini et al., 2003).
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10.3.2,1. HPL C assay o f cyclosporin e

A modification o f a HPLC assay for cyclosporine as described by Sawchuk and Cartier 

(1981) was used (Section 6.8.2). This method was chosen as it is relatively 

straightforward, uses a simple mobile phase (69% methanol in water) and does not involve 

gradient elution. Instead o f a Supelco LC-18 (150 x 4.6cm) column a longer Luna 5|a Cl 8 

(2), 250 X 4.6mm column was used. The column was maintained at a temperature of 75°C, 

the detector was set at a wavelength of 202nm, the flow rate was 1.4ml/min and the 

injection volume was 90|nl. Using this method the retention time for cyclosporine was 

approximately 19 minutes.

The limits o f detection and limit of quantitation were calculated using the 95% confidence 

interval o f the best-fit line. This technique involves the use o f the 95% confidence interval 

(Cl) lines surrounding a best-fit regression line o f a plot o f area versus concentration. A 

horizontal line is drawn from the >^-intercept of the upper 95% Cl line to the lower 95% Cl 

line. A vertical line is then drawn from the lower 95% Cl line to the x-axis, yielding an x- 

intercept. The x-intercept represents the LOD concentration. By convention, the LOQ 

value is then taken as 3 x LOD (Paino and Moore, 1999). Using this method, the limit of 

detection was calculated at 0.995|ag/ml and the limit of quantitation was 2.99|ag/ml. A 

representative calibration curve obtained using this method is shown in Figure 10.3.
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Figure 10.3. Representative HPLC standard calibration curve for cyclosporine 

prepared using cyclosporine solutions in methanol
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Intra-assay accuracy and precision were determined by replicate analyses (n = 3) of 

standard cyclosporine solutions at five different concentrations. Accuracy was expressed 

by obtaining the percentage o f the ratio o f actual to theoretical concentration and precision 

was expressed as the relative standard deviation of replicate analyses for each 

concentration. Inter-day accuracy and precision were determined on three separate days. 

Results are shown in Table 10.1. Intra-assay accuracy, as determined by replicate analyses 

of standards (n = 3) on a single day, was 95.12-100.75%. Variability was less than 2.61% 

(RSD) for the concentration range. Inter-assay accuracy (determined over three days) was 

found to be 99.53-100.93%, with variability being higher (5.35-18.57%).

To ensure that lipid vehicle components did not interfere with peak detection, blank 

vehicles were diluted and analysed by HPLC. None of the chromatograms from any o f the 

lipid vehicles investigated showed peaks, which would interfere with cyclosporine 

detection.

Table 10.1. Inter- and intra-assay accuracy (% relative to theoretical value) and 

precision (% RSD) of the cyclosporine A HPLC assay technique

Cyclosporine A 

concentration (^g/ml)

Intra-assay

Accuracy

(%)

Precision 

(RSD %)

Inter-assay

Accuracy

(% )

Precision

(RSD%)

118.05 99.81 0.47 99.53 5.35

59.025 100.75 0.28 99.63 6.29

29.513 100.27 1.07 99.83 8.15

7.378 100.29 0.96 100.21 11.77

3.689 95.12 2.61 100.93 18.57

103.2.2. Extraction of cyclosporine from lymph samples

The earlier methods for extracting cyclosporine from lymph used hexane and carbon 

tetrachloride solvents (Takada et al., 1986a). Neither o f which are now acceptable for 

routine lab use from a safety perspective. The use o f solid phase extraction cartridges was
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also considered and would have been investigated if an acceptable liquid-liquid extraction 

method were not available.

Malmary et al. (1995) described a method for the extraction of cyclosporine from plasma. 

Briefly, this method involved the addition o f water, diethyl ether and sodium hydroxide 

(IM) to plasma samples. After centrifugation and decanting, the extract underwent a 

second ether extraction. The extract was then acidified with concentrated HCl (IM), ether 

extracted, centrifuged and decanted again. This method was extremely laborious and time 

consuming, it also used 1ml plasma samples and the extraction efficiency was 

unacceptably low (-50% ) when investigated in the lab. It was therefore desirable to scale 

down the sample requirement and to cut out some steps, with the aim of improving 

cyclosporine recovery and reducing solvent usage. The suitability o f the method for lymph 

extraction also had to be established, since the original method was designed for plasma.

Optimisation of the assay was achieved in-house by spiking samples with known 

concentrations of cyclosporine, extracting and analysing them using the validated assay 

HPLC assay. The chromatograms obtained from extracted lymph were compared to those 

obtained from solutions containing similar concentrations of cyclosporine A and D in 

methanol. It was found that the sample of lymph used for extraction could be reduced to 

200|il and the volume of diethyl ether could also be scaled down accordingly. The 

addition of both NaOH and HCl (to solubilise out interfering lymph components) was 

required for efficient extraction, but it was possible to add NaOH and then HCl at the same 

stage without any adverse effects on the extraction outcome. The second ether extraction 

was also deemed unnecessary. Extraction efficiency and selectivity improved when dry 

ice was used to freeze the aqueous phase, this made decanting off o f the ether layer easier. 

Malmary et al. (1995) dissolved the final residue in hexane and mobile phase, centrifuged 

it and injected the lower mobile phase layer onto the HPLC. A modification of this step 

was also made; the extract residue was dissolved only in mobile phase and injected onto 

the HPLC without further manipulation. Samples were extracted a number of times and 

the resulting chromatograms examined to ensure reproducibility and suitability. The 

modified cyclosporine extraction method was more efficient, less expensive and less time 

consuming than the original method.
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A full description o f this optimised final extraction and HPLC method is given in Section 

6.8.1. When both cyclosporine A and cyclosporine D (internal standard) were added to 

blank lymph samples both were sufficiently extracted and repeatedly gave two peaks on 

the chromatogram at ~19 and 26 minutes respectively. Furthermore, when blank lymph 

samples were extracted and analysed by HPLC, the resulting chromatogram did not exhibit 

any auxiliary peaks that would interfere with the cyclosporine A or D peaks (Figure 10.4).

Lymph can be stored at 4”C for several days although it is best to use it as soon as possible 

(Raub et al., 1992). In previous reports regarding cyclosporine lymph transport, lymph 

samples were also fi-ozen until analysis (Ueda et al., 1983; Takada et al., 1988). Since it 

was not always practical to assay the samples straightaway, samples were stored at -20°C 

until analysis.
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Figure 10,4. Typical chromatograms obtained after extraction of lymph samples. 

Chromatogram (a) is extracted blank lymph, while chromatogram (b) is 

representative of a lymph sample spiked with cyclosporine A (peak A ~ 19 minutes) 

and spiked with cyclosporine D internal standard (peak B ~26 minutes)
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Recovery of cyclosporine A was calculated by comparing the peak areas of the 

cyclosporine A and cyclosporine D peaks recovered in spiked lymph samples with the 

peak areas o f injected standard solutions. Recovery was in excess o f 90% for both 

cyclosporine A and D. Table 10.2 shows the intra- and inter-assay (over three days) 

accuracy and precision.

Table 10.2. Inter- and intra-assay accuracy (% relative to theoretical value) and 

precision (% RSD) of the cyclosporine HPLC assay technique following extraction 

from lymph. Inter-assay validation was conducted on spiked lymph samples over 3 

days and intra-assay validation was conducted on 3 sets of spiked samples on a single 

day.

Spiked

Cyclosporine A 

concentration (^g/ml)

Intra-assay

Accuracy

(% )

Precision 

(RSD %)

Inter-assay

Accuracy

(% )

Precision

(RSD%)

3.5 97.6 10.8 100.9 14.3

8.5 104.6 9.3 101.8 10.9

16 100.6 4.6 101.4 10.4

35 99.8 6.6 100.5 3.6

85 95.8 4.2 99.1 3.5

10.3.3. Comparison of lymphatic transport levels of cyclosporine determined by 

radioactivity and HPLC

A 1:50 aqueous dilution of Neoral® was made and intraduodenally administered to 

mesenteric lymph duct-cannulated rats. For this experiment, cyclosporine was extracted 

from lymph and analysed using the optimised HPLC assay. The cumulative % 

cyclosporine dose recovered in the mesenteric lymph determined using the HPLC assay is 

presented in Figure 10.5 and the rate o f lymphatic transport in Figure 10.6. For 

comparative purposes the corresponding levels determined using the radiolabel are shown 

(as per Section 10.3.1).
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Figure 10.5. Cumulative percent dose cyclosporine (Mean ± S.D., n > 3) (as 

determined by radioactivity measurements and HPLC) recovered in the mesenteric 

lymph against time (hour), following intraduodenal administration of Neoral® (1:50) 

to rats

The cumulative % dose of cyclosporine transported in the mesenteric lymph, following 

administration of the Neoral® vehicle, as determined by HPLC was 0.85 ± 0.38%. Using 

the radiolabel, the estimated cumulative dose transported was 2.11 ± 0.31%. Due to high 

variability in the radiolabel data, the cumulative amounts transported using the two 

methods of detection were not statistically different (p = 0.116). The average cumulative 

amount of cyclosporine lymph transport determined by HPLC is 40.27% of that estimated 

by radiolabel. Ueda et al. (1983a) reported that approximately 63% of the radiolabel 

detected in the lymph 24 hours post-dosing was intact cyclosporine, with the remainder of 

the radioactivity presumably due to metabolites. Levels of cyclosporine metabolites were 

not determined in the present studies, since no metabolite standards were available for 

unequivocal comparisons to be made. It should also be noted that the HPLC assay was 

carried out on lymph samples from different rats to those used for the radiolabelled assay, 

hence inter-animal variability must also be considered.
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Figure 10.6. % dose cyclosporine (Mean ± S.D., n > 3) recovered in the mesenteric 

lymph (as determined by radioactivity measurements and HPLC) against time 

(hour), following intraduodenal administration of Neoral® (1:50) to rats

The lymphatic transport rate profiles as determined by the two methods are shown in 

Figure 10.6. Looking at the HPLC data it is evident that the lymphatic transport rate profile 

trend of cyclosporine is similar to those obtained using DDT (when administered with lipid 

vehicles), with lymphatic transport rate peaking only at 4 hours, after which there is a 

decline in levels. While there was a slight increase (not statistically significant) in 

cyclosporine lymphatic transport at 7 hours, this was nowhere near the rate increase 

observed in the radioactivity data. It is possible that the second peak in lymphatic transport 

observed in the radioactivity data is due to distribution of the cyclosporine metabolites 

from the blood into the lymph compartment. Cyclosporine levels obtained by HPLC were 

also less variable than those obtained from radioactivity experiments. However, it should 

be noticed that there was evidence of interference with the cyclosporine A peak in some of 

the lymph samples from the animal studies (Chromatogram shown in Appendix III). This 

smaller peak is possibility from a cyclosporine metabolite. It would be desirable for future 

work to fully separate these two peaks.
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10.3.4. Intestinal lymphatic transport of cyclosporine following administration in 

different lipid vehicles

The intestinal lymphatic transport of cyclosporine (rate and extent) in lymph-cannulated 

rats was investigated using the following vehicles:

• Olive oil SEDDS

• Com oil SEDDS

• Plurol Oleique SEDDS

• Neoral® commercial formulation (lOOmg capsules used)

• I VAX cyclosporine oral solution (lOOmg/ml)

The composition and characterisation o f the first three vehicles is detailed in Chapter 7. 

The olive and com oil SEDDS were used in DDT lymphatic transport studies (Chapter 9). 

The Plurol Oleique SEDDS was used to study the lymphatic transport o f both DDT and the 

anti-viral saquinavir (Griffin, 2001). The IVAX formulation contains ethanol, an 

admixture o f two different polyglycerol oleates and polyoxyethanol-40-hydrogenated 

castor oil (Cremophor). Unlike the other formulations, the IVAX formulation is not strictly 

lipid-based and does not form a microemulsion upon aqueous dilution. Instead it produces 

particles (surfactant aggregates) ranging in size between 1 and 10|am (Personal 

Communication with Tomas Andrysek, 2004). Despite this, the IVAX formulation has 

been deemed bioequivalent to Neoral® in healthy humans (Andrysek et al., 2003). There 

have been no reports (to date) in the literature regarding lymphatic transport of 

cyclosporine from either commercial formulation.

In the case o f the olive, com and Plurol Oleique vehicles, the preconcentrates were diluted 

1:50 with water and excess cyclosporine added, the formulation was allowed to stir 

(300rpm) at room temperature ovemight and was filtered (0.45|am filter) prior to 

administration to the animals. This process did not adversely affect the stability of 

cyclosporine (as confirmed by HPLC). Saturated solutions o f cyclosporine were 

administered in each case. Because the dose administered varied with each formulation, 

the cumulative amount (|ag) o f cyclosporine lymphatically transported is given rather than 

the % dose. This transport is deemed the maximum lymphatic transport possible fi'om 

each formulation. The commercial formulations were diluted 1:50 prior to administration 

and administered without further manipulation, this meant a dose of 6mg was given each
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time. The rate and extent of intestinal lymphatic transport of cyclosporine following 

intraduodenal administration of the different lipid vehicles is shown in Figures 10.7 and 

10.8 .

Olive
250 n

Com

Plurol Oleique

Neoral

WAX

"I 200

JS 150 -

50 -

6 80 2 3 4 5 7

Time (hour)

Figure 10.7. Cumulative cyclosporine (jig) recovered in the mesenteric lymph (Mean 

± S.D., n > 3) against time (hour), following intraduodenal administration of c 

saturated doses in dilTerent lipid-based vehicles and the I VAX formulation

Rank order for the cumulative amount of cyclosporine transported in the mesenteric lymph 

was: olive (151.44 ± 74.22[xg) > com (108.43 ± 63.25|j,g) > Plurol Oleique (73.81 ± 

38.39[Ag) > Neoral® (50.99 ± 23.02[xg) > IVAX (30.04 ± 16.21[ig). Cumulative 

cyclosporine lymphatic transport after 8 hours was statistically higher (p < 0.05) after 

administration in the olive oil vehicle compared to the IVAX formulation, but was not 

statistically higher than the other formulations.

For all vehicles, with the exception of the IVAX formulation, peak cyclosporine lymph 

levels were achieved 4-5 hours post-dosing, after which time levels declined. The peak 

concentrations achieved with the olive oil formulation were higher than those achieved 

with the Plurol Oleique and IVAX formulations (p < 0.05). The peak concentration 

achieved with the Neoral® formulation was also statistically higher than that achieved with 

the rVAX formulation (p < 0.05). In the case of the IVAX formulation, there appeared to 

be a delay in reaching the peak concentration, as peak levels occurred 7 hours post dosing.
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However, the rate of cyclosporine lymphatic transport remained more or less constantly 

low (below 5[ig/ml) for this formulation.
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Figure 10.8. Cyclosporine transport (^g/ml) in the mesenteric lymph (Mean ± S.D., n 

> 3) against time (hour), following intraduodenal administration of different lipid 

vehicles

A summary of cyclosporine lymphatic transport from the different formulations is given in 

Table 10.3. For the Neoral® formulation the cumulative amount of cyclosporine 

transported in the lymph was relatively lower than the olive and com oil formulations but 

the peak lymph concentration (34.99 ± 19.36fig/ml achieved at 4 hours) was comparable to 

those obtained using the olive and com formulations.
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Table 10.3. A comparison of cyclosporine lymphatic transport from different lipid 

vehicles as determined by HPLC analysis

System Particle size CsA Cum. CsA (ng) Cum. % Peak lymph

(nm, Mean dose after 8 h dose after 8 concentration

± S.D.) (mg) (Mean ± S.D.) h (Mean ± (^.g/ml, Mean ±

in 3ml S.D.) S.D.)**

Olive 28.4 ±0.3 3.57 151.44 ±74.22 4.59 ± 1.65 48.09 ± 30.63 (4h)

Com 26.8 ±0.1 5.08 103.69 ± 17.64 2.68 ± 1.63 33.17 ±25.78 (5h)

Plurol 165.3 ±3.5 3.21 73.81 ±38.38 2.03 ± 0.98 12.36 ± 13.67 (4h)

Oleique

Neoral® 29.6 ± 0.2 6 50.99 ±23.02 0.85 ±0.38 34.99 ± 19.36 (4h)

IVAX l-10|im" 6 30.04 ± 16.21 0.54 ±0.25 7.81 ±4.14  (7h)

“ The IVAX formulation does not form a microemulsion upon aqueous dilution, size quoted is based on 
microscopy measurements (Personal Communication with Tomas Andrysek, 2004)
*’ time point (hour) at which maximum lymph concentration occurred

10.3.5. Intestinal lymphatic transport of cyclosporine from a corn oil-based 

SEDDS containing different doses of cyclosporine

In Chapter 9, the lymphatic transport o f DDT from a com oil-based SEDDS was compared 

at two different dose levels. The extent of lymphatic transport appeared to be independent 

o f the administered dose, with the same cumulative amount (|ag) o f DDT being 

lymphatically transported for the two dose levels. In order to determine whether this 

phenomenon was unique to the lymphatic transport o f DDT or if  it is a universal 

occurrence, the lymphatic transport of cyclosporine at three different doses from the same 

com oil formulation, was determined. The doses o f cyclosporine administered in the com 

oil-based SEDDS were 1.55mg, 2.17mg and 5.08mg. The extent and rate o f cyclosporine 

intestinal lymphatic transport following administration of these doses is shown in Figures 

10.9 and 10.10.

The cumulative lymphatic transport for the 5.08 and 2.17mg cyclosporine doses was very 

similar, but cumulative lymphatic transport from the lowest dose (1.55mg) was 

significantly lower than that from the two higher doses (p < 0.05).
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Figure 10.9. Cumulative cyclosporine (^g) recovered in the mesenteric lymph (Mean 

± S.D., n > 3) against time (hour), following intraduodenal administration of three 

different doses in the corn oil-based SEDDS

5.08mg dose 
2.17mg dose 
1,55mg dose

0 6 82 3 4 5 7

Time (hour)

Figure 10.10. Cyclosporine transport (fig/ml) in the mesenteric lymph (Mean ± S.D., 

n > 3) against time (hour), following intraduodenal administration of three different 

doses in the corn oil-based SEDDS
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From Figure 10.10 it is evident that for all three doses, peak cyclosporine levels (~ 

34|ag/ml) were similar and not statistically different (p > 0.05). The rate profiles for the 

two lower doses were similar with rates increasing to a maximum at 4 hours after which 

there was a decline. From 6 hours onwards in the 1.548mg-dose group, lymph 

cyclosporine levels were negligible. In the case of the 5.08mg-dose group there appeared 

to be two maxima in cyclosporine levels, which occurred at 5 and 7 hours.

Table 10.4 allows for comparison of the lymphatic transport parameters following 

administration of the three cyclosporine doses. From the data it would appear that the dose 

administered appears to influence the extent of lymphatic transport of cyclosporine but not 

the peak transport rate. It would however be advantageous to investigate the effect of a 

wider range of cyclosporine doses on the rate and extent of lymphatic transport.

Table 10.4. Comparison of intestinal lymphatic transport of cyclosporine following 

administration of three different doses of cyclosporine in a corn oil-based SEDDS

Average Cumulative CsA Cumulative % dose Maximum lymph

CsA dose after 8 hours after 8 hours concentration

(mg) (^g, Mean ± S.D.) (Mean ± S.D.) (^g/ml, Mean ± S.D)

5.08 108.43 ±63.25 2.13 ± 1.25 33.17 ±25.78 (5h)

2.17 103.69 ± 17.64 4.78 ±0.81 35.93 ± 14.09 (4h)

1.548 29.19 ± 14.32 1.88 ±0.92 34.36 ± 17.40 (4h)

10.3.6. Intestinal lymphatic triglyceride output following administration of 

different cyclosporine vehicles

The rate and extent o f intestinal lymphatic triglyceride output was also examined following 

administration of cyclosporine in the various lipid vehicles (Figures 10.11 and 10.12). The 

rank order for cumulative triglyceride output was: olive > com (5.08mg dose) > Plurol 

Oleique = Neoral® > IVAX (= saline control). O f the tested vehicles, only the olive oil 

vehicle enhanced lymphatic triglyceride output compared to the saline control (p < 0.05). 

Cumulative lymphatic triglyceride levels following administration o f the Plurol Oleique, 

com and Neoral® vehicles were higher than the saline control, but these differences were
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not statistically significant (p > 0.05). Triglyceride output from the IVAX formulation was 

actually slightly lower than the saline control. Cumulative triglyceride output from the 

Neoral® vehicle was statistically higher than after administration of the IVAX formulation

(p <  0.05).

40 -1 ♦  Olive
—■—Com

35 - Plurol Oleique

30 - K Neoral

'WD -3K -IV A X
S. 25 - —• — Saline
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E
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Figure 10.11. Cumulative intestinal lymphatic triglyceride (mg) collected in 

mesenteric lymph (Mean ± S.D., n > 3) against time (hour), following intraduodenal 

administration of different lipid vehicles
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Figure 10.12. Triglyceride concentration (mg/ml) in mesenteric lymph (Mean ± S.D., 

n>3) against time (hour), following intraduodenal administration of diff'erent lipid 

vehicles
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With the exception of the IVAX formulation, the intestinal lymphatic triglyceride output 

rate profile was similar for the tested lipid vehicles. In general, triglyceride output 

increased to a peak 4 hours post-dosing, after which triglyceride output declined. In the 

case of the I VAX formulation, triglyceride output remained constantly low throughout the 

8-hour period, although there was a non-significant (p > 0.05) trend towards elevated 

triglyceride output at the 8-hour point. A summary o f the triglyceride output parameters is 

given in Table 10.5.

Table 10.5. Summary of intestinal lymphatic triglyceride output following 

administration of different cyclosporine lipid vehicles

System Cumulative mass of triglyceride (mg) 

appearing in mesenteric lymph (Mean 

± S.D.)

Cumulative

triglyceride

transport

(mg)®

Lymph 

flow 

(ml/h) 

(Mean ± 

S.E.)

0-2hr 0-4hr 0-6hr 0-8hr

Saline

Control

2.84 ± 

0.04

6.49 ± 

0.27

10.13 ± 

0.59

14.93 ± 

1.61

N/A 0.55 ± 

0.08

Olive 

(n = 3)

4.07 ± 

2.16

14.14±

4.86

22.85 ± 

6.29

29.61 ± 

7.36

14.68 ± 8.97 0.70 ± 

0.32
*

Corn 

(n = 4)

3.29 ± 

1.39

8.69 ± 

2.34

16.13 ± 

4.12

25.03 ± 

2.80

10.10±4.41 0.71 ± 

0.21

Plurol Oleique 

(n = 6)

3.49 ± 

1.20

8.54 ± 

2.97

13.20 ± 

5.18

19.65 ± 

4.82

4.72 ± 6.43 0.76 ± 

0.26

Neoral® 

(n = 6)

3.14±

0.92

9.59 ± 

3.54

17.41 ± 

6.04

20.89 ± 

6.65

5.96 ±8.26 0.77 ± 

0.20

IVAX 

(n = 4)

3.78 ± 

2.48

6.72 ± 

3.39

10.91 ± 

6.17

13.91 ± 

3.55

0 0.66 ± 

0.15

5.08mg CsA dose
Representing endogenous (saline) and exogenous lipid 

® Attributable to exogenous lipid (i.e. total -  endogenous)

250



Chapter 10- Intestinal lymphatic transport o f  cyclosporine A

10.3.7. Comparison of triglyceride levels following administration of DDT versus 

cyclosporine

Since the olive and com oil vehicles were previously investigated using DDT in Chapter 9 

(DDT doses of 2.55 and 6.23mg for olive and com oil vehicles respectively), and the 

Plurol Oleique vehicle has been previously investigated using both DDT (2.24mg) and 

saquinavir (5mg) (Griffin, 2001), a comparison o f lymph triglyceride parameters was made 

in order to determine if the drug had an effect on triglyceride levels. Figure 10.13 allows 

for comparison of lymph triglyceride output parameters following administration of 

vehicles containing different dmgs.

a)

I

□  DDT

■  CsA (5.08rag)

□  Saquinavir

Olive Com Plurol Oleique

b)

Si)
E
O
H

Ea
O

□  DDT

■  CsA (5.08mg)

□  Saquinavir

Olive Com Plurol Oleique

Figure 10.13. (a) Maximum lymph TG concentration (mg/ml) and (b) cumulative 

lymph triglyceride (mg) achieved, following intraduodenal administration of olive, 

corn and Plurol Oleique vehicles containing DDT, CsA or saquinavir
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In all cases the cumulative lymph triglyceride output was lower after administration o f the 

vehicles with cyclosporine compared to DDT. In the case o f the com oil and Plurol 

Oleique vehicles, cumulative triglyceride output was statistically lower upon 

administration with cyclosporine compared to DDT (p < 0.05). Cumulative triglyceride 

output was also lower after administration of cyclosporine in the olive vehicle but this 

difference was not statistically significant due to the higher variation in the cyclosporine 

triglyceride data. The differences are more pronounced for peak lymph triglyceride 

concentrations achieved after administration of the olive and com oil vehicles. For the 

olive vehicle, peak triglyceride concentration was 1.6 times higher after administration of 

DDT (peak at 3 hours for both vehicles) compared to cyclosporine (peak at 4 hours for 

both vehicles). In the case o f the com oil vehicle, the peak triglyceride concentration was 

almost 3 times higher after administration o f DDT compared to cyclosporine (6.47mg/ml 

versus 15.2mg/ml for DDT and cyclosporine respectively). There also appears to be a one- 

hour delay in reaching peak triglyceride output following administration o f cyclosporine 

compared to DDT. On the other hand, for the Plurol Oleique vehicle peak triglyceride 

levels were similar regardless o f the dmg administered. However, the time to peak 

triglyceride transport varied depending on the drug administered with peak levels 

occurring at 3.5, 4 and 5 hours for saquinavir, cyclosporine and DDT respectively. Lymph 

flow rate also appeared to be largely unaffected by dmg administration. Slight differences 

in flow rate were observed, but these were most likely due to the fact that different 

researchers conducted the experiments.

10.3.8. Effect of cyclosporine-containing vehicles on intestinal lymph flow rate

The effect o f different vehicles containing DDT on lymph flow rate was previously 

explored (Chapters 8 and 9). Figure 10.14 shows the lymph flow rate following 

administration o f the various formulations containing cyclosporine.

Lymph flow appeared to decrease somewhat 2-3 hours post-dosing after which it tended to 

increase toward the end point o f the experiment. The same trend, although not as 

pronounced was evident upon administration o f the DDT-containing vehicles. This 

suggests that the effect on lymph flow is vehicle, rather than dmg specific. Co

administration of the vehicles with a wider range of dmgs would, however, be required to
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prove this. A large increase in lymph flow rate at 7 hours occurred after administration of 

the olive oil vehicle, this effect was also seen (although not as pronounced) when it was 

administered with DDT.

1 

1 
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f
c  0 
1
I  0
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0 1 2 3 4 5 6 7 8

Time (hour)

Figure 10.14. Intestinal lymph flow (ml) (Mean ± S.D., n > 3) against time, following 

intraduodenal administration of different formulations containing cyclosporine and 

the saline control (error bars omitted for clarity)

10.3.9. Effect of different doses of cyclosporine on lymphatic triglyceride output

Cumulative lymph triglyceride levels were compared after administration of three different 

cyclosporine doses (1.55, 2.17 and 5.08mg) in the com oil-based SEDDS (3ml volume 

given in all cases). These levels were compared to triglyceride levels obtained following 

administration of a control com oil-based SEDDS formulation which did not contain any 

cyclosporine (Figure 10.15).

From Figure 10.15, it can be seen that the lymph triglyceride output decreased with 

increasing cyclosporine dose. Rank order for cumulative triglyceride output was: blank > 

1.55mg >2.17 > 5.08mg > saline. Following administration of the high dose (5.08mg)

O live

Com

Plurol Oleique 

Neoral 

IV AX  

Saline
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com oil-based SEDDS, no change in triglyceride output was observed compared to the 

saline control (p > 0.05). Triglyceride output from the control com oil vehicle and the two 

lower dose vehicles (1.55 and 2.17mg) was statistically higher than the saline control (p < 

0.05). Figure 10.16 shows the triglyceride output rate profile following administration of 

the com oil SEDDS containing different cyclosporine doses. The general profile was 

similar for all doses, but peak output obtained clearly decreased with increasing 

cyclosporine dose. A plot of cumulative triglyceride output after 8 hours, against 

cyclosporine dose is shown in Figure 10.17, there was a strong negative linear correlation 

between the two variables (r = 0.85). It was not possible to investigate the effect of higher 

cyclosporine doses on triglyceride output, as cyclosporine solubility in the vehicle (1:50 

dilution) was a limiting factor.

Cyc-free SEDDS 
1.548mg dose 
2.17mg dose 
5.08mg dose 
Saline

60 n

50 -

on
1  40 -
O 
H 
u > 30 -

I  20 -su
10  -

0 3 6 82 4 5 7

Time (hour)

Figure 10.15. Cumulative intestinal lymphatic triglyceride (mg) collected in 

mesenteric lymph (Mean ± S.D., n > 3) against time (hour), following intraduodenal 

administration of different cyclosporine doses in a corn oil-based SEDDS
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Figure 10.16. Triglyceride concentration (mg/ml) in mesenteric lymph (Mean ± S.D., 

n > 3) against time (hour), following intraduodenal administration of different 

cyclosporine doses in a corn oil-based SEDDS
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Figure 10.17. Cumulative lymph triglyceride output (mg) (Mean ± S.D., n > 3) after 8 

hours against cyclosporine dose (mg), following intraduodenal administration of 

different cyclosporine doses in a corn oil-based SEDDS
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10.3.10. Relationship between cyclosporine lymphatic transport and triglyceride 

turnover

Previous reports have suggested that cyclosporine transport occurs in the absence of 

chylomicron formation (Takada et al., 1986b). It was therefore desirable to assess the 

level o f correspondence between the rate o f cyclosporine lymphatic transport and the rate 

o f lymphatic triglyceride output. Figure 10.18 shows the rates o f cyclosporine intestinal 

lymphatic transport and triglyceride output rate for the different lipid vehicles. For the 

olive, Plurol Oleique and Neoral® formulations, there was a close correspondence in 

transport rates. In the case of the I VAX formulation, the triglyceride output rate remained 

constant for the 8-hour duration, with a slight increase at the 8-hour time-point, while 

cyclosporine transport for this formulation peaked slightly at 7 hours. For the com oil 

SEDDS, there was less of a correspondence in rates for the S.OSmg dose, with two peaks in 

cyclosporine transport occurring, but only one for triglyceride. In contrast, a second 

triglyceride peak occurred at 6 hours for the 2.17mg dose, but this was not reflected in the 

cyclosporine levels. There was a close correspondence between rates for the 1.55mg dose, 

although cyclosporine transport was negligible after 5 hours despite elevated triglyceride 

levels.
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Figure 10.18. Mesenteric lymph cyclosporine levels ( îg/ml) (primary axes) and 

lymph triglyceride levels (mg/ml) (secondary axes), against time (hour) for different 

lipid-based vehicles (■ lymph cyclosporine levels, ■ lymph triglyceride levels)
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The relationship between cyclosporine lymphatic transport and triglyceride turnover can be 

also be examined by looking at the relationship between the hourly transport of 

cyclosporine (|ig/ml) and the corresponding hourly triglyceride transport (mg/ml) for each 

lipid vehicle (Figure 10.19). The resulting correlation coefficient o f these plots is an 

indicator o f the level of dependence o f lymphatic transport o f the drug in question on 

triglyceride output. The correlation coefficients were greater than 0.85 in the case o f the 

olive and Neoral® vehicles, suggesting a high dependence o f lymphatic transport of 

cyclosporine on triglyceride output for these vehicles. For the com oil vehicles, the 

correlation improved as the cyclosporine dose decreased, i.e. the lower the dose the greater

dependence on triglyceride output. The correlation was less pronounced for the Plurol
2 2 Oleique formulation (r =0.61) and was non-existent for the IVAX formulation (r = 0.03).

The lack o f correlation between the two transport rates for the IVAX formulation, suggests

that a degree o f cyclosporine lymphatic transport will occur regardless of lymph

chylomicron output, thus agreeing somewhat with the earlier suggestions in the literature

that cyclosporine lymphatic transport is independent o f chylomicron transport.
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Figure 10.19. Intestinal cyclosporine lymph transport rate (ng/ml) versus triglyceride 

output (mg/ml) in intestinal lymph after intraduodenal administration of a) olive, 

Neoral®, IVAX and Plurol Oleique formulations and b) different cyclosporine doses 

in the corn oil SEDDS (■ 5.08mg dose, ■ 2.17mg dose, 1.55mg dose)
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10.3.11. Cyclosporine solubility in lymph of varying triglyceride concentration

In Section 8.3.5, the relationship between the DDT lymph solubility and lymph triglyceride 

content was investigated. DDT solubility was found to increase with increasing 

triglyceride content. Cyclosporine solubility in lymph o f varying triglyceride 

concentration was also determined and is shown in Figure 10.20. The incubation 

conditions (37“C for 24 hours) did not affect cyclosporine content, indicating that the 

cyclosporine molecule was not adversely affected by experimental conditions. This was 

demonstrated by subjecting a 1:50 aqueous dilution of Neoral® to similar incubation 

conditions and assaying for cyclosporine content after a 24-hour period.

♦

♦

♦
♦

♦  ♦

1 2 3 4 5 6 7

TG concentration (mg/ml)

Figure 10.20. Cyclosporine solubility (^g/ml) at 37”C, against intestinal lymph 

triglyceride content (mg/ml)

Cyclosporine solubility increased with increasing triglyceride concentration, up to a 

maximum at ~ 5mg/ml triglyceride, after which solubility decreased. It would be desirable 

to obtain more points for the graph, but availability o f blank lymph of varying triglyceride 

concentration was a limiting factor. If the linear portion o f the graph is taken (solubility up 

to 5mg/ml), the equation of the line is 47.07x -  18.93 with an r  ̂value o f 0.99. At 5mg/ml 

the solubility of DDT in lymph was approximately 220^g/ml, whereas peak concentrations 

achieved in vivo were only around 30^ig/ml. If the molecular weights are accounted for, 

DDT was approximately ten times more soluble than cyclosporine in lymph. DDT lymph
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solubility data proved useflil in predicting lymphatic transport for DDT (Chapters 8 and 9). 

Since the in vitro solubility o f cyclosporine in lymph was much higher (around 7-fold) than 

in vivo cyclosporine lymph levels, there was not much merit in using the cyclosporine 

lymph solubility data to predict cyclosporine lymphatic transport as was done for DDT.

10.3.12. Distribution of cyclosporine in blood and plasma

It has been suggested that extensive red blood cell binding o f a drug may limit the extent of 

its lymphatic transport (Myers and Stella, 1992). It is possible that this phenomenon may 

explain in part, the low extent o f intestinal lymphatic transport observed for cyclosporine. 

It was desirable therefore, to estimate the extent of red blood cell binding exhibited by 

cyclosporine.

In a method similar to that described by Myers (1990), the level of protein binding of 

cyclosporine in blood was investigated. Briefly, 2ml of blank whole blood taken from 

fasted rats was pipetted into glass test tubes. 100)j,l or 300|al o f a methanolic cyclosporine 

solution (623jig/ml) was added to each sample to give final concentrations of 31.15(ig/ml 

and 93.45|ig/ml cyclosporine in blood. Tubes were vortexed for 15 seconds and 200|il 

aliquots of blood were extracted and analysed for cyclosporine content in the usual way. 

The remaining blood was centrifuged at 2500rpm for 15 minutes to separate plasma from 

the red blood cells. 200)il aliquots o f plasma were extracted and analysed for drug content 

in the same manner. This experiment was carried out at room temperature. The ratio of 

blood: plasma cyclosporine content was calculated for the two concentrations and is shown 

in Figure 10.21.

For both cyclosporine levels, the blood: plasma cyclosporine ratio was about 2.2. This 

result is in agreement with Ptachcinski et al. (1986) who reported that cyclosporine is 

highly bound to erythrocytes and has a blood: plasma ratio o f approximately 2.
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Figure 10.21. Red blood cell: plasma ratio for cyclosporine content (Mean ± S.D., n = 

3) for two different cyclosporine levels

10.3.13. Blood cyclosporine levels following intraduodenal administration of 

Neoral®, IVAX and Plurol Oleique formulations

In order to obtain an estimate of typical cyclosporine blood levels, blood samples were 

taken from non-cannulated rats following administration o f the Neoral®, IVAX and Plurol 

Oleique systems (Figure 10.22). As the HPLC assay was not sufficiently sensitive to 

quantify blood cyclosporine levels, a radioimmunoassay (RIA) kit was employed (Section 

6.3.4). The concentrations o f cyclosporine were comparable to those reported elsewhere 

(Takada et al, 1985; Takada et al, 1986; Takada et a l, 1988; Kim et a l, 2002). Despite 

differences in the formulations, the blood profiles were similar for all three formulations. 

There were no significant differences (p > 0.05) in Cmax or AUC values for the three 

formulations, however the tmax for the IVAX formulation occurred two hours later than that 

of the Neoral® and Plurol Oleique formulations (Table 10.6). Blood levels were slightly 

lower in the case o f the Plurol Oleique group but this vehicle contained approximately half 

the dose (3.21 mg) o f the other two formulations (6mg). Peak blood and lymph 

cyclosporine concentrations were compared and lymph/ blood (L/B) ratios obtained. In all 

cases, peak cyclosporine lymph levels were higher than peak blood levels especially in the 

case of the Neoral® and Plurol Oleique formulations (L/B ratios o f 31.19 and 11.55
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respectively), however the difference was less pronounced for the IVAX formulation (L/B 

ratio of 6.56).
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Figure 10.22. Whole blood cyclosporine concentration (ng/ml) as determined by RIA 

(Mean ± S.D., n = 3) against time (hour), following intraduodenal administration of 

different formulations to nonlymph-cannulated rats

Table 10.6. Cyclosporine blood data as determined by RIA

System 

(CsA dose in 

3ml)

C fiia x  (blood) 
(ng/ml)

T „ a x

(h)
AUCô sh
(ng/ml)

C m a x

(lymph)“

(^g/nlI)

L/B

ratio**

Neoral®

(6mg)

1122.89 ±252.38 2 8259.34 ± 706.06 34.99 ± 19.36 31.19

IV AX

(6mg)

1190.31 ±95.71 4 8592.48 ±581.64 7.81 ±4.14 6.56

Plurol Oleique 

(3.21 mg)

1070.48 ± 113.33 2 7638.85 ± 503.43 12.36 ± 13.76 11.55

“lymph levels determined via HPLC  
'’Cmax lymph/ Cmax wood

1
♦  Neoral 

- ■ - I V  AX

Plurol Oleique
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10.3.14. Efficiency of cyclosporine lymphatic transport for the different formulations

In Chapters 8 and 9, estimates of DDT lymphatic transport efficiency for each Upid vehicle 

were made using drug loading values (cumulative lymphatic transport o f drug/ cumulative 

lymphatic transport of triglyceride) and % efficiency determinations (using DDT solubility 

in lymph of different triglyceride content). In the previous section, the solubility of 

cyclosporine increased with increasing lymph triglyceride. At 5mg/ml triglyceride, the 

solubility o f cyclosporine was approximately 220|ig/ml. This level of cyclosporine in the 

lymph was never achieved in vivo, with peak cyclosporine concentrations only reaching 

30-40|ig/ml. Due to this discrepancy, only the drug loading values and correlation 

coefficients are presented here (Table 10.7).

Table 10.7. Cyclosporine loading and correlation coefficients for cyclosporine 

lymphatic transport for different formulations

Vehicle Mean loading 

(^g CsA/mgTG)^

Correlation

coefficient®

Olive 5.11 0.90

Com (5.08mg) 4.33 0.64

Com (2.17mg) 3.60 0.73

Com (1.548mg) 0.89 0.75

Plurol Oleique 3.76 0.61

Neoral® 2.44 0.88

IVAX 2.16 0.04

 ̂ Calculated by dividing the mean cumulative amount o f  cyclosporine transported after 8 hours (|ig) by the 
mean cumulative triglyceride transported after 8 hours (mg)
® Linear correlation coefficient when DDT transport (|ig/m l) is plotted against TG transport (mg/ml) (Figure 
10. 19)

Using the mean loading drug value, the olive oil vehicle would appear to be the most 

efficient vehicle for enhancement o f lymphatic transport o f cyclosporine. For the com oil 

vehicles, the efficiency of transport decreased with decreasing cyclosporine dose, this was 

despite increased triglyceride output following administration o f this vehicle. 

Interestingly, the correlation coefficient (for triglyceride and cyclosporine lymphatic
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transport) for the com oil vehicles tended to decrease with increasing dose, suggesting an 

increased dependence o f chylomicron transport at the lower dose levels, while at the higher 

dose levels other factors (such as P-gp saturation) became important. The IVAX 

formulation did not promote intestinal lymphatic triglyceride output, and despite this a 

significant level o f cyclosporine lymphatic transport occurred suggesting that a certain 

proportion of lymphatic cyclosporine transport occurred independently of chylomicron 

transport.

265



Chapter 10- Intestinal lymphatic transport o f  cyclosporine A

10.4. Discussion

Influence of assay method on cyclosporine lymph levels

Radiolabelled cyclosporine was used as a preliminary means of estimating the extent of 

cyclosporine lymphatic transport. Upon administration o f the Neoral® formulation 

(containing a cyclosporine radiolabel) to the rats, 2.11 ± 0.31% of the cyclosporine 

radiolabel was transported in the mesenteric lymph after 8 hours. The rate profile showed 

that the rate of lymphatic transport of the radiolabel increased up to 5 hours and then 

decreased. At the 8-hour time point the rate of lymphatic transport appeared to increase 

again.

Ueda et al. (1983b) conducted a similar experiment in thoracic (rather than mesenteric) 

duct-cannulated rats. They recovered 2.18 ± 1.63% of the radiolabelled dose of 

cyclosporine (25.2 ± 1.4mg/kg) in the lymph and estimated that only 0.47 ± 0.29% of the 

dose was directly lymphatically transported over 114 hours, when administered orally in a 

Sandimmun® olive oil solution (containing ethanol, Labrafil M1944CS and olive oil in a 

18:42:40 ratio). The data exhibited a high level o f variation. The rate profile obtained was 

similar to that obtained here and the authors suggested that the drug appearing in the 

lymphatics was derived from two different sources. One source was the direct absorption 

of cyclosporine via the intestinal lymphatics; the other involved the transfer of drug that 

was absorbed by other mechanisms, from the blood. This group found no evidence to 

suggest that cyclosporine was being continuously absorbed for the duration of the 

experiment (i.e. 19 hours or longer). Rather, the lymph data associated with the second 

peak appeared to be the result o f drug that was previously absorbed into the vascular 

system, being transferred from the blood to the lymph. The overall extent o f cyclosporine 

absorption from the gastrointestinal tract was about 21% and the fraction o f drug absorbed 

lymphatically was about 2% suggesting that the intestinal lymphatic system had a minor 

role in the absorption of cyclosporine.

Ueda and co-workers (1983b) proposed a number of reasons to account for the low levels 

of lymphatic cyclosporine transport. Firstly, the physical size o f the cyclosporine molecule 

may retard the absorption process, especially via the transmembrane route. Alternatively 

the bulkiness of cyclosporine might have prevented or hindered its incorporation into the 

core of the chylomicrons. Another factor proposed to limit cyclosporine’s overall 

bioavailability was extensive first-pass metabolism or degradation in the gastrointestinal
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lumen. Cyclosporine was subsequently shown to be stable in the lumen of the 

gastrointestinal tract (Reymond and Sucker, 1988). The oral absorption of cyclosporine is 

reported to follow zero order kinetics (Ueda et a i, 1983b); this behaviour suggests that the 

absorption o f cyclosporine from the gastrointestinal tract involves a carrier-mediated 

transport mechanism, which was operating at its maximum capacity. In this case, 

cyclosporine absorption would be dependent on the concentration and the capacity of the 

carrier system as well as the residence time at the ‘absorption window’. Subsequent 

studies however have indicated that cyclosporine absorption is non-saturable and non

carrier mediated (Tarr and Yalkowsky, 1989).

Due to the different methodology (mesenteric duct-cannulation instead o f thoracic duct, 

intraduodenal administration and collection of lymph over 8 hours versus 114 hours) used 

in the present study it is difficult to make direct comparisons between lymphatic transport 

of cyclosporine from Neoral® and its predecessor Sandimmun®. It is now a well 

established fact that Neoral® exhibits better bioavailability and less variability when 

compared to Sandimmun® (Mueller et al., 1994a; Mueller et al., 1994b; Noble and 

Markham, 1995). However, to date there have been no reports comparing the lymphatic 

transport o f the two formulations. Considering the fact that thoracic duct sampling of 

lymph leads to overestimation of the extent of lymphatic transport of a compound, and that 

Ueda et al. (1983) sampled for 114 hours, it is fair to suggest on the basis o f the present 

studies that the lymphatic transport of cyclosporine from Neoral® is superior to that from 

Sandimmun®. A direct comparison using the mesenteric lymph duct-carmulated model 

should however be made to validify this statement.

When lymph levels o f cyclosporine were determined using a HPLC assay, the cumulative 

amount transported was 0.85 ± 0.38%, which is approximately 40% the level estimated 

using the radiolabel. The level o f variation in the data was lower than that observed in the 

radiolabel experiments. Examination o f the transport rates revealed a peak transport rate at 

4 hours, after which there was a decline in rate. There was evidence of a slight increase in 

transport rate at 7 hours, but this was not as pronounced as that seen in the radioactivity 

experiments. While there are HPLC and gel chromatography methods available for 

quantifying the major cyclosporine metabolites (Khoschsorur et al., 1997; Kadobayashi et 

al., 1995), the HPLC method employed in the present studies did not; hence the transport 

rate profile represented transport only of intact cyclosporine. The lack of the second peak
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in transport in the HPLC profile suggests that the second transport peak observed with the 

radioactivity data may well be due to cyclosporine metabolites either produced in the 

lymph or blood, which were then redistributed from blood to the lymph. It would be 

advantageous to analyse lymph cyclosporine and cyclosporine metabolites using a HPLC 

method capable o f doing so.

Intestinal lymphatic transport o f cyclosporine

While the use of a cyclosporine radiolabel was usefiil for obtaining preliminary estimates 

of cyclosporine lymphatic transport, its lack of specificity for intact cyclosporine prevented 

its routine use. For this reason, lymph samples were analysed by HPLC in the remainder 

o f the studies conducted.

Following administration of saturated lipid-based formulations containing cyclosporine, 

the rank order for cumulative amount o f cyclosporine (p,g) transported in lymph was: olive 

> com > Plurol Oleique > Neoral® > IVAX. In Chapter 9, lymphatic transport o f DDT 

was slightly better from the same olive oil vehicle when compared to the com oil vehicle, 

thus the same trend was observed for cyclosporine. The Plurol Oleique formulation 

produced a coarser dispersion upon aqueous dilution, when compared to the olive and com 

oil formulations. This apparent reduced surface area available for absorption may account 

for lower lymphatic transport from this vehicle. Also this vehicle did not contain any 

surfactants known to inhibit P-gp efflux, which may also be a reason for its decreased 

lymphatic transport. Modulation o f the P-gp protein has been shown to affect the 

lymphatic transport o f P-gp substrates such as saquinavir (Griffin, 2001). If P-gp were 

uninhibited a larger proportion of the cyclosporine dose would be effluxed out o f the 

enterocyte reducing overall absorption and making less cyclosporine available for 

lymphatic transport.

The Neoral® formulation was also based on com oil, but when administered to the 

animals, it did not promote lymphatic triglyceride output as well as the com oil vehicle. If 

cyclosporine was transported to the lymph in association with the chylomicron lipoprotein 

fraction and chylomicron output was lower following administration of Neoral®, then this 

may explain why lymphatic transport from the com oil formulation is better than that from 

the Neoral® one. Lymphatic transport from the IVAX formulation was lowest. The 

IVAX formulation was not a microemulsion and instead formed a coarse dispersion with
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aqueous dilution. It is generally believed that the smaller the particle size of the co

administered vehicle the better the cyclosporine absorption (Tarr and Yalkowsky, 1989), 

although evidence to contradict this hypothesis has recently emerged (Vrana and 

Andrysek, 2001; Andrysek, 2001). Furthermore, the IVAX formulation did not contain 

any excipients that would directly stimulate lymph triglyceride output; this was evident 

from the triglyceride levels obtained. Despite these unfavourable factors associated with 

the IVAX formulation, a quantifiable level of lymphatic transport o f cyclosporine 

nonetheless occurred. The level of lymphatic transport from the IVAX formulation was 

lower than that from Neoral®, but the difference were not statistically significant (p > 

0.05). Using blood levels only, the bioequivalence of the IVAX formulation with Neoral® 

has been established (Andrysek et a l, 2003). The lack o f statistical difference between 

IVAX and Neoral® cyclosporine lymph levels presented here is thus in agreement with the 

bioequivalence reports. It should be noted however, that peak lymph cyclosporine 

concentration for the Neoral® group was significantly higher than for the IVAX group. 

There was a large variation in the data, especially regarding the IVAX formulation.

It has been suggested that the bioequivalence o f the IVAX formulation may be due to a 

number o f its properties including its ability to overcome the unstirred water layer in the 

lumen of the small intestine (Andrysek et al., 2003). Tarr and Yalkowsky (1989) 

suggested that this may be the rate limiting barrier in cyclosporine absorption. 

Furthennore, the ability of the IVAX formulation to adhere to the intestinal wall ensures 

both sufficient time and concentration gradient for the absorption of cyclosporine. In 

addition, it has been suggested that the presence o f non-ionic surfactants in the IVAX 

formulation may increase intestinal membrane permeability and act to inhibit P-gp and 

cytochrome p-450 (Andrysek et al., 2003). Whether this accounts for the appreciable 

cyclosporine lymphatic transport in the absence o f chylomicron secretion remains to be 

seen. It should be noted that the olive, com and Neoral® formulations all contained non

ionic surfactants known to inhibit P-gp and alter membrane permeability.

Different saturated doses of cyclosporine were administered in each formulation, with the 

highest dose being administered in the Neoral® and IVAX formulations (6mg). Ueda et 

al. (1983b) administered two doses (in the same formulation) to the animals and found that 

the higher the dose administered the greater the extent of lymphatic transport, while 

absorption followed zero order kinetics. The olive and Plurol Oleique formulations
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contained just over half the dose administered in the IVAX and Neoral® commercial 

formulations, but still demonstrated greater lymphatic transport than the two commercial 

preparations. These results suggest the importance of not only the cyclosporine dose 

administered but also the formulation properties, where lymphatic transport is concerned.

Effect o f dose on intestinal lymphatic transport o f cyclosporine

As previously mentioned, it was generally thought that the greater the dose the greater the 

lymphatic transport o f cyclosporine from a given vehicle. The data obtained following 

administration o f the olive, com, Plurol Oleique, Neoral® and IVAX formulations does 

not support this finding. In order to eliminate vehicle effects, three different cyclosporine 

doses (5.08, 2.17 and 1.55mg) were administered in the same com oil vehicle and the rate 

and extent o f lymphatic transport from each was compared.

The extent o f lymphatic transport fi-om the 5.08mg and 2.17mg doses was similar, but 

reduction of the dose to 1.55mg (i.e. approximately 3 times lower than the original dose) 

resulted in a significantly lower extent o f cyclosporine lymphatic transport. In Chapter 9, 

administration o f half the DDT dose in the same com oil vehicle did not alter DDT 

lymphatic transport either. Ueda et al. (1983b) reported a lower extent of lymphatic 

transport when a lower dose o f cyclosporine (approximately 5 times lower) was 

administered to rats. The results obtained in this study are therefore consistent with 

previous findings.

The cyclosporine dose in the com oil formulations did not influence the peak concentration 

o f cyclosporine achieved in the lymph, with peak concentration being approximately 

33)j,g/ml for all three doses. The transport rate profiles for the two higher doses were very 

similar, however for the lowest dose, the transport rate for cyclosporine was almost 

negligible in the hours leading up to and after peak cyclosporine concentration was 

achieved. As cyclosporine is a P-gp substrate (Faber et al., 2003), it is possible that in the 

case of the two higher doses, P-gp was saturated, therefore allowing increasing amounts of 

cyclosporine to move down a gradient and enter the enterocyte. In the case of the lower 

dose, the amount o f cyclosporine being presented to P-gp may not have been enough to 

saturate it, hence efflux occurred and negligible levels o f cyclosporine appeared in the 

lymph. The large peak o f lymph cyclosporine at the four-hour time point may represent
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eventual saturation of P-gp coupled with peak lymph triglyceride output, allowing 

cyclosporine to be transported to the lymph in association with the triglyceride.

Effect o f  cyclosporine lipid vehicle on output o f  intestinal lymphatic triglyceride

The rank order for cumulative lymph triglyceride output after administration of each lipid 

vehicle was similar to that observed for cyclosporine lymphatic transport, i.e. olive > com 

> Plurol Oleique = Neoral® > IVAX. The IVAX formulation did not influence 

triglyceride output and was similar to the saline control. Triglyceride output remained at 

constant basal level after administration of this formulation, although there was some 

evidence of a slight increase in output after 8 hours, possibly due to metabolism of some of 

its excipients to long chain fatty acids capable of stimulating triglyceride output.

The rate profile for triglyceride output was similar for all vehicles except the IVAX 

formulation. Examination of the rate profiles revealed that peak lymphatic triglyceride 

output occurred 4 hours post-dosing. This was in contrast to the rate profiles obtained 

using DDT, where peak triglyceride output occurred one hour earlier at 3 hours post- 

dosing. Hence it would appear, that cyclosporine not only inhibits lymph triglyceride 

output, but also delays the peak triglyceride output by one hour.

Effect o f  cyclosporine dose on intestinal lymphatic triglyceride output

Following administration of the olive, com and Plurol Oleique formulations the cumulative 

levels of triglyceride output were lower than those obtained when the same formulations 

were administered with DDT or Saquinavir. This observation led to the hypothesis that 

administration of cyclosporine inhibits lymph triglyceride output to a certain degree. This 

was in contrast to the results obtained using Tween 80 vehicles in the presence or absence 

of DDT, where it was concluded that administration o f DDT did not alter triglyceride 

output (Chapter 8). To formally assess the effect o f cyclosporine on lymph triglyceride 

output, cumulative lymphatic triglyceride output after administration o f the three 

cyclosporine doses in the com oil-based SEDDS was compared to levels obtained 

following administration of the blank com oil-based SEDDS. Rank order for cumulative 

triglyceride after 8 hours was; blank > 1.55mg > 2.17mg > 5.08mg (> saline). The rate 

profiles followed a similar trend for all the com oil vehicles; with maximum triglyceride 

concentration decreasing with increasing cyclosporine dose. An inverse linear correlation 

was found to exist between cyclosporine dose and triglyceride output (r = 0.85).
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This apparent inhibitory effect of cyclosporine (when co-administered with saquinavir) on 

lymph triglyceride output in the rat was previously observed by Griffin (2001). 

Cumulative lymph triglyceride output levels were similar after administration of a mixed 

micellar formulation (containing 2% Cremophor EL and 40mM oleic acid) containing 

either DDT or the protease inhibitor saquinavir. Triglyceride output was also unaffected 

when either verapamil or ketoconazole (which are P-gp and cytochrome p450 substrates) 

were added to the saquinavir preparation, but when ImM (3.6mg) cyclosporine was added 

to the preparation triglyceride output was effectively halved. When a combination of both 

verapamil and ketoconazole (ImM  each) was added to the saquinavir preparation, the 

triglyceride output was also halved. Despite these reductions in triglyceride output 

following administration o f the modulators, increased lymphatic transport of saquinavir 

was observed and higher apparent loadings of saquinavir per mg of lymph triglyceride 

resulted. It was proposed that by interrupting the P-gp/ cytochrome P450 recycling 

mechanism, the concentration o f drug within the enterocyte would be elevated and its 

residence time in the cell increased. Coupled with the co-administration o f an appropriate 

lipid vehicle to drive triglyceride uptake by the intestinal lymphatics, and assuming a 

simple partition process, the two effects combined served to maintain a higher 

concentration of the drug in the absorbed lipoidal fraction and resulted in higher loadings 

o f drug per mg o f lymph triglyceride. By contrast, if  the Pgp/CYP counter-transport 

process remained ftilly functional, or in the absence of co-administered lipid, relatively 

more drug was lost to intestinal metabolism or absorption by portal blood.

In the Caco-2 model, verapamil (a known P-gp inhibitor) has been found to reduce 

basolateral chylomicron and apoB secretion without affecting intracellular accumulation 

(Field et al., 1995; Seeballuck, 2004), suggesting an association between drug-mediated 

inhibition o f triglyceride rich lipoprotein secretion and P-gp activity. Further studies by 

Seeballuck et al. (2004) investigated the potential link between lipoprotein processing and 

P-gp. A range o f non-ionic surfactants, known to inhibit P-gp, inhibited intestinal 

lipoprotein secretion in the Caco-2 cell model. The effects were concentration dependent 

and reversible and the mechanism o f inhibition appeared to be related to the assembly and 

secretion of lipoproteins rather than to initial intracellular triglyceride synthesis. A strong 

correlation was found to exist between excipient-mediated inhibition o f lipoprotein 

secretion and inhibition of P-gp efflux of cyclosporine, implying a link between the two 

biochemical processes.
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The incidence o f hyperlipidaemia is higher after renal transplantation with cyclosporine 

treatment (Neoral® Product Information, 2003). It has been reported that long-term 

administration o f cyclosporine elevates plasma total cholesterol and triglyceride 

concentrations including LDL and VLDL levels in humans; yet the mechanisms still 

remain unclear. Whether this clinical effect is related to altered (lower) lymph triglyceride 

levels following cyclosporine administration, remains to be seen.

It is not clear why cyclosporine, which is a substrate for both P-gp (Faber et al., 2003) and 

cytochrome P450 (Hoppu et al., 1991; Kolars et al., 1991; Kolars et al., 1992), reduces 

lymph triglyceride output, while saquinavir which is also a substrate for both P-gp and 

cytochrome P450 does not. It is possible that cyclosporine has a greater affinity than 

saquinavir for P-gp, cytochrome P450 or both. Likewise, why neither verapamil nor 

ketoconazole alone alter triglyceride levels, but the combination o f the two agents does. 

Furthermore, DDT is a substrate for the cytochrome enzymes (Lewis and Lake, 1997), yet 

it does not alter triglyceride output either. Further work using the Caco-2 model may help 

further elucidate these mechanisms.

Cyclosporine solubility in the lymph

Cyclosporine solubility, like DDT, increased linearly with increasing lymph triglyceride 

concentration up to a point. However, while the solubility of DDT levelled off at a certain 

triglyceride concentration, the solubility of cyclosporine appeared to decease with a further 

increase in lymph triglyceride concentration (>5mg/ml). The maximum concentration of 

cyclosporine in lymph was approximately 250|ig/ml, however this level was never 

obtained in vivo. These findings question the validity o f using in vitro cyclosporine 

solubility data to predict in vivo lymph levels. The solubility o f cyclosporine in the lymph 

was lower than that observed for DDT. Cyclosporine has a lower log P  than DDT and is 

also a larger molecule, which might make incorporation into the chylomicron lipid core 

more difficult than for a smaller molecule such as DDT. In the plasma compartment 

cyclosporine primarily associates with HDL and VLDL (Wasan et al., 1997). Only a very 

small amount (2%) is associated with the chylomicron fi"action suggesting that 

cyclosporine does not have a great affinity for association with the chylomicron.
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Distribution o f cyclosporine in blood

It is well established that cyclosporine associates with plasma lipoproteins (Awni and 

Sawchuk, 1984, Chung and Wasan, 2004). The concentrations o f cyclosporine in blood 

are approximately twice those measured in plasma, which reflects the extensive 

distribution of cyclosporine into erythrocytes (Ptachcinski et al., 1986). Similar results 

were obtained in the present blood distribution study. Factors that influence the blood-to- 

plasma distribution of cyclosporine include the temperature at which the whole blood 

sample is handled, haematocrit and plasma lipid levels (Shibata et al., 1990).

Cyclosporine has two different binding sites in the human blood system. In the plasma 

fraction, the main binding site of cyclosporine is the lipoproteins, predominantly HDL 

(57%) and LDL (25%) (Wasan, 1997). The amount of cyclosporine bound to 

chylomicrons is low (2%) (Chung and Wasan, 2004). Lipoproteins in plasma exhibit a 

non-saturable, low affinity, high capacity uptake for cyclosporine (Sgoutas et al., 1985). 

Very little cyclosporine is bound to other plasma proteins such as albumin and globulin 

(Niederberger et al., 1983). Changes in the lipid concentration and composition o f the 

plasma lipoproteins due to diseases such as liver disease can alter the profile of 

cyclosporine-lipoprotein association and thus modify the pharmacological activity, the 

pharmacokinetic properties as well as the toxicity o f cyclosporine (Chung and Wasan, 

2004). The unbound fraction of cyclosporine in plasma fi'om transplant patients ranges 

from 0.05-0.17 and is similar in rats (0.19) (Ptachcinski et al., 1986). In the cellular 

fi'action, the main binding site o f cyclosporine is the cyclosporine binding protein (CBP), 

which exhibits a saturable, high affinity binding for cyclosporine in a temperature 

dependent manner. In the clinical setting, cyclosporine erythrocyte-to-plasma ratios (CyA- 

EP) greater than 4 are associated with organ rejection and nephrotoxicity (Shibata et al., 

1995). A rise in plasma lipids increases cyclosporine total body clearance in healthy 

subjects (Gupta et al., 1990) and is also associated with a decrease in CyA-EP.

Myers and Stella (1992) investigated the red blood cell: plasma ratio for DDT and 

penclomedine. Both compounds had a similar log P  value and high lipid solubility, 

however penclomedine was found to have an affinity for red blood cells 8-times greater 

than that for plasma, while the amount of DDT that partitioned into the plasma 

compartment was found to be slightly higher than in the red blood cell compartment (ratio 

< 1). The intestinal lymphatic transport o f each compound was then investigated in an oil
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in water emulsion. Despite similar physicochemical properties o f DDT and penclomedine, 

the lymphatic transport o f DDT was much higher than that o f penclomedine. The authors 

speculated that if  a drug has a high affinity for red blood cells relative to plasma, not only 

must the agent have a high affinity for chylomicrons (i.e. log P  > 5) but it must also 

overcome the added affinity for the red blood cells as well as plasma protein binding for 

significant lymphatic transport to occur. We see therefore, that promoting the lymphatic 

transport of cyclosporine presents many challenges since its log P  is only around 3 and it 

has a higher affinity to bind to red blood cells rather than to plasma. Additionally the 

solubility o f cyclosporine in lymph has been found to be lower than that o f DDT. These 

facts may explain the lower lymphatic transport seen with cyclosporine compared to DDT 

in the case of the olive, com and Plurol Oleique vehicles.

Cyclosporine blood levels

Cyclosporine blood levels were much lower than the corresponding lymph levels and were 

below the limit o f detection o f the HPLC assay. Hence a radioimmunoassay was 

employed to quantify cyclosporine blood levels. Following administration o f the Neoral®, 

IVAX and Plurol Oleique formulations to nonlymph-cannulated rats, cyclosporine blood 

levels were relatively constant at ~1000ng/ml fi-om 2-8 hours. The lymph /blood (L/B) 

ratios indicated that the Neoral® formulation was superior to the other two in terms of 

targeting cyclosporine to the lymph. As expected, the IVAX formulation, which did not 

promote triglyceride output, had the lowest L/B ratio (6). Further work comparing 

cyclosporine blood levels in lymph-cannulated and nonlymph-cannulated rats (as was done 

in the case o f DDT), might yield more information regarding the distribution of 

cyclosporine between lymph and blood.
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10.5. Conclusions

Use of a cyclosporine radiolabel to investigate the lymphatic transport o f cyclosporine 

leads to overestimation of the cyclosporine lymphatic transport when compared to the 

levels obtained using a HPLC assay. Whether this overestimation of cyclosporine levels 

was due to metabolites, is as o f yet unclear. Using lipid vehicles, the extent o f lymphatic 

transport of cyclosporine is typically low. The results obtained here suggest that there was 

a correlation between lymphatic triglyceride output and lymphatic transport of 

cyclosporine, but a certain level o f cyclosporine lymphatic transport occurred in the 

absence of chylomicron formation. Administration of cyclosporine led to a reduction in 

lymphatic triglyceride output in the rat. This reduction appeared to occur in a 

concentration dependent manner, while it is not yet clear how this reduction occurs it may 

be related to an inhibitory effect on P-gp or other transporter proteins in the intestine.
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11. Effect of SEDDS on lipid metabolism in the Caco-2 cell culture model 

11.1. Introduction

Lymphatic transport research is largely conducted in whole animal models such as the rat 

and dog. These models require the use o f techniques that are highly skilled and labour 

intensive. The lack of an in vitro model capable o f high throughput screening for lipid 

vehicle effects on intestinal lipid metabolism and lymphatic drug transport has impeded 

progress in this area.

The Caco-2 cell culture model is a potentially usefiil model for investigation o f the 

mechanisms of lymphatic transport and the factors influencing the degree o f lipid mediated 

lymphatic transport (O’Driscoll, 1998; Seeballuck et a l, 2003). Many o f the biochemical 

and metabolic features of lipid processing in vivo have been shown to exist in Caco-2 cells. 

Like the enterocytes o f the small intestine, Caco-2 cells show uptake o f fatty acids 

followed by esterification to form triglycerides (Trotter and Storch, 1993). They 

synthesize and secrete similar apoproteins to the small intestine and cholesterol synthesis is 

regulated in a manner similar to that observed in vivo in the intestine (Field et al., 1995a). 

In the presence o f fatty acids, triglyceride-rich lipoproteins o f similar size and density to 

those produced by the enterocytes are secreted by the Caco-2 cells (van Greevenbroek et 

al., 1995; van Greevenbroek et al., 1996; van Greevenbroek et al., 2000; Hussain, 2000). 

The ability o f Caco-2 cells to secrete lipoproteins (including chylomicrons), and the many 

reported examples o f good in vitro / in vivo correlations relating to lipoprotein production 

and secretion between Caco-2 and animal models, make this model a potentially useful 

surrogate for animal model studies.

In the previous chapters the lymphatic transport o f DDT and cyclosporine from a range of 

SEDDS was investigated in the mesenteric lymph duct-carmulated rat model. The Caco-2 

cell model was used here to help ftirther elucidate and understand the mechanisms by 

which these lipid vehicles promoted lymphatic transport and to assess the potential o f this 

in vitro model as a predictive tool for in vivo lymphatic transport.
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11.2. Aims and objectives

The aims of this chapter are as follows:

• To investigate the effects of different lipid-based vehicles (SEDDS) on lipid 

metabolism and secretion in Caco-2 cells

• To assess the effect of pre-digestion of the lipid-based vehicles (SEDDS) on lipid 

metabolism and secretion in Caco-2 cells

• To compare triglyceride secretion in the Caco-2 cells and in the mesenteric lymph 

duct-cannulated rat model following administration of lipid-based vehicles 

(SEDDS) and determine if an in vitro! in vivo correlation for triglyceride secretion 

exists between the two models
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11.3. Results

11.3.1. Caco-2 cell culture conditions and vehicle preparation

Cells o f passage (78-84) were employed for all experiments. In each case, cells were 

seeded at a density o f 63,000 cells/cm^ onto 0.4)im pore, 24mm diameter polycarbonate 

filters. These polycarbonate filters have previously been shown to be the optimum for 

lipoprotein secretion studies (Seeballuck, 2004). Cell monolayers were used when fully 

differentiated (day 19-22 post seeding), as lipoprotein secretion has been shown to be 

maximal at this time (Mehran et a i,  1997). Rat mesenteric lymph chylomicrons have an 

average diameter o f 126nm, with less than 1% being greater than 400nm, indicating that 

the majority o f chylomicrons should pass unrestricted through a 0.4)im filter (Seeballuck, 

2004).

For non-digested systems, vehicles containing trace amounts o f C] oleic acid label were 

agitated at ISOrpm for 1 hour at 37°C. Vehicles were labelled with ['"* C] oleic acid as it 

has been shown that it can be used as a general marker for different fatty acid vehicles 

without altering the differential cell response (van Greevenbroek et al., 1996). Test 

vehicles were then diluted 1 in 50 with FaSIF (fasted state simulated intestinal fluid as 

described by Dressman et al. 1998) which contains 12mM sodium taurocholate and 3mM 

lecithin in a Tris-maleate buffer (50mM Tris-maleate, 150mM sodium chloride and 5mM 

calcium chloride adjusted to pH 7.4 with sodium hydroxide) and agitated at 37°C for a 

further 2 hours to simulate mixing in gastrointestinal fluid. Each system was then diluted 1 

in 4 with cell media containing 20% delipidated serum (final concentration o f sodium 

taurocholate was 4mM and 0.75mM for lecithin). This last dilution step in cell media was 

used to produce a final vehicle dilution o f 1 in 200 and also to provide sufficient nutrients 

for an overnight incubation (20 hour) with Caco-2 cells. This 1 in 200 dilution of 

preconcentrate vehicles was used in all studies, partly to simulate predicted dilution o f a 1 g 

lipid dose in the intestine and also because use o f more concentrated lipid vehicles 

previously resulted in decreased cell viability (Seeballuck, 2004).

For digested systems, vehicles were prepared as outlined above, with the addition o f cell 

culture tested pancreatin (4x) to the initial bile salt buffer (4mg/100ml). Pancreatin has 

protease activity due to the presence o f trypsin but delipidated serum in the diluting 

medium was added to reduce any cytotoxic effects it might have on the Caco-2 cells.
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11.3.2, Effect of in vitro lipolysis on free fatty acid content of lipid vehicles

Sensitivity o f  lipid vehicles diluted in FaSIF (containing 12mM sodium taurocholate, 3mM 

lecithin in Tris maleate buffer) to in vitro lipolysis by pancreatin was determined by 

comparing the measured free fatty acid content o f  the diluted lipid vehicles (digested and 

non-digested) using a colorimetric free fatty acid kit (Section 6.44). Non-digested vehicles 

were subjected to the same experimental conditions as the digested vehicles to account for 

any free fatty acid that may result from the incubation process. Results are shown in 

Figure 11.1. All vehicles were digested to a similar extent and in all cases lipolysis 

produced a substantial increase in free fatty acid (around 8-fold increase), consistent with 

reports by Seeballuck (2004). The increase in free fatty acid in the control buffer (FaSIF 

alone) is due to free fatty acid being liberated from lecithin by phospholipase A2 which is 

present in pancreatin (Sigma Technical Services, 2003). The free fatty acid content o f  the 

non-digested and digested vehicles is similar to those values obtained in Section 7.3.6.2.

Figure 11.1. Free fatty acid content (mM) of lipid vehicles in the non-digested and 

digested state {in vitro lipolysis in FaSIF using pancreatin)

6
□  N on-digested 

■  D igested

Captex Olive Com 5%  15% 30%  control
Soybean Soybean Soybean
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11.3.3. Lipid vehicle (non-digested and digested) toxicity- effect on monolayer 

integrity

The effects of six different SEDDS on Upid metabolism and secretion in Caco-2 cells were 

investigated. Details of the characterisation of these vehicles are outlined in Chapter 7 and 

the effect o f each on lymphatic transport o f DDT, in Chapters 8 and 9. All formulations 

demonstrated considerable l>mphotropic ability when tested in the rat model. The 

composition of the vehicles is outlined in Table 11.1. For the control group, cells were 

incubated with FaSIF which had been treated in the same manner as the lipid vehicles. 

Upon aqueous dilution, all systems formed microemulsions with particle diameters below 

50nm (Section 7.3.5). Particle size analysis o f the formulations following dilution with 

cell media was carried out to ensure that the media did not affect microemulsion formation. 

The particle size was the same upon dilution with media compared to aqueous dilution, 

indicating that the media did not adversely affect microemulsion formation.

Table 11.1. Composition of lipid-based vehicles used in Caco-2 cell experiments

Oil phase Surfactants

Captex 355 (21.05%) Cremophor EL (52.63%), Transcutol P (26.31%)

Olive (20%) Peceol (20%), Cremophor EL: Tween 80 (2:1) (20%)

Com (30%) Peceol (20%), Cremophor EL: Tween 80 (2:1) (50%)

Soybean (5%) Maisine 35-1 (5%), Cremophor EL: Tween 80 (2:1) (90%)

Soybean (15%) Maisine 35-1 (15%), Cremophor EL: Tween 80 (2:1) (70%)

Soybean (30%) Maisine 35-1 (30%), Cremophor EL: Tween 80 (2:1) (40%)

The effect of non-digested and digested lipid vehicles on monolayer resistance was 

assessed using TEER measurements. TEER measurements were taken before and after 20- 

hour incubation o f cell monolayers with the non-digested and digested vehicles (Table 

11.2). Actual TEER values obtained are given in Appendix IV.

Monolayer integrity was largely unaffected after incubation with the non-digested vehicles, 

indicating no significant adverse effects on the cells following vehicle exposure. The 

control (i.e. those cells incubated with FaSIF alone) resulted in the largest drop in 

monolayer resistance (17.94 ± 5.12% drop from pre-incubation value). Following cell
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exposure to digested vehicles, there was a significant drop in monolayer resistance (as 

indicated by the TEER values) (p < 0.01) for the Captex 1, olive and com oil-based 

vehicles. The TEER values for the control were also significantly lower (67.51 ± 11.60% 

relative to start value). The effects of the digested soybean vehicles on the cell TEER 

values was not assessed due to the obvious toxicity o f digested vehicles to the cells.

Table 11.2. TEER values, expressed relative to pre-exposure levels, for Caco-2 cells 

following a 20-hour exposure to non-digested and digested vehicles (Mean % relative 

to starting value ± S.D., n = 4)

Vehicle Non-digested TEER Values 

(n = 4)

(% relative to starting 

value)

Digested TEER Values 

(n = 4)

(% relative to starting 

value)

Captex 1 87.37 ±2.56 26.71 ± 1.99

Olive 93.63 ±8.71 29.20± 2.27

Com 109.32 ±7.50 33.74 ±2.73

5% Soybean 90.32 ± 4.87 N/A

15% Soybean 97.83 ± 14.35 N/A

30% Soybean 108.87 ± 10.03 N/A

Control 82.06 ±5.11 67.51 ± 11.60

11.3.4. Vehicle effects on lipid metabolism in Caco-2 cells

Lipid vehicle effects on lipid metabolism were investigated by supplementing Caco-2 

monolayers with [*"* C] oleic acid-labelled lipid vehicles (final activity 0.2|iCi/ml) and 

examining the resulting levels o f triglyceride, phospholipid and cholesterol ester secretion. 

The oleic acid label has been shown to be preferentially incorporated into newly 

synthesised triglyceride in the cells (Mansbach and Parthasarathy, 1982), whereas 

phospholipid and cholesterol ester may be derived fi-om endogenous sources (Shen et al., 

2001). Vehicles were diluted in culture medium containing 20%v/v delipidated serum. 

The effects o f the non-digested lipid vehicles on lipid metabolism are only presented since
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TEER measurements revealed adverse effects resulting from incubation with digested 

vehicles (Section 11.3.3). Intracellular and secreted levels of triglyceride (a marker of 

chylomicron secretion (Seeballuck, 2004)) were quantified as described in Sections 6.10.4 

and 6.10.5.

11.3.4.1. Effect o f  lipid vehicles on secreted lipid profile

Figure 11.2 shows the percentage o f administered radiolabel secreted as triglyceride 

following a 20-hour exposure of Caco-2 cells to the non-digested lipid vehicles. With the 

exception of the Captex 1 system, all lipid vehicles significantly enhanced basolateral 

secretion of triglyceride compared to the control (p < 0.05). In all cases, less than 4% of 

the administered radiolabel was secreted as triglyceride. Secretion following incubation 

with Captex 1 (medium chain triglyceride) was lower than the control, but this difference 

was not statistically significant (p = 0.092). Rank order for triglyceride secretion following 

exposure of cells to the lipid vehicles was: 30% soybean> 15% soybean > olive > 5% 

soybean > com > control > Captex. Secrefion o f triglyceride was 3 to 6-fold higher than 

the control after incubation o f cells with the LCT-based SEDDS.

The effect o f lipid vehicles on phospholipid secretion was less pronounced than the effects 

on triglyceride secretion. Figure 11.3 shows the percentage o f administered radiolabel 

secreted as phospholipid following a 20-hour exposure of Caco-2 cells to the non-digested 

lipid vehicles. In all cases, less than 0.2% of the administered radiolabel was secreted as 

phospholipid. Phospholipid secretion was similar but slightly higher than the control 

following incubation of cells with the lipid vehicles. Only the olive, 15% soybean and 

30% soybean oil vehicles were significantly higher than the control (p < 0.05). The Captex 

1 vehicle resulted in lower phospholipid secretion compared to the control, however this 

was not statistically significant (p > 0.05).

Figure 11.4 shows the percentage of administered radiolabel secreted as cholesterol ester 

following a 20-hour exposure o f Caco-2 cells to the non-digested lipid vehicles. In all 

cases, less than 0.06% of the administered radiolabel was secreted as cholesterol ester. 

Cholesterol ester secretion was slightly, but statistically lower than the control following 

exposure of cells to the Captex 1 vehicle (p < 0.05), while it was higher after exposure to 

the olive, 5%, 15% and 30% soybean vehicles (p > 0.05). Rank order for cholesterol
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secretion in the cells was: 30% soybean > 5% soybean ~ olive > 15% soybean > control > 

corn > Captex 1.

Captex Olive Corn 5% 15% 30% control
Soybean Soybean Soybean

Figure 11.2. % of administered oleic acid label secreted as triglyceride in Caco-2 cells 

(Mean ± S.D., n = 4), after exposure of monolayers to non-digested lipid vehicles. 

Statistically significant differences from control levels are indicated: *  p< 0.05.
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Figure 11.3. % of administered oleic acid label secreted as phospholipid in Caco-2 

cells (Mean ± S.D., n = 4), after exposure of monolayers to non-digested lipid vehicles. 

Statistically signiflcant differences from control levels are indicated: *  p< 0.05.
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Captex Olive Corn 5% 15% 30%
Soybean Soybean Soybean

control

Figure 11.4. % of administered oleic acid label secreted as cholesterol ester in Caco-2 

cells (Mean ± S.D., n = 4), after exposure of monolayers to non-digested lipid vehicles. 

Statistically signiflcant differences from control levels are indicated: * p< 0.05.

The relative triglyceride: phospholipid ratio gives an indication of secreted lipoprotein size, 

as phospholipid is a surface lipid and triglyceride a core lipid (Wasan and Cassidy, 1998). 

The TG: PL ratio was 4-fold higher than the control for the 30% soybean vehicle and 3- 

fold higher for the olive, 5%  and 15% soybean vehicles. The increase was only of the 

order of 1.5-fold for the com vehicle and in the case of the Captex vehicle the ratio was 

lower than the control (Table 11.3). The TG: CE ratio followed a similar trend with the 

ratios being 3 times higher than control for the 30% soybean and olive vehicles and 2-fold 

higher for the 5% soybean, 15% soybean and corn vehicles. The Captex vehicle was 1.8- 

fold higher than the control. A TG: PL ratio of 12.3 and TG: CE ratio of 17.2 is typical of 

chylomicrons, while a TG: PL ratio of 3.05 and TG: CE ratio of 3 is more characteristic of 

VLDL (Wasan and Cassidy, 1998).
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Table 11.3. Ratio of triglyceride: phospholipid and triglyceride: cholesterol ester 

basolateral secretion in Caco-2 cells, after 20-hour incubation with different non

digested lipid vehicles

Vehicle TG: PL TG: CE

Captex 1 4.64 45.70

Olive 16.12 67.65

Com 8.97 51.56

5% Soybean 14.92 51.29

15% Soybean 14.96 59.82

30% Soybean 20.47 73.72

Control 5.01 24.56

Chylomicron^ 12.3 17.20

VLDL® 3.05 3.00

“ as determined by Wasan and Cassidy (1998) using human blood

11.3.4.2. Effect o f  lipid vehicles on intracellular accumulation o f lipids

In contrast to the secreted lipid data, accumulation o f intracellular triglyceride was, in most 

cases, unaffected by exposure o f cells to lipid vehicles (Figure 11.5), indicating a selective 

effect of lipid vehicle on triglyceride secretion rather than intracellular accumulation or 

synthesis. Only the 5% and 30% soybean vehicles resulted in significantly higher 

intracellular triglyceride levels compared to the control (1.4 and 1.6-fold higher for the 5% 

and 30% soybean vehicles respectively).

Intracellular phospholipid content was significantly lower in cells which had been exposed 

to lipid vehicles compared to the control group (p < 0.01). Control intracellular 

phospholipid was 7 times higher than for the olive oil vehicle but only 2.5 times higher in 

cells exposed to the Captex 1 vehicle (Figure 11.6). The reasons for this are unclear. 

Intracellular accumulation of cholesterol ester in cells is shown in Figure 11.7. There was 

no statistical difference between cells that had been exposed to the lipid vehicles and the 

control (p > 0.05).

287



Chapter II- Effect ofSE DD S on lipid metabolism in the Caco-2 cell culture model

The intracellular lipid ratios (TG: PL and TG: CE) are shown in Table 11.4. The 

intracellular TG: PL ratios were approximately 2-fold higher than the corresponding 

basolateral levels, while the TG: CE ratios were approximately 4-fold higher than the 

basolateral secretion ratio. The intracellular TG: PL ratio was elevated after incubation 

with all lipid vehicles. The TG: CE ratio was higher after incubation of the cells with all 

lipid vehicles except for the Captex 1 vehicle.

Lipid secretion efficiency of the cells after administration of each vehicle was calculated 

by dividing the total secreted lipid (i.e. triglyceride + phospholipid + cholesterol ester) by 

total intracellular lipid and expressing as a percentage (Figure 11.8). M aximum secretion 

efficiency was observed for the com oil vehicle, however this was only 9.1 ± 1.8%. 

Secretion efficiency for the LCT-based vehicles was greater than the control, while 

secretion efficiency for the Captex vehicle (medium chain) was lower than the control. 

Rank order for efficiency was: corn > olive = 30% soybean > 15% soybean = 5% soybean 

> control > Captex 1.

60 1 *
c

Captex Olive Corn 5 % 15% 30% control
Soybean Soybean Soybean

Figure 11.5. Intracellular accumulation of triglyceride, expressed as % of 

administered oleic acid label (Mean ± S.D., n = 4), after exposure of Caco-2 

monolayers to non-digested lipid vehicles. Statistically significant differences from 

control levels are indicated: * p< 0.05.
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Captex Olive Corn 5 % 15% 30% control
Soybean Soybean Soybean

Figure 11.6. Intracellular accumulation of phospholipid, expressed as % 

administered oleic acid label (Mean ± S.D., n = 4), following exposure of Caco-2 

monolayers to non-digested lipid vehicles. Statistically significant differences from 

control levels are indicated: * p< 0.05.
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Figure 11.7. Intracellular accumulation of cholesterol ester, expressed as % 

administered oleic acid label (Mean ± S.D., n = 4), following exposure of Caco-2 

monolayers to non-digested lipid vehicles
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Table 11.4. Ratio of triglyceride: phospholipid and triglyceride: cholesterol ester 

intracellular accumulation in Caco-2 cells, after 20-hour incubation with different 

non-digested lipid vehicles (basolateral values included for comparison)

Vehicle Intracellular Basolateral

TG: PL TG: CE TG: PL TG: CE

Captex 1 11.51 109.48 4.64 45.70

Olive 43.38 177.39 16.12 67.65

Com 17.07 181.40 8.97 51.56

5% Soybean 35.03 168.63 14.92 51.29

15% Soybean 35.51 205.04 14.96 59.82

30% Soybean 45.31 277.06 20.47 73.72

Control 5.36 129.47 5.01 24.56

Captex Olive Com 5% 15% 30% control
Soybean Soybean Soybean

Figure 11.8. Lipid (triglyceride, phospholipid and cholesterol ester) secretion 

efficiency (Mean % ± S.D., n = 4) in Caco-2 cells, after exposure to non-digested lipid 

vehicles. Statistically significant differences from control levels are indicated: *  p< 

0.05
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11.3,4.3. Recovery o f oleic acid label

Fatty acid uptake

After the 20-hour incubation period, a portion of the apical compartment was taken and the 

proportion of oleic acid remaining was quantified, allowing an estimation of fatty acid 

uptake to be made. Lipoprotein metabolism starts with fatty acid uptake. Fatty acids are 

passively absorbed by Caco-2 cells but it has been proposed that active uptake via a 

membrane fatty acid binding protein may be a contributing factor (Stremmel, 1988). Upon 

incubation o f the cells with the lipid vehicles, approximately 20% of the administered oleic 

acid radiolabel was recovered in the apical compartment implying that the cells took up 

80% of the radiolabel. In the case of the olive and soybean oil vehicles, fatty acid uptake 

was significantly greater (1.4- 1.7 fold higher) than that from the control (p< 0.01). Uptake 

from the Captex and com oil vehicles was not statistically different to the control (Figure 

11.9).

Mass balance o f oleic acid label

The percentage of label recovered in the apical, cellular and basolateral compartments 

were added together to give an estimate of the total percentage recovery o f the oleic acid 

label (Table 11.5). Average recovery was only 64%. Recovery from the control group 

was greatest (79%), while the olive group displayed the lowest recovery (56%). This 

apparent lack of mass balance is most likely due to incomplete scraping of cells from the 

filter (Section 6.10.3) leading to underestimation of intracellular lipid content. It is 

possible to account for this loss by correcting values for cell protein content, however 

protein assays of cell monolayers were not carried out in the initial experiments.
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30 n

Figure 11.9. % of administered oleic acid label remaining in apical compartment 

after a 20-hour incubation of Caco-2 cell monolayers to different non-digested 

vehicles (Mean ± S.D., n = 4). Statistically significant differences from control levels 

are indicated: * p< 0.05

Table 11.5. Total recovery of oleic acid radiolabel (as a % of administered 

radiolabelled stock, Mean ± S.D., n = 4) in apical, cellular and basolateral 

compartments

Vehicle Recovery of oleic acid radiolabel 

(Mean % ± S.D., n = 4)

Captex 1 62.45 ± 13.09

Olive 55.79 ±11.59

Com 71.10±5.87

5% Soybean 61.44 ±4.78

15% Soybean 60.66 ± 5.26

30% Soybean 68.52 ±6.13

Control 79.14 ±9.83
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11.3.5. Optimisation of digestion buffer

It was not possible to investigate the effects o f the digested vehicles on lipid metabolism 

and secretion since the digested vehicles used were toxic to the cells. This was evidenced 

by the low TEER values after incubation o f the cells with digested lipid vehicles (Table 

11.2). In order to reduce this cytotoxicity, efforts were made to optimise the digestion 

buffer. The Captex and olive oil vehicles were digested using different digestion buffers 

and conditions. Using an MTT assay, cell viability was determined following 

administration o f the resulting vehicles to the cells. Variations o f the digestion buffer 

included:

• Addition o f either BSA (bovine serum albumin) or PCS (foetal calf serum) to the 

nutrient media. BSA solubilises free fatty acid.

• Presence or absence o f calcium in the digestion buffer

• Use of frill amount or half the amount o f FaSIF (i.e. alteration of bile salt 

concentration) in the digestion buffer

The results of the MTT assay are presented in Table 11.6. From this table it is evident that 

the most suitable digestion buffer contains BSA (0.125mM), no calcium and half the 

amount o f bile salt (6mM) and lecithin (1.5mM). The use of this buffer minimised loss of 

cell viability, as was indicated by MTT values 87% and 90% relative to positive control 

(cells incubated with cell culture media only) afrer administration of digested Captex and 

olive vehicles respectively. All other combinations resulted in a significant loss o f cell 

viability, as was evidenced by the very low MTT values (~ 6% relative to positive control). 

It is interesting to note that the presence of calcium in the 2x FaSIF BSA-containing 

vehicle had no effect on cell viability after incubation o f the digested olive oil vehicles, 

while incubation o f the Captex vehicle resulted in a significant loss of viability. This is 

most likely due to the medium chain fatty acids released upon digestion, which have been 

shown to affect tight junctions in the cell monolayers (Lindmark et al., 1995). It should 

also be noted that although there is no calcium present in the optimised buffer, DMEM 

(which is used to dilute the buffer 1 ;4 before administration to the monolayers) contains 

calcium (200mg/ml).

293



Chapter 11- Effect ofSE D D S on lip id  metabolism in the Caco-2 cell culture model

Table 11.6. MTT values, expressed as a percentage relative to a positive control 

(Mean ± S.D., n = 4), for Caco-2 cells following 20-hour exposure to digested (using 

different buffers) Captex and Olive oil vehicles

Buffer MTT value (n = 4)

(% relative to positive control)

Captex Olive

4x FaSIF, Ca^^ BSA 7.37 ±2.11 6.85 ±0.39

4x FaSIF, Ca^^ FCS 6.26 ±0.19 5.63 ±0.21

4x FaSIF, No Ca^^ BSA 13.27± 11.84 6.21 ±0.48

4x FaSIF, No Ca^^, FCS 5.96 ±0.32 6.35 ±0.26

2x FaSIF, Ca^^ BSA 6.43 ± 0.09 86.68 ±32.58

2x FaSIF, Ca^^ FCS 6.59 ±0.043 6.43 ± 0.20

2x FaSIF, No Ca^^ BSA 87.00 ±21.93 90.69 ±4.23

2x FaSIF, No Ca^^, FCS 6.24 ±0.17 6.45 ± 0.20

11.3.6. Studies in Caco-2 cells using the optimised buffer

Optimum digestion conditions (determined by MTT assay) were selected and used for 

further investigation in non-digested versus digested studies. For non-digested systems, 

vehicles containing trace amounts o f C] oleic acid label were agitated at ISOrpm for 1 

hour at 37"C. They were then diluted 1 in 50 in a bile salt solution containing 6mM 

sodium taurocholate with 1.5mM lecithin in a Tris-maleate buffer (lOmM Tris-base and 

ISOmM sodium chloride adjusted to pH 7.4 with sodium hydroxide) and agitated at 37°C 

for a further 2 hours to simulate mixing in gastrointestinal fluid. Each system was then 

diluted 1 in 4 with serum-free cell media containing BSA (final concentrations were 

0.125mM BSA, l.SmM sodium taurocholate and 0.75mM lecithin) and 20% delipidated 

serum. For digested systems, vehicles were prepared as outlined above, with the addition 

o f cell culture tested pancreatin (8x) to the initial bile salt buffer (2mg/100ml). To take 

account for losses that might have occurred during cell scraping or differences in the cell 

density o f the monolayers, secreted and intracellular lipid values were corrected for cell 

protein content (as determined by protein assay. Section 6.10.7).
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11,3.6.1. Lipid vehicle (non-digested and digested) toxicity- effect on monolayer 

integrity

The hpid vehicles investigated using the optimised buffer were: olive, com, 30% soybean 

and Neoral®. Lymphatic transport studies using DDT and cyclosporine had previously 

been carried out using the olive and com oil vehicles (Chapters 9 and 10). The 30% 

soybean vehicle was included since it showed considerable lymphotropic potential in DDT 

lymphatic transport studies (Chapter 9). Neoral®, as previously mentioned is a 

commercially available lipid formulation containing cyclosporine A (lOOmg/ml). The 

Neoral® preconcentrate contains a com oil blend, ethanol, polyoxyl-40-hydrogenated 

castor oil, DL-a-tocopherol, glycerol and propylene glycol (Novartis Product Information, 

2004), the percentage o f each component in the formulation was not available and hence it 

was not possible to study the effects of the dmg-free formulation on Caco-2 cell 

triglyceride. Previous studies using this formulation (1:100 dilution) and similar 

conditions in Caco-2 cells did not reveal any cytotoxic effects (Dias and Yatscoff, 1996). 

Upon aqueous and cell media dilution the particle size of the lipid formulations (as 

determined by PCS) was below 40nm. The cell conditions, with respect to passage 

number, seeding density, age and filter type were the same as those used in the previous 

section. The effects o f non-digested and digested lipid vehicles on monolayer resistance 

and cell viability were assessed using TEER measurements and MTT assay values. TEER 

measurements were taken before and after 20-hour incubation o f cell monolayers with the 

non-digested and digested vehicles (actual TEER values are shown in Appendix IV).

After incubation o f cells with the non-digested vehicles, there was no evidence of loss of 

cell monolayer integrity as indicated by the relative TEER values. The same trend was 

evident fi-om the MTT assay, where values were actually higher relative to the start value 

after incubation with the non-digested lipid vehicles (Table 11.7).

After incubation o f cell monolayers with the digested vehicles, TEER values were lower in 

all cases compared to the pre-exposure measurement (Table 11.8). Monolayer integrity 

was still however maintained. MTT assay results suggest that there was significant loss of 

cell viability after exposure to the digested olive and com vehicles, as MTT values in these 

groups were only 26% and 29% compared to the positive control. These values are in 

contrast to previous MTT values after incubation o f cells with digested olive oil vehicles 

(Table 11.6). MTT values were higher than for the olive and com oil groups following
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administration of the control, 30% soybean and Neoral® vehicles, suggesting that cell 

viability was maintained in these experimental groups. Despite the relatively low MTT 

values, the effects o f digested vehicles on lipid metabolism in the Caco-2 cells were ftirther 

investigated.

Table 11.7. TEER and MTT values for Caco-2 cells following a 20-hour exposure to 

non-digested vehicles (Mean ± S.D., n = 4)

TEER Values (n = 4) 

% relative to start

MTT Values (n = 12) 

% relative to positive 

control cells

Olive 94.71 ±5.24 115.93 ±6.29

30% Soybean 95.56 ±4.65 117.22 ±8.35

Com 96.69 ±4.73 125.67 ±8.98

Neoral® 89.76 ±4.67 131.40 ±44.08

Control 99.83±3.27 97.47 ± 4.84

Table 11.8. TEER and MTT values for Caco-2 cells following a 20-hour exposure to

digested vehicles (Mean ± S.D., n = 4)

TEER Values (n = 4) 

% relative to start

MTT Values (n = 12) 

% relative to positive 

control cells

Olive 86.75 ±4.38 25.65 ± 1.46

30% Soybean 86.53 ± 12.06 61.05 ±7.57

Com 81.23 ±6.27 29.11 ±3.75

Neoral® 85.82 ±4.62 78.30 ±8.70

Control 82.97 ±3.45 96.75 ±3.07
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11.3.6.2. Effect o f  in vitro lipolysis on free fatty acid content o f  lipid vehicles using 

optimised buffer

Sensitivity o f lipid vehicles to lipolysis by pancreatin in the optimised digestion buffer 

(half the amount o f bile salt and fatty acid, no calcium present) was again determined using 

a colorimetric free fatty acid kit (Section 6.44), which estimates the free fatty acid content 

o f diluted lipid vehicles (digested and non-digested). The free fatty acid content o f the 

lipid vehicles and control in the non-digested and digested states are presented in Figure 

11.10. All systems were sensitive to digestion using the optimised buffer (Figure 11.1). 

The free fatty acid content o f the non-digested vehicles was similar to that obtained using 

the original buffer.

Upon digestion o f vehicles using the new buffer, the amount o f free fatty acid released 

upon lipolysis was slightly lower compared to the original buffer (Figures 11.1 and 11.10). 

After digestion with the optimised buffer, free fatty acid content was less than 2-fold 

higher for the olive, com and control systems, but 4-fold higher for Neoral® and 7-fold 

higher for the 30% soybean vehicles. This decrease in free fatty acid release is most likely 

due to the lower bile salt concentration in the optimised buffer and the absence o f calcium 

ions. Bile salts promote lipolysis by pancreatic lipase due to their favourable effects on the 

stability o f the enzyme (Embleton and Pouton, 1997), while the importance o f calcium for 

pancreatic lipase activity has long been recognised even though precise role o f this element 

in the lipolytic process has not yet been frilly elucidated.

The rank order for sensitivity to digestion using the new optimised buffer was: 30% 

soybean > Neoral® > com ~ olive > control. In contrast, when the original buffer was 

used, the rank order was: com > olive > 30% soybean > control (Figure 11.1). Using 

similar digestion conditions, studies have shown that cyclosporine (present in Neoral ®) is 

not metabolised during the in vitro digestion process (Reymond and Sucker, 1988a; Tarr 

and Yalkowsky, 1989).
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Figure 11.10. Free fatty acid content (mM) of lipid vehicles in the non-digested and 

digested state (after in vitro lipolysis using pancreatin in the optimised digestion 

buffer containing 6mM sodium taurocholate, 1.5mM lecithin, no calcium)

11.3.6.3. Secreted lipid profile after supplementation o f  cells with lipid vehicles using

the optimised buffer

Triglyceride basolateral secretion

For the non-digested vehicles, the oHve, soybean and com oil vehicles significantly 

enhanced (5 to 7-fold) basolateral secretion of triglyceride compared to the control (p < 

0.01). Triglyceride secretion from the Neoral® group was not statistically different to the 

control (p > 0.05). Rank order for triglyceride secretion was: 30% soybean > com > olive 

> Neoral® ~ Control (Figure 11.11). Triglyceride secretion was 4-5 fold higher in 

experiments where the optimised buffer was used compared to those where the original 

buffer was used (Figure 11.2).

Following exposure o f the Caco-2 cells to the digested control vehicle (FaSIF) there was a 

substantial increase (8-fold) in triglyceride secretion compared to the non-digested group 

(Figure 11.11). Triglyceride secretion from the digested soybean, com and Neoral® 

vehicles was higher but not statistically different to the non-digested groups (p > 0.05).
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Triglyceride secretion was slightly lower (but not statistically different) after exposure to 

the digested olive vehicle compared to the non-digested group. Rank order for triglyceride 

secretion after exposure of the cells to the digested vehicles was: control ~ 30% soybean ~ 

com > olive > Neoral®. Triglyceride secretion in the control group was significantly 

higher than the olive and Neoral® groups (p < 0.01).

Phospholipid basolateml secretion

Phospholipid secretion was similar to control after incubation o f Caco-2 cells with non

digested vehicles (Figure 11.12). Rank order for phospholipid secretion in the non

digested group was: com > control > olive > 30% soybean > Neoral®. Phospholipid levels 

were 10-fold higher than those using the original buffer (Figure 11.3). Upon incubation of 

the cells with digested vehicles, phospholipid secretion was lower than in the non-digested 

groups. However, this was no statistical difference between the digested and non-digested 

groups (p > 0.05), except in the case o f the com oil vehicle (p > 0.05). Control 

phospholipid secretion was not statistically different to any o f the lipid vehicle groups (p > 

0.05).

Cholesterol ester basolateral secretion

For the non-digested vehicles, cholesterol ester basolateral secretion from cells which had 

been exposed to the lipid vehicles was significantly higher than those exposed to the 

control (p < 0.05). Rank order for cholesterol ester secretion was: soybean > Neoral® > 

olive > com > control (Figure 11.13). Consistent with triglyceride and phospholipid 

secretion levels, cholesterol ester secretion was 10-fold higher when the optimised buffer 

was used compared with the original buffer (Figure 11.4). When digested vehicles were 

administered to the cells, there was a large increase in cholesterol secretion in the control 

group. Cholesterol ester secretion from cells exposed to the digested lipid vehicles was 

higher than from non-digested groups, these differences in secretion were not however 

statistically different (p > 0.05). There was no difference in cholesterol ester secretion 

from the digested lipid vehicle groups compared to the digested control (p > 0.05).

Lipid secretion ratios

The TG: PL and TG: CE basolateral secretion ratios for the non-digested and digested 

systems are presented in Table 11.9. After exposure o f cells to non-digested vehicles, the 

TG: PL ratio for the lipid vehicles was greater than the control, suggesting the secretion of
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larger lipoproteins. Rank order for TG: PL ratio was: 30% soybean > olive > com > 

Neoral® > control. Upon supplementation o f cells with digested vehicles, the TG: PL ratio 

increased 4 to 10-fold (with the exception o f Neoral®), suggesting the secretion of even 

larger lipoproteins. The rank order for TG: PL ratio for the digested groups was: com > 

30% soybean > olive > control > Neoral®. For the non-digested groups, the TG: CE ratios 

were similar to the control, however the ratio for the Neoral® group was 4-fold lower. 

Upon digestion o f the vehicles, the TG: CE ratio increased by approximately 4-fold in all 

cases except in the case o f the Neoral® group where the increase was only 2-fold higher. 

The TG: CE ratio for the lipid vehicles (with the exception of Neoral®) was similar to the 

control.

25 n
□  Non-digested
■  Digested

Olive 30% Soybean Com Neoral Control

Figure 11.11. % of administered oleic acid label per mg cell protein secreted as 

triglyceride in Caco-2 cells (Mean ± S.D., n = 4), after exposure of monolayers to non- 

digested and digested lipid vehicles (using optimised digestion buffer). Statistically 

significant differences from control levels are indicated: * p< 0.05, ** p< 0.01.
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Figure 11.12. % of administered oleic acid label per mg cell protein secreted as 

phospholipid in Caco-2 cells (Mean ± S.D., n = 4), after exposure of monolayers to 

non-digested and digested lipid vehicles (using optimised digestion buffer). 

Statistically significant difference from digested levels is indicated: * p< 0.05
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Figure 11.13. % of administered oleic acid label per mg cell protein secreted as 

cholesterol ester in Caco-2 cells (Mean ± S.D., n = 4), after exposure of monolayers to 

non-digested and digested lipid vehicles (using optimised digestion buffer). 

Statistically significant differences from control levels are indicated: * p< 0.05
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Table 11.9. Ratio of triglyceride: phospholipid (TG: PL) and triglyceride: cholesterol 

ester (TG: CE) basolateral secretion in Caco-2 cells, after 20-hour incubation with 

different non-digested and digested lipid vehicles

Vehicle Non-digested Digested

TG: PL TG: CE TG: PL TG: CE

Olive 4.38 5.89 23.30 22.24

30% Soybean 6.88 10.25 27.5 33.28

Com 3.88 9.70 30.04 29.60

Neoral® 1.41 2.10 4.01 4.32

Control 0.87 8.63 10.24 34.39

11.3.6.4. Intracellular accumulation o f  lipids using the optimised buffer

Intracellular triglyceride accumulation

Following exposure of Caco-2 cells to the non-digested vehicles intracellular accumulation 

of triglyceride was higher in the olive, soybean and com vehicles compared to the control 

(p < 0.05). Intracellular triglyceride in the Neoral® group was similar to the control group 

(Figure 11.14). Upon exposure to the digested control, there was a 2-fold increase in 

intracellular accumulation of triglyceride relative to the non-digested control. However, in 

the case o f the lipid vehicles, triglyceride accumulation was largely unaffected by the 

digestion state o f the vehicle. Intracellular accumulation of triglyceride was significantly 

higher in the digested control group compared to the Neoral® and olive vehicles (p < 

0.05). There was no significant difference in intracellular triglyceride for the com and 

soybean vehicles compared to the control (p > 0.05). In the case of the non-digested 

systems, the same trend in intracellular triglyceride accumulation was evident, albeit lower, 

using the original buffer (Figure 11.5).

Intracellular phospholipid accumulation

Intracellular phospholipid levels in the non-digested lipid vehicle groups were significantly 

lower than those o f the non-digested control (p < 0.05) (Figure 11.15). This trend was also
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evident when the original buffer was used (Figure 11.6). Rank order for intracellular 

accumulation o f phospholipid in the non-digested groups was: control > com > soybean > 

olive > Neoral® (Figure 11.15). Upon digestion o f the vehicles, there was a significant 

decrease in intracellular phospholipid in the digested control group. Intracellular 

phospholipid level was still significantly higher in the digested control group compared 

with the digested lipid vehicle groups. Digestion did not significantly alter phospholipid 

accumulation in the lipid vehicle groups (p > 0.05). Rank order for intracellular 

accumulation o f phospholipid in the digested groups was: control > olive > com >30% 

soybean > Neoral®.

Intracellular cholesterol ester accumulation

Upon exposure of cells to the non-digested vehicles, cholesterol ester intracellular 

accumulation was not significantly different to the control group except in the case o f the 

Neoral® vehicle, which was lower (p < 0.05). Upon digestion of the vehicles, cholesterol 

ester accumulation decreased in all groups compared to the non-digested equivalents. 

Again, only the Neoral® group was statistically different to the control (p < 0.05), being 4- 

fold lower (Figure 11.16).

Lipid accumulation ratios

The TG: PL and TG: CE intracellular ratios for the non-digested and digested systems are 

presented in Table 11.10. After exposure o f cells to non-digested vehicles, the TG: PL ratio 

for the lipid vehicles was greater than the control. Rank order for TG: PL ratio was: 

Neoral® > 30% soybean > olive > com > control. Upon supplementation o f cells with 

digested vehicles, the TG: PL ratio increased 3 to 5-fold for the lipid vehicles, but there 

was a 24-fold increase in ratio for the control group. The rank order for TG: PL ratio for 

the digested groups was: Neoral® > 30% soybean > com > olive > control. For the non- 

digested groups, the TG: CE ratios were slightly higher than the control. Rank order for 

TG: CE ratio was: 30% soybean > com > Neoral® > olive > control. Upon digestion of 

the vehicles, the TG: CE ratio increased 3 to7-fold compared to the non-digested ratios. 

Rank order for TG: CE intracellular ratio for the digested groups was: Neoral® > 30%> 

soybean > com > olive > control.
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Figure 11.14. Intracellular accumulation of triglyceride, expressed as % 

administered oleic acid label (Mean ± S.D., n = 4), following exposure of Caco-2 

monolayers to non-digested and digested lipid vehicles (using optimised buffer). 

Statistically significant differences from control levels are indicated: * p< 0.05
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Figure 11.15. Intracellular accumulation of phospholipid, expressed as Vo 

administered oleic acid label (Mean ± S.D., n = 4), following exposure of Caco-2 

monolayers to non-digested and digested lipid vehicles (using optimised buffer). 

Statistically significant differences from control levels are indicated: * p< 0.01.
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Figure 11.16. Intracellular accumulation of cholesterol ester, expressed as % 

administered oleic acid label (Mean ± S.D., n = 4), following exposure of Caco-2 

monolayers to non-digested and digested lipid vehicles (using optimised buffer). 

Statistically significant differences from control levels are indicated: * p< 0.05.

Table 11.10. Ratio of triglyceride: phospholipid (TG: PL) and triglyceride: 

cholesterol ester (TG: CE) intracellular accumulation in Caco-2 cells after 20- hour 

incubation with different non-digested and digested lipid vehicles

Vehicle Non-digested Digested

TG: PL TG: CE TG: PL TG: CE

Olive 5.78 4.63 21.59 32.67

30% Soybean 7.78 11.34 39.59 56.07

Com 3.64 10.23 27.60 37.81

Neoral® 9.07 6.90 53.42 63.72

Control 0.82 4.47 20.36 29.81
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Lipid secretion efficiency

Lipid secretion efficiency of the cells after administration of each vehicle was calculated 

by dividing the total secreted lipid (i.e. triglyceride + phospholipid + cholesterol ester) by 

total intracellular lipid and expressing as a percentage. The lipid secretion efficiency 

following supplementation of cells with each vehicle in either the non-digested or digested 

state was determined (Figure 11.17). Upon digestion, secretion efficiency was enhanced in 

the control group but was unaffected for the other vehicles. Secretion efficiency was 

approximately 25% for the olive, com and soybean oil vehicles but was only half that for 

the Neoral® vehicle (which was comparable to the non-digested control group). 

Efficiency of lipid secretion was enhanced (~ 2-fold) through use o f the optimised buffer 

compared to the original buffer (Figure 11.8).

□  Non-digested 

■  Digested *

Olive Soybean Com Neoral Control

Figure 11.17. Lipid secretion efficiency (Mean % ± S.D., n = 4) in the Caco-2 ceil 

culture model after 20-hour incubation with non-digested and digested lipid vehicles. 

Statistically significant differences from non-digested groups are indicated: * p< 0.05.
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11.3.7. Recovery of oleic acid label in experiments using optimised buffer 

Fatty acid uptake

Approximately 25-35% of the administered oleic acid radiolabel was recovered in the 

apical compartment following the 20-hour incubation with the non-digested vehicles i.e. 

approximately 65-75% of the fatty acid radiolabel was taken up by the cells which had 

been incubated with the non-digested vehicles. Uptake of oleic acid was significantly 

higher fi-om the olive oil vehicle compared to the control (p < 0.05). Rank order for oleic 

acid radiolabel uptake was: olive > 30% soybean > com > Neoral® > control (Figure 

11.18).

Following exposure of the cells to the digested vehicles 19-26% (i.e. 74-81% uptake) of 

the oleic acid label remained in the apical compartment. Fatty acid uptake was enhanced 

upon digestion o f the vehicles compared to the non-digested groups (p < 0.05) except for 

the Neoral® group. Only the olive oil vehicle resulted in significantly higher fatty acid 

uptake (in both non-digested and digested states) compared to the control (p < 0.05). Rank 

order for oleic acid uptake fi-om the digested vehicles was the same as for the non-digested 

group. Fatty acid uptake fi'om the original buffer was slightly higher with 80-85% of the 

radiolabel taken up by the cells over the same period. This may be as a result o f the higher 

concentration o f bile salt resulting in increased membrane permeability of the cells to the 

fatty acids.

Mass balance o f  oleic acid radiolabel

The percentages of radiolabel recovered in the apical, cellular and basolateral 

compartments were added together to give an estimate o f the total percentage recovery of 

the oleic acid label (Table 11.11). Values were adjusted to take account of the cell protein 

content o f each cell monolayer. Average recovery o f the fatty acid radiolabel for the non- 

digested groups was 95.61 ± 6.13%. The recovery was lower fi'om the digested groups 

with the average recovery being 88.6 ± 7.46%. In general, recovery in the lipid vehicle 

groups was greater than in the control groups. The higher recovery with the optimised 

buffer compared with that using the original buffer (Table 11.5) is most likely attributed to 

adjustments made to take into account the protein content o f each monolayer and improved 

experimental technique. The high recovery of radiolabel suggests that there is little loss of 

the radiolabel due to either binding to plastics used, or loss during the TLC separation of 

the lipid classes.
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Figure 11,18. % of administered oleic acid label remaining in apical compartment 

after a 20-hour incubation of Caco-2 cell monolayers with non-digested and digested 

vehicles (Mean ± S.D., n = 4). Statistically significant differences from non-digested 

groups are indicated: * p< 0.05.

Table 11.11. Total recovery of oleic acid radiolabel (as a % of administered stock, 

Mean ± S.D., n =4) in apical, cellular and basolateral compartments (adjustments for 

cell protein were made)

Non-digested Digested

Recovery of oleic acid label/ Recovery of oleic acid label/

mg cell protein mg cell protein

Vehicle (Mean % ± S.D., n = 4) (Mean % ± S.D., n = 4)

Olive 92.76 ±9.94 77.15 ±3.66

30% Soybean 97.7 ±8.33 90.71 ±9.81

Com 98.23 ±9.96 95.08 ± 9.65

Neoral 102.72 ±2.96 94.57 ±2.35

Control 86.64 ±7.17 85.49 ±4.28
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11.3.8. Effect of digestion of Neoral® formulation on apparent permeability 

coefficient (Papp) of cyclosporine A

The previous sections examined the effect o f digestion on the cellular uptake and 

metabolism of lipids following incubation o f Caco-2 cell monolayers with a range o f lipid- 

based vehicles. The model can however also be used to investigate the effect of lipid 

vehicle and its digestion state on the permeability o f a co-administered drug. It has been 

suggested that part o f the success o f the Neoral® formulation lies in the fact that its 

bioavailability appears to be independent o f digestion (Kovarik et a l,  1994). It was 

decided therefore, to investigate the effect of digestion of this formulation on the 

permeability coefficient (Papp) o f cyclosporine.

Trace amounts o f cyclosporine radiolabel (0.2|iCi/ml H] cyclosporine) were added to the 

non-digested and digested Neoral® vehicles. Cell monolayers were incubated with either 

digested or non-digested formulations for 20 hours. After 20 hours, portions o f the apical, 

basolateral and cell monolayer were taken and the portion o f radiolabelled cyclosporine 

present in each was determined by liquid scintillation counting. The apparent permeability 

coefficient (Papp) was calculated for apical-basolateral transport using Equation 11.1.

PaDD = 0/C o X A 

Equation 11.1. Calculation of apparent permeability coefficient

where Q = flux (total amount of drug transported per second)

Co = initial stock concentration (amount o f drug DPM, per cm )

A = surface area of monolayer (cm^)

Papp = permeability constant, as cm/s

Table 11.12 gives the calculated Papp values for cyclosporine following administration in 

non-digested and digested Neoral® vehicles. Only apical to basolateral transport of 

cyclosporine was investigated. The calculated permeability coefficient for the digested 

group was significantly higher (> 2-fold) than that for the non-digested state (p < 0.05). It 

should be noted that flux should be calculated at steady state, while it is not certain if  

steady state flux is being measured at the 20-hour time point in the present study, the value 

gives an estimate o f Papp and the effect digestion has on this coefficient. Furthermore, a
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similar Papp A-B value (1.38 ± 0.962 cm/s x 10^) for cyclosporine flux in Caco-2 cells was 

obtained by Seeballuck (2004). In the Seeballuck study, basolateral samples were 

collected at 30-minute intervals over 2.5 hours.

Table 11.12. Calculated Papp A-B values for cyclosporine, after 20-hour incubation 

of Caco-2 cells with non-digested and digested Neoral® vehicles

Digested state Papp A-B

(cm/s X 10*,

Mean ± S.D.)

Non-digested 0.85 ±0.05

Digested 1.89 ±0.35

Details of the recovery o f the cyclosporine radiolabel are given in Table 11.13. After the 

24-hour incubation period, the majority of the label (-90%) was recovered in the apical 

compartment with only small amounts in the basolateral and cellular fractions. The large 

proportion o f label recovered in the apical compartment is mostly likely due to efflux of 

cyclosporine from the basolateral compartment back to the apical side by P-gp. There was 

no statistical difference in recovery between digested and non-digested vehicles from any 

of the compartments The overall recovery o f the radiolabel was quite high, with recovery 

in the non-digested group (102.72 ± 2.95%) being higher than that in the digested group 

(94.96 ± 2.37%). The same trend of higher recovery o f the radiolabel for the non-digested 

group was also observed for the oleic acid radiolabel (Section 11.3.7).

Table 11.13. Recovery of cyclosporine label after 20-hour incubation with Caco-2 

cells with non-digested and digested Neoral® vehicles

Apical Basolateral Cell Total radiolabel

(% stock) (% stock/mg (% stock/mg recovery

protein) protein) (BL + AP + Cell)

Non-digested 97.27 ± 1.50 2.17 ±0.25 3.28 ± 1.20 102.72 ±2.95

Digested 89.64 ± 0.96 2.81 ±0.51 2.51 ±0.90 94.96 ±2.37
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11.3.9. Comparison of triglyceride output in the in vitro Caco-2 cell model and in 

vivo mesenteric lymph duct-cannulated rat model

Initial Caco-2 cell data for lipid metabolism suggests that the model may be a useful 

predictor of the in vivo response. It was desirable therefore, to formally compare data 

obtained from the in vitro Caco-2 cell model with that obtained from the in vivo mesenteric 

lymph duct-cannulated rat model. Direct quantitative comparisons between the two 

models are not possible but it is hoped that the two models will provide similar qualitative 

trends regarding lipid metabolism and secretion.

Seeballuck et al. (2004) investigated the lipid secretion response in Caco-2 cells, following 

administration of the excipient Tween 80 (a non-ionic surfactant) over a lower 

concentration range. Triglyceride secretion from the cells was found to increase with 

increasing Tween 80 concentration (0-0.5%w/v) (Figure 11.19a). A similar response to 

Tween 80 (2-10%w/v) administration was subsequently observed in the rat model (Figure 

11.19b).
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Figure 11.19. Effect of increasing concentrations of Tween 80 on (a) cumulative 

intestinal lymphatic triglyceride output in the rat and (b) basolateral secretion of 

triglyceride in Caco-2 cells (Seeballuck et al., 2004)
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11.3.9.1. In vitro-in vivo correlations using the original digestion buffer

Since the Caco-2 model appeared to be capable o f predicting the in vivo lipid secretion 

response to administration of an excipient (Tween 80) alone, further investigations into its 

capabilities to predict the in vivo response following administration of the more complex 

SEDDS were made.

A graph of cumulative triglyceride (mg) obtained over the 8-hour rat experiments, against 

% stock secreted as triglyceride over the 20-hour incubation period (using the original 

buffer) from the Caco-2 cell experiments was plotted (Figure 11.20). The vehicles 

investigated using the original buffer (12mM sodium taurocholate, 3mM lecithin in a Tris 

maleate buffer containing 5mM calcium) were the Captex, olive, com, 5% soybean, 15% 

soybean and 30% soybean oil-based formulations. Control levels were also included on the 

plot. While there was evidence of a positive correlation between the two sets of 

triglyceride data, the correlation coefficient was relatively weak (r^ = 0.57). If data from 

the 30% soybean oil vehicles is treated as an outlier and omitted, the correlation improves 

and a correlation coefficient o f 0.86 is obtained. If both 30%> soybean and Captex 1 (MCT- 

based formulation) vehicles are excluded, the correlation is further improved upon (r^ = 

0.89).

The lymphatic transport of DDT is known to occur in association with the chylomicron 

(Pocock and Vost, 1974) and this has been further demonstrated in Chapters 8 and 9. 

Since there was a correlation between lymphatic transport o f triglyceride in the rat and 

triglyceride secretion in the Caco-2 cells (Figure 11.20, the correlation between DDT 

lymphatic transport and triglyceride secretion from the cells was investigated. However, 

no relationship was found to exist (Figure 11.21a). The relationship between cumulative 

lymphatic triglyceride transport and cumulative lymphatic DDT transport from the lipid 

vehicles in the rat model was then investigated but likewise there was little correlation 

between the two variables (Figure 11.21b).

312



Chapter 11- Effect o f  SEDDS on lipid metabolism in the Caco-2 cell culture model

60 n
y = 6.1965x + 23.782 

R- = 0.5702
50 -

= 30 -

20  -

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

% stock secreted as TG

Figure 11.20. Cumulative lymph triglyceride (mg) obtained in the rat model (Mean ± 

S.D., n > 3), against % stock secreted as triglyceride (Mean ± S.D., n = 4) in Caco-2 

cells following administration of non-digested lipid vehicles in the original buffer
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Figure 11.21. (a) Cumulative DDT lymphatic transport (^g) in the rat model (Mean ± 

S.D., n > 3), against % stock secreted as triglyceride (Mean ± S.D., n = 4) in Caco-2 

ceils following administration of non-digested lipid vehicles in the original buffer and 

(b) cumulative DDT lymphatic transport (|ng) in the rat model (Mean ± S.D., n > 3) 

against cumulative lymphatic triglyceride output (Mean ± S.D., n > 3)
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11.3.9.2. In vitro-in vivo correlation using the optimised digestion buffer (6mM sodium 

taurocholate and l.SmM lecithin, no calcium)

Using data from the optimised buffer experiments, a graph of cumulative lymph 

triglyceride (rat model) against triglyceride secretion (Caco-2 cell model), following 

administration of the olive, com, 30% soybean and Neoral® non-digested vehicles, was 

plotted (Figure 11.21). There was a strong positive correlation between the two sets of 

triglyceride data (r^ = 0.9). In contrast, if  the triglyceride data for the same vehicles 

(excluding Neoral®) using the original buffer, were plotted the correlation is only 0.52 

(plot not shown). When Caco-2 triglyceride data from the digested vehicles was compared 

to the rat data, no linear correlation was found to exist (r = 0.11) (Figure 11.22).

No correlation (r  ̂ =0.10) was found to exist between the cumulative amounts o f DDT ()ig) 

transported in the rat and triglyceride secretion in the Caco-2 cells following administration 

o f the non-digested olive, com and 30% soybean oil vehicles (Figure 11.23). However, 

there was a positive linear correlation (r^ = 0.77) between the two variables when the 

digested vehicles were used (Figure 11.24).
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Figure 11.21. Cumulative lymph triglyceride (mg) obtained in the rat model (Mean ± 

S.D, n > 3), against % stock secreted as triglyceride/mg cell protein (Mean ± S.D., n = 

4) in Caco-2 cells following administration of non-digested lipid vehicles in the 

optimised buffer
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Figure 11.22. Cumulative lymph triglyceride (mg) obtained in the rat model (Mean ± 

S.D., n >  3), against % stock secreted as triglyceride/mg cell protein (Mean ± S.D., n = 

4) in Caco-2 cells following administration of digested lipid vehicles in the optimised 

buffer
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Figure 11.23. Cumulative lymphatic transport of DDT (^g) obtained in the rat model 

(Mean ± S.D., n > 3), against % stock secreted as triglyceride/mg cell protein (Mean ± 

S.D., n = 4) in Caco-2 cells following administration of non-digested olive, corn and 

30% soybean vehicles in the optimised buffer
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Figure 11.24. Cumulative lymphatic transport of DDT (fig) obtained in the rat model 

(Mean ± S.D., n > 3), against % stock secreted as triglyceride/mg cell protein (Mean ± 

S.D., n = 4) in Caco-2 cells following administration of digested olive, corn and 30% 

soybean vehicles in the optimised

The relationship between the cumulative lymphatic transport of cyclosporine (as 

determined by HPLC assay) and Caco-2 cell triglyceride secretion, following 

administration o f the olive, com and Neoral® formulations (non-digested and non-digested 

states) was also investigated (Figure 11.25). There was a greater correlation between 

cumulative lymphatic transport of cyclosporine and Caco-2 cell triglyceride secretion for 

the non-digested data (r  ̂ = 0.57), compared to the digested group (r  ̂ = 0.28). In the rat 

model, there was a very strong correlation between cumulative triglyceride output and 

cyclosporine lymphatic transport for the different vehicles (r  ̂ = 0.99). It should be noted 

that again, data from only three vehicles were available for comparison making it difficult 

to draw any definite conclusions.
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Figure 11.25. Cumulative lymphatic transport of cyclosporine in rats (|ng, Mean ± 

S.D., n > 3), against triglyceride secretion (% stock/ mg protein, Mean ± S.D., n=4) in 

Caco-2 cells after administration of a) non-digested vehicles, b) digested vehicles and 

c) shows cumulative triglyceride output in the rat model (mg, Mean ± S.D., n > 3)
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11.4. Discussion

Vehicle sensitivity to digestion and toxicity to Caco-2 cells

Administration of the non-digested vehicles in the original buffer containing a final 

concentration of 3mM sodium taurocholate and 0.75mM lecithin in a Tris-maleate buffer 

(50mM Tris-maleate, 150mM sodium chloride and 5mM calcium chloride, pH 7.4) did not 

result in any significant toxicity to the cell monolayers, as was evidenced by the TEER 

values. However, upon digestion of the vehicles there was a large drop in TEER values 

indicating a loss of monolayer integrity. A drop in TEER value was even observed after 

administration of the digested control vehicle, although this drop was not as dramatic as 

that for the digested lipid vehicles. Using similar experimental conditions (but in the 

absence of bile salts) to those used here, Seeballuck (2004) reported that cell viability was 

reduced by approximately 20% when cells were supplemented with oleic and stearic acid 

at a concentration of 5mM. At the highest investigated concentration o f lOmM, both fatty 

acids had a significantly negative effect on cell viability. The free fatty acid content o f the 

vehicles used in the present studies was determined after in vitro digestion and was found 

in general, to increase fi'om below ImM in the non-digested state to above 4mM in the 

digested state. The increase was less pronounced for the control vehicles, but the free fatty 

acid content was nevertheless around 3mM. This increase in free fatty acid content with 

digestion may partly explain the observed toxicity o f the digested vehicles to the cells. 

Liberated medium chain fatty acids in particular, such as those in Captex 355 (capric and 

caprylic acid), have been shown to increase intestinal permeability by dilating tight 

junctions via an action on phospholipase C (Lindmark et al., 1995; Lindmark et at., 1998).

The optimised buffer contained half the amount of bile salt and lecithin (6mM sodium 

taurocholate with 1.5mM lecithin in a Tris-maleate buffer of lOmM Tris-base and 150mM 

sodium chloride, pH 7.4) and did not contain any calcium. Additionally bovine serum 

albumin was added in the final dilution step. When the Captex and olive oil vehicles were 

digested with this buffer no significant adverse effects were observed (as determined by 

MTT assay). Both bile salts and calcium play important an important role in the activity of 

pancreatic lipase (Embleton and Pouton, 1997). Using the optimised buffer, vehicles were 

subjected to in vitro digestion and free fatty acid levels after digestion indicate that despite 

the lower bile salt concentration and the absence o f calcium, the vehicles were still 

sensitive to digestion using this optimised buffer. Comparing the free fatty acid content of

318



Chapter 11- Effect ofSE D D S on lipid metabolism in the Caco-2 cell culture model

vehicles after digestion with the original and optimised buffers, the optimised buffer 

resulted in lower fatty acid release upon digestion (from below ImM to above 2mM free 

fatty acid) o f all vehicles with the exception o f the 30% soybean oil vehicle (which was > 

4mM after digestion). This lower content o f free fatty acid can explain in part, the lack of 

toxicity to the cells upon digestion o f vehicles using the optimised buffer. The reduction in 

bile salt concentration may also contribute to the lack o f observed toxicity.

Non-digested lipid vehicle effects on lipid secretion and metabolism in Caco-2 cells 

a) Original buffer

All lipid vehicles, which contained long chain fatty acids, enhanced triglyceride secretion 

from the Caco-2 cells compared to the control. The Captex 1 (MCT) vehicle did not 

contain a source o f long chain fatty acids and had no effect on triglyceride secretion. This 

is in agreement with previous studies where long chain fatty acids have been found to 

stimulate TRL secretion in Caco-2 cells while medium chain fatty acids have not (van 

Greevenbroek et al., 1996; Seeballuck, 2004). Similar observations have also been made 

in rats, where administration o f long chain fatty acids promoted lymphatic triglyceride 

output to a greater degree than medium chain fatty acids (Caliph et al., 2000).

In the present study, the effects o f lipid vehicle on phospholipid secretion in Caco-2 cells 

were less pronounced, although secretion was slightly but significantly higher than the 

control after incubation o f the cells with the olive, 5% and 15% soybean vehicles (p < 

0.05). The buffer used in the experiments contained lecithin, a source o f phospholipid. 

There was no clear trend regarding cholesterol ester secretion. Cholesterol ester secretion 

was significantly lower (p < 0.05) in the case o f the Captex vehicle, while it was higher for 

the other vehicles. The TG: PL ratio, which is indicative of the secreted lipoprotein size 

(and triglyceride loading), increased following exposure of the cells to the olive and 

soybean oil vehicles. However, the ratios for the Captex and com vehicles were similar to 

the control suggesting an absence o f chylomicron secretion.

Intracellular accumulation o f lipid was largely unaffected by exposure o f the cells to the 

lipid vehicles, although the intracellular triglyceride in the 5% and 30% soybean groups 

was statistically higher than the control (p < 0.05). This observation is consistent with 

reports by Seeballuck (2004). Phospholipid intracellular content was significantly lower in 

cells that had been exposed to the lipid vehicles, a trend which is in contrast to that
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reported by Seeballuck (2004), where supplementation of cells with lipid vehicles did not 

alter intracellular phospholipid secretion compared to the control. There was no difference 

in cholesterol ester cellular content of the cells following administration of the lipid 

vehicles compared to the control. Both intracellular TG: PL and TG: CE ratios were 

higher in cells exposed to lipid vehicles compared to the control.

b) Optimised buffer

Basolateral lipid secretion from cells was higher in experiments in which the optimised 

buffer was used. Triglyceride secretion was enhanced compared to the control after 

supplementation o f cells with 30% soybean, com and olive oil-based vehicles in the non

digested state (rank order for secretion in that order). The rank order for triglyceride 

secretion was similar to the order observed when the original buffer was used, except the 

com oil vehicle promoted triglyceride secretion to a greater extent when the optimised 

buffer was used. Phospholipid secretion was unaffected by lipid vehicle and was not 

significantly different to the control, while cholesterol ester secretion was significantly 

enhanced compared to the control, in cells which had been exposed to the lipid vehicles. 

Again the TG: PL secretion ratio increased after lipid vehicle exposure, with the rank order 

being the same as for triglyceride secretion. The ratios were lower than those obtained 

using the original buffer, this was because phospholipid secretion was approximately 10- 

fold higher from cells in which the optimised buffer was used (despite a lower lecithin 

content in the optimised buffer), whereas the increase in triglyceride secretion was not as 

pronounced. The reasons for this are not clear.

Intracellular levels of triglyceride, phospholipid and cholesterol ester were higher in 

experiments in which the optimised buffer was used compared to those where the original 

buffer was utilised, but overall the same trends were evident.

Digested lipid vehicle effects on lipid metabolism (secreted, intracellular, ratios)

Following in vitro digestion, the only administered vehicle that resulted in an increase in 

cell triglyceride secretion was the control (8-fold increase). When administered in the non

digested state, the lipid vehicles (with the exception o f Neoral®) enhanced triglyceride 

secretion compared to the control. It is not yet clear why digestion of the control resulted 

in significant increases in triglyceride secretion, while digestion o f the lipid vehicles did 

not. It is possible that the higher lipid content o f the lipid vehicles resulted in some level
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of toxicity to the cells leading to impairment of triglyceride secretion. Alternatively, 

solubilisation of free fatty acids (by surfactants present in the lipid vehicles) released upon 

digestion may have occurred in the case of the lipid vehicles, but not in the control group. 

This solubilisation may have decreased the available free fatty acids available for uptake in 

the cells. However, fatty acid uptake estimations do not support this hypothesis (Figure 

11.17). It is also possible that triglyceride secretion occurs once a certain fatty acid 

threshold is reached and this secretion is saturable at a certain level o f fatty acid. In the 

non-digested state, there is sufficient fatty acid present in the lipid vehicles to result in near 

maximum secretion, whereas there is a lower fatty acid content in the control (hence lower 

secretion results). With digestion, the fatty acid content o f both control and lipid vehicles 

increases, the amount in the control is sufficient to produce maximum triglyceride 

secretion, while triglyceride secretion from the lipid vehicle groups was already at a 

maximum, therefore administration of pre-digested vehicles to the cells was of no benefit. 

Either one or a combination o f the above explanations may explain the anomaly regarding 

triglyceride secretion following administration o f digested vehicles; however frirther 

studies are required to confirm the exact mechanism involved.

Fatty acid uptake from non-digested and digested vehicles

While no formal fatty acid uptake studies were conducted, the proportion o f fatty acid label 

remaining in the apical compartment after the 20-hour incubation period was used as an 

indicator o f fatty acid uptake by the cells. After administration of non-digested vehicles 

(using the original buffer), fatty acid uptake was estimated at 80-85%. Fatty acid uptake 

from the olive and soybean oil vehicles was significantly higher than that from the control 

(p < 0.05). Using the optimised buffer, fatty acid uptake from the non-digested vehicles 

was reduced to 65-75%. This can be explained in terms o f the lower bile salt content in the 

optimised buffer. The higher bile salt content o f the original buffer may lead to increased 

solubilisation o f fatty acid through mixed micelle formation, leading to increased diffusion 

of fatty acid across the cell membrane. Upon digestion o f each vehicle (using the 

optimised buffer), a greater percentage of the fatty acid radiolabel (5-10% more) was taken 

up by the cells. Fatty acid uptake from the digested control was better than from the 

digested lipid vehicles, but these differences were not statistically significant (p > 0.05). 

The increased fatty acid uptake in the control, may explain in part the increased 

triglyceride secretion in this group.
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Efficiency of secretion

The secretion efficiency of cells using the original buffer was quite low- 3% for the control 

and -9%  for the long chain triglyceride-based vehicles. The Captex vehicle resulted in the 

lowest secretion efficiency (less than 2%). The optimised buffer resulted in an increase in 

secretion efficiency- approximately 7% for the control and 21% for the olive, com and 

soybean oil vehicles. A lower secretion efficiency (12%) was observed in the case of 

Neoral®. Digestion did not alter efficiency o f the lipid vehicles but it did for the control (> 

5-fold increase).

Seeballuck (2004) found that the overall secretion efficiency of the Caco-2 model was 

quite low, with only approximately 13% o f cellular triglyceride being secreted 

basolaterally over 20 hours in ’fed-state’ cells. These secretion levels are consistent with 

published cell data (Dashti et al., 1990) and are lower than the predicted efficiency of 

intestinal mucosa (Levy et al., 1999; Mansbach and Parthasarathy, 1982) and secretion 

efficiency of lymphatic triglyceride in the rat (Griffin, 2001).

Effect o f Neoral® on lipid accumulation and secretion in Caco-2 cells 

In the previous chapter, the apparent inhibition o f lymphatic triglyceride output (in the rat) 

by cyclosporine was observed, following administration o f cyclosporine-containing lipid 

vehicles. This observation was consistent with findings by Griffin (2001). It is interesting 

to note that administration of Neoral® (1:200) to the Caco-2 cells, did not promote 

triglyceride secretion compared to the control, and that the triglyceride secretion efficiency 

was lower than that of the other LCT-based vehicles when presented in either the non

digested or digested states. This was despite the presence o f long chain triglycerides (com 

oil) in Neoral®. In contrast, secretion of phospholipid from the Neoral® group was 

similar to the other lipid vehicles in both digested and non-digested states. Cholesterol 

ester secretion from the Neoral® group was however, the highest, although this was not 

statistically significant due to high levels o f variation in the Neoral® data (p > 0.05). This 

observation is consistent with reports that long-term administration o f cyclosporine 

elevates plasma total cholesterol in humans (Chung and Wasan, 2004).

The Neoral® formulation contained cyclosporine, whereas the other vehicles were drug- 

free. It was not possible to obtain the exact formulation composition o f Neoral® to enable 

its administration in a dmg-free state (Personal Communication with Novartis, 2003).

322



Chapter 11- Effect ofSE D D S on lipid metabolism in the Caco-2 cell culture model

However, a triglyceride assay was performed on each formulation (1:50 dilution) and the 

triglyceride content o f Neoral® was found to be comparable to the other formulations, 

suggesting that the lower triglyceride secretion was not a result of differences in the 

amount o f triglyceride present, but rather the presence of cyclosporine. Decreased 

chylomicron secretion has previously been reported in Caco-2 cells after administration of 

the drug verapamil (a known P-gp inhibitor) to cells (Field et a l, 1995; Seeballuck et a l, 

2004). Cyclosporine is a known P-gp substrate (Lin, 2003; Faber et al., 2003; Dantzig et 

al.. 2003)

Examination of the of the TG: PL ratio, which is indicative of secreted lipoprotein size, 

revealed that in the non-digested state, the ratio for the Neoral® group was similar to the 

control group (no lipid) and lower than the other vehicles. Upon digestion, the TG: PL 

ratio increased approximately 4-fold, but was still much lower than the control and the 

other lipid vehicles suggesting that the lipoprotein secretion profile in the Neoral® group 

was different to the other groups.

Fatty acid uptake was only slightly lower in the Neoral® vehicle compared to the lipid 

vehicles, suggesting that the presence of cyclosporine did not affect fatty acid uptake by 

the cells and that its effect on lipid secretion was intracellular. The intracellular lipid 

profile for Neoral® was also different to the non-cyclosporine containing vehicles; with 

both phospholipid and cholesterol ester intracellular levels lower in the Neoral® group 

compared to both the control and other lipid vehicles. It would seem therefore, that the 

presence o f cyclosporine in a lipid vehicle reduces triglyceride secretion, while increasing 

cholesterol ester secretion and also altering intracellular accumulation o f phospholipid and 

cholesterol ester. Further studies using cyclosporine and Caco-2 cells would be required to 

draw any definite conclusions regarding this matter. It would also be advantageous to look 

at the secreted lipoprotein profile after administration o f different concentrations of 

cyclosporine and compare this to control groups. Cyclosporine reportedly increases LDL 

and VLDL levels in humans (Chung and Wasan, 2004).

In vitro/ in vivo correlations

Findings from the Caco-2 model for the triglyceride response to lipid vehicles were 

compared to those obtained from the rat model, to assess the level o f in vitro! in vivo 

correlation and hence, the usefialness o f the Caco-2 model. Comparison o f triglyceride
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secretion response in the cannulated rat and Caco-2 cell culture models (using the original 

buffer) revealed some level of positive correlation between the two models (r  ̂ = 0.57). 

When the optimised buffer was used and the vehicles administered in the non-digested 

state, the correlation between the triglyceride secretion levels in the rat and the cell was 

further improved upon (r  ̂= 0.90). However, no correlation existed (r  ̂=0.16) between the 

two responses when the vehicles were administered in the non-digested state using the 

optimised buffer.

Using the optimised buffer, comparison of the cumulative lymphatic transport o f DDT, 

following co-administration with the olive, com and 30% soybean vehicles in the digested 

state, was made to the corresponding triglyceride secretion in the Caco-2 cells. A linear 

relationship was found to exist between the two responses (r = 0.77). This correlation did 

not however extend to the use of non-digested vehicles when either the original or 

optimised buffers were used. Similarly, lymphatic transport o f cyclosporine in the rat 

model and triglyceride secretion in the Caco-2 cell model was compared for both digested 

and non-digested vehicles (using the optimised buffer) and no correlation was found to 

exist. Although it must be noted, that for the animal studies cyclosporine was present in 

the vehicles, while it was not present in the Caco-2 cells studies.

Prediction o f  ‘best’ lipid vehicle fo r  lymphatic transport

Using the data obtained from the non-digested optimised buffer group, and taking into 

account triglyceride secretion, secretion efficiency, fatty acid uptake and TG: PL ratios, it 

would appear that the olive and 30% soybean vehicles have the highest lymphotropic 

potential o f all the lipid vehicles examined. The effects o f these vehicles on lymphatic 

transport o f DDT in the rat model were examined in Chapter 9. Using two indicators of 

efficiency, drug loading of secreted triglyceride and % efficiency (as described in Section 

8.3.7), the lymphotropic properties o f each vehicle were quantified. The olive oil vehicle 

resulted in the highest efficiency o f lymphatic transport (-30%). Lymphatic transport from 

the 30% soybean formulation resulted in high drug loading values and % efficiency values. 

When lymphatic transport o f cyclosporine was investigated, the olive vehicle proved the 

most efficient in promoting lymphatic transport.

If the Caco-2 cell model had been used initially as a screening tool for lipid vehicles, it is 

probable that the olive and 30% soybean vehicles would have been selected for further
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investigation. On the other hand, if  only cell data was considered, then the Captex 1 

vehicle would not have been pursued since this vehicle did not augment triglyceride 

secretion in the cells. From Chapter 8, it is evident that this vehicle, despite its deficiency 

of long chain triglycerides, does in fact enhance both triglyceride secretion and lymphatic 

transport of DDT in the animal model. These discrepancies between the two models 

highlight a requirement for judicial use o f Caco-2 cell data when trying to predict the in 

vivo response.

11.5. Conclusions

It is possible to assess the effect of different lipid vehicles on lipid metabolism and 

secretion using the Caco-2 cell model. Administration of pre-digested vehicles to the cells 

may result in cell toxicity and further optimisation o f experiments using digested vehicles 

may be required. Experimental conditions, such as the buffer used, have an impact on 

results and should be carefully considered. With regard to in vitro/ in vivo correlations 

between the cell and animal models, based on the data presented here, it would appear that 

the Caco-2 cell model can qualitatively predict triglyceride response from LCT-based lipid 

vehicles, with a certain level of accuracy. However, it is less reliable for prediction of the 

in vivo response, where MCT-based lipid vehicles are concerned. Comparisons between 

lipid secretion studies in Caco-2 cells and animal models are still in their infancy. With 

only limited amounts of data available for comparison between the two models, it is 

difficult to ascertain the full potential of the Caco-2 cell model to accurately predict the in 

vivo response.
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12. General Discussion 

12.1. Background

Rapid identification of highly potent chemical molecules has been enabled through the use 

of combinatorial chemistry and high throughput screening. However, coincident with the 

increasing use of these technologies has been the trend towards identification of lead drug 

compounds with higher molecular weights, high log P  values and low water solubilities. 

While these properties confer high affinity binding to drug targets, they do not necessarily 

provide ideal biopharmaceutical profiles. It is estimated that nearly 40% of new drug 

candidates exhibit low solubility in water, which leads to poor oral bioavailability, high 

intra- and inter-subject variability and a lack of dose proportionality (Robinson, 1996). For 

such compounds the absorption rate from the gastrointestinal lumen is controlled by 

dissolution. Approaches that have been taken to improve the dissolution rate of a drug 

include modification of physicochemical properties and particle size reduction, but these 

methods have their own limitations (Gursoy and Benita, 2004). The most popular 

approach in recent years has however been the incorporation of the drug compound into 

lipid-based vehicles such as oils, surfactant dispersions, emulsions, liposomes and self- 

emulsifying drug delivery systems (SEDDS) (Gursoy and Benita, 2004).

Lipid-based vehicles increase the oral bioavailability of lipophilic drugs through a number 

of mechanisms including; reduction in gastric emptying rate, increased aqueous solubility 

in the gastrointestinal tract, enhanced transport across the unstirred water layer, inhibition 

of enterocyte-based metabolism and efflux processes and promotion of intestinal lymphatic 

transport (Charman, 2000; Porter and Charman, 2001). In addition to enhanced 

bioavailability through lymphatic transport, drug delivery to the intestinal lymphatic 

system offers many advantages including the avoidance of first pass metabolism, the 

potential for sustained delivery of drug molecules to the systemic circulation and the 

potential to target specific disease states known to spread via the lymphatics such as certain 

cancers and HIV (O’Driscoll, 2002; Karpf et al, 2004).

Many of the factors influencing lymphatic transport of lipophilic drugs and the 

mechanisms involved have been elucidated in rat models using model lipophilic 

compounds such as DDT and the anti-malarial; halofantrine. The maximum percentage of 

drug transported in the lymph when co-administered with relatively simple lipid
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formulations (such as simple oil formulations and micellar formulations) tends to be 

limited to approximately 15-20% of the administered dose (O’Driscoll et a i, 1991). 

Recently however, data derived using a conscious dog model suggests that up to 50% of a 

lipophilic drug (halofantrine) dose may be transported via the lymphatics when co

administered with food (Khoo et al., 2001).

Given the increasing interest in formulating lipophilic drugs with SEDDS, it is desirable to 

examine the effect of such vehicles on lymphatic transport of both ‘model’ lipophilic 

compounds as well as therapeutic compounds, which might not necessarily possess all the 

postulated desirable properties for considerable lymphatic transport. Additionally, it would 

be extremely useful if  an in vitro model capable o f predicting lymphatic transport existed. 

Not only would the existence o f such a model reduce the requirement for live animal 

experiments but it would also provide high throughput screening and enable fiarther 

elucidation o f the lymphatic transport mechanisms involved at a cellular level. It has been 

proposed that the in vitro Caco-2 cell culture model might possibly fulfil such 

requirements (O’Driscoll, 1998; Seeballuck et al., 2003).

12.2. Aims and objectives

This project aimed to investigate the effect of a range o f different lipid vehicles (micellar 

and SEDDS) on the intestinal lymphatic transport o f a model lipophilic compound (DDT) 

and the lipophilic cyclic undecapeptide drug (cyclosporine) in the mesenteric lymph duct- 

cannulated rat model. In addition to the in vivo rat model, the potential o f the Caco-2 cell 

culture model to predict lymphatic transport from lipid vehicles was also examined. 

Attempts to establish the existence of in vitro /  in vivo correlation between the two models 

were also made.

328



Chapter 12- General Discussion

12.3. Characterisation of lipid vehicles

Before in vivo investigations into the effects o f various hpid vehicles on intestinal 

lymphatic transport, a number o f in vitro methods were used to characterise the various 

lipid-based formulations. These methods included; particle size analysis of aqueous 

dilutions using photon correlation spectroscopy (PCS), in vitro digestion studies and 

solubility studies (preconcentrate and aqueous). Three types o f lipid vehicles were studied; 

micellar vehicles (bile salt mixed micelles and simple Tween 80 micelles), medium chain 

triglyceride-based SEDDS and long chain triglyceride-based SEDDS.

Initial assessments o f formulation droplet size and stability were made by noting the visual 

appearance o f each formulation in the preconcentrate and diluted form. In general, the 

more turbid a dispersion, the larger the droplet size o f the emulsion and the less stable it 

was. The droplet size of the emulsion is a crucial factor in self-emulsification performance 

because it determines the rate and extent o f drug release as well as absorption (Tarr and 

Yalkowsky, 1989; Shah et al., 1994). Using PCS, the effect o f dilution, dilution media and 

drug incorporation on the particle size of the formulations was determined. In general, for 

both LCT- and MCT-based SEDDS, the particle size o f the aqueous diluted SEDDS was 

less than 40nm. This indicates that these formulations were in fact self-emulsifying drug 

delivery systems (SMEDDS), which are stable isotropic and clear oil-in-water dispersions. 

The peanut and Plurol Oleique formulations were not SMEDDS, since they resulted in 

particle sizes greater than lOOnm upon aqueous dilution.

The particle size o f the droplets was found to be relatively independent o f both dilution 

factor and more importantly, dilution media. Use o f both O.IM HCl and FaSIF (simulated 

fasted state intestinal fluid) indicated that the formulations would remain stable in the 

gastrointestinal tract. The Plurol Oleique was the only formulation which was not stable in 

the presence of acid, as was evidenced by the large increase in particle size (>900rmi) upon 

its dilution with HCl. Particle size analysis also revealed that addition o f either DDT or 

cyclosporine to the formulations did not adversely affect emulsion stability. It has been 

suggested that the efficiency of drug incorporation into SEDDS depends on the 

physicochemical compatibility o f the drug/system and that in most cases the drug interferes 

with the self-emulsification process to a certain extent, leading to a change in the optimal
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oil/surfactant ratio (Gursoy and Benita, 2004). The evidence presented here for the two 

investigated drugs (cyclosporine and DDT) does not support this suggestion.

The susceptibihty of each SEDDS to in vitro digestion (using pancreatin) was evaluated. 

Upon digestion with pancreatin there was a decrease in the clarity of the dispersions and an 

increase in particle size. Whether this increase in particle size impacts on drug absorption 

remains to be seen. All LCT-based SEDDS were sensitive to in vitro digestion, as was 

evidenced by the ~15-fold increase in free fatty acid content after digestion. In the case of 

the soybean formulations, in the non-digested state, the free fatty acid content was similar 

for the 5%, 15% and 30% formulations, however susceptibility to digestion increased with 

increasing oil content suggesting that the surfactant excipients had somewhat of an 

inhibitory effect on the digestion process. Digestion of the oils alone was also carried out 

and these results also suggest that inclusion o f surfactants appears to decrease the 

susceptibility o f the formulation to digestion. All o f the Tween 80 systems were 

susceptible to in vitro digestion, with the free fatty acid content increasing linearly with 

Tween 80 concentration.

Solubility studies o f both lipophilic compounds in the preconcentrate and diluted forms of 

the lipid vehicles were carried out. It is important to determine solubility since it allows 

for estimates o f both the deliverable dose and the amount of drug that will be maintained in 

solution upon mixing with the gastrointestinal fluids. DDT solubility in the MCT-based 

SEDDS was generally greater than 80mg/g, but upon aqueous dilution (1:50), only ~60% 

o f this dose was maintained in solution. Although DDT solubility in the GIT would be 

expected to be higher due to the presence of bile salts and lecithin. This was evidenced by 

the saturated solubility o f DDT in fasted and fed state media (7.85)j,g/ml and 24.65|ig/ml 

respectively) compared to its aqueous solubility (1.2ng/ml).

DDT solubility in the LCT-based SEDDS was slightly lower than in the MCT-based 

SEDDS (> 70mg/g) and these vehicles appeared to be less efficient in maintaining DDT in 

solution upon aqueous dilution. The solubility o f DDT in caprylic acid (medium chain) 

has been reported to be 297.97 ± 3.25mg/ml, while in oleic acid it was only 197 ± 

2.3mg/ml (Obodozie, 1997). This might explain in part, the higher DDT solubility in the 

MCT-based SEDDS compared to the LCT-based SEDDS.
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Contrary to other reports (Devani et a l,  2004), no clear relationship was found to exist 

between the HLB value of the system and the solubility o f either drug; this is probably due 

to the fact that the HLB values o f the systems fell within a narrow range. Solubility in the 

mixed micellar formulation was significantly lower than that in the SEDDS, with a 

saturated DDT solubility o f 228^g/ml. While solubility in the Tween 80 systems (2- 

10%w/v) increased with increasing Tween 80 content and was comparable to solubility in 

the diluted SEDDS (1:50).

Cyclosporine solubility in the preconcentrates (>90mg/g) was generally higher than DDT 

solubility. If capsules were filled with 1 g o f preconcentrate, about 60mg of cyclosporine 

could be incorporated with ease. Neoral® commercial capsules contain up to lOOmg 

cyclosporine in Ig o f a com oil-based preconcentrate. It is likely that the presence of 

ethanol enhances cyclosporine solubility in the formulation, but ethanol was not included 

in any o f the formulations used in the present studies. Upon aqueous dilution, 

approximately 65% of the cyclosporine dose was maintained in solution. Again solubility 

is expected to be higher if  dilutions were made using simulated fasted state media.

12.4. Intestinal lymphatic transport of DDT

The effect o f three types o f lipid vehicles on intestinal lymphatic transport o f DDT was 

investigated, namely- micellar vehicles (bile salt mixed micelles and simple micelles 

containing Tween 80), medium chain triglyceride-based SEDDS (Captex and Miglyol 812 

SEDDS) and long chain triglyceride-based SEDDS (olive, com, peanut, and soybean 

vehicles). With the exception o f one o f the Captex-based SEDDS (Captex 1), all 

formulations contained at least one potential source o f long chain fatty acid.

Lymphatic transport o f DDT fi-om the three-component mixed micellar formulation 

(containing sodium cholate, lecithin and oleic acid in a 40:15:30mM ratio) was compared 

to that previously reported using simple bile salt micelles (40mM sodium cholate) and two- 

component mixed micelles (containing sodium cholate: lecithin and sodium cholate: oleic 

acid in 40:40mM ratios). DDT lymphatic transport from the bile salt: lecithin: oleic acid 

micelle system was higher than that fi-om the simple micelles but only equivalent to the 

other two-component mixed micellar vehicles. The peak lymphatic transport rate Irom the 

mixed micellar vehicle occurred between 3 and 4 hours after administration.
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Simple aqueous systems (2, 4 and 10%w/v) containing the polysorbate surfactant Tween 

80 were also investigated. There are many reports of lymphatic transport from 

formulations containing this surfactant but none have specifically investigated the effect of 

it on lymphatic transport when administered alone. DDT solubility in the Tween 80 

systems was substantially higher than that in the mixed micelles, thus enabling larger doses 

of DDT to be administered. DDT lymphatic transport from these systems tended to 

increase with increasing Tween 80 concentration. Despite the administration o f larger 

DDT doses, cumulative DDT lymphatic transport from the 2%w/v Tween 80 system was 

lower than that from the three-component mixed micelle formulation. While transport 

from the 4%w/v system was about the same as that from the mixed micelles. However the 

10%w/v Tween 80 system resulted in comparable levels o f DDT lymphatic transport when 

compared to the mixed micelle formulation.

In vitro digestion studies using Tween 80 revealed that fatty acids are liberated upon its 

digestion with pancreatin. Since Tween 80 is a polysorbitan ester o f oleic acid, digestion is 

expected to result in the release of oleic acid, which can subsequently stimulate 

chylomicron formation and thereby, DDT lymphatic transport. Transport of lipophilic 

molecules such as DDT in the lymph is known to occur in association with chylomicron 

lipoproteins (Pocock and Vost, 1974). While it would be impractical to administer these 

Tween 80 systems in a clinical setting, these findings illustrate the importance of carefrilly 

choosing not only the oil phase o f a formulation, but also the surfactant phase, as this too 

can influence lymphatic transport. However, it should also be noted that the amount of 

Tween 80 in more complex lipid vehicles is more likely to be lower than the amounts used 

in the present studies.

Lymphatic transport o f DDT from the Captex 1 formulation was higher than expected. 

This formulation contained Captex 355 (a medium chain triglyceride oil), Cremophor EL 

and Transcutol P (a solubiliser), and therefore did not contain a ‘direct’ source of long 

chain fatty acid. Despite the lack o f a long chain fatty acid, over three times the amount of 

DDT was transported in the lymph after administration of this formulation, when 

compared to the mixed micellar vehicle (40mM sodium cholate: 15mM lecithin: 30mM 

oleic acid). Griffin (2001) examined lymphatic transport in rats, from a 2% Cremophor EL 

system and found that an appreciable portion (-9% ) o f the administered DDT dose was 

transported in the lymph. It was suggested that the Cremophor EL molecule was
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metabolised in vivo and released ricinoleic acid (12-hydroxy oleic acid), which stimulated 

chylomicron formation and hence promoted lymphatic transport.

It was hoped that addition o f  oleic acid (20%) to the Captex 1 formulation would result in a 

further increase in DDT lymphatic transport, but this was not the case. Cumulative 

lymphatic transport levels were actually lower following administration o f  the second 

Captex vehicle (Captex 2, Table 12.1). The reason for this was not clear, although it is 

possible that the free oleic acid is solubilised by the other formulation excipients 

(Cremophor EL and/or Transcutol), thus negating the effect o f  its addition. Addition o f  

both oleic acid and 10%w/v Tween 80 (Captex 3) did however improve the extent o f  DDT  

lymphatic transport. The extent o f  DDT lymphatic transport from the Captex 3 vehicle 

was over five times higher that from the three-component mixed micellar vehicle, again 

confirming the advantages o f  incorporating Tween 80 into lipid vehicles.

Due to their superior solubilising power compared to the mixed m icelles, the Captex-based 

SEDDS allowed for much greater doses (~  5-fold higher) o f  DDT to be administered. 

However, when the cumulative amounts lymphatically transported were adjusted for the 

doses administered (Table 12.1), only the Captex 3 vehicle gave a marginally higher ‘dose 

adjusted DDT lymphatic transport’ compared to the mixed m icelle vehicle.

Another medium chain triglyceride-based SEDDS containing M iglyol 812 was 

investigated. This vehicle also contained Cremophor EL as well as Maisine 35-1, which is 

a source o f  linoleic acid- a Cig: 2 long chain fatty acid that has also been shown to stimulate 

chylomicron formation (Cheema et al., 1987; Holm et al., 2001). Despite the presence o f  

these excipients and administration o f  a higher DDT dose, the extent o f  lymphatic transport 

from the M iglyol 812-based system was similar to that o f  the mixed micellar system, and 

nearly three tim es lower than that from the first Captex system (Captex 355, Cremophor 

EL and Transcutol). The fatty acid profiles o f  Captex 355 and M iglyol 812 are similar 

with both containing m ainly Cg and Cio fatty acids. When cumulative lymphatic transport 

o f  DDT was adjusted for the DDT dose administered, the level obtained for the M iglyol 

812-based formulation (0.093) was similar to that o f  the original Captex 1 formulation
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Table 12.1. Comparison of the cumulative intestinal lymphatic transport (fig) of DDT 

after 8 hours, adjusted for dose administered (^g) after intraduodenal administration 

of the different formulations

Vehicle Cumulative transport (^g) / dose 

administered (^g)

Non-lipid non-micellar system

Cyclodextrin (3.03mM) 0.073

Micellar vehicles

Bile salt mixed micelles (40mM NaC; 0.190

15mM lecithin: 30mM oleic acid)

2% Tween 80 0.061

4% Tween 80 0.099

10% Tween 80 0.133

MCT-based SEDDS

Captex 1 0.108

Captex 2 0.053

Captex 3 0.206

Miglyol 0.093

LCT-based SEDDS

Olive 0.285

Peanut 0.038

5% soybean 0.035

15% soybean 0.089

30% soybean 0.228

Com (low dose) 0.283

Com (high dose) 0.105

Earlier reports in the literature illustrate the apparent benefits o f LCTs over MCTs with 

respect to promotion o f lymphatic transport (Palin et a l, 1982; Caliph et a l, 2000). It is 

thought that upon absorption into the enterocyte, medium chain fatty acids directly enter 

the portal blood system, while long chain fatty acids are re-esterified, incorporated into 

chylomicrons and enter the lymphatic system (Chaikoff et al., 1951; Bloom et al., 1951).
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Many of the existing reports detailing the apparent promotion of lymphatic transport with 

long chain triglycerides have used relatively simple oil formulations. In practice, it is 

likely that a formulation would contain a source o f both medium and long chain 

triglycerides (as in the Captex 2 and 3 and Miglyol 812-based formulations). The findings 

here suggest that the excipients used can also influence lymphatic transport, regardless of 

whether or not the principle lipid is medium or long chained.

A range of LCT-based SEDDS was also investigated. Oils which were high in either oleic 

or linoleic acid were chosen, hence the use of olive, peanut, com and soybean oils. Olive 

and peanut oil have similar fatty acid profiles (Handbook of Pharmaceutical Excipients, 

2003). Both oils were formulated into SEDDS containing Peceol, Cremophor EL and 

Tween 80 (all o f which are a potential source o f oleic acid). Despite having the same 

composition (apart from the oil phase), the particle size of the olive oil-based SEDDS was 

over four times smaller than that of the peanut oil-based SEDDS (28.2nm versus 126nm 

for the olive and peanut oil-based SEDDS respectively), and the extent o f DDT lymphatic 

transport was almost four times higher from the olive formulation compared to the peanut 

formulation. This finding suggests that the particle size o f a formulation influences the 

extent o f lymphatic transport o f DDT.

Three formulations based on soybean oil were also investigated. These systems also 

contained Maisine, Cremophor EL and Tween 80, the proportion of which decreased as the 

oil phase increased. Upon administration of DDT with these formulations, the extent of 

lymphatic transport increased with increasing soybean oil content (this was despite 

decreasing dose o f DDT administered), suggesting there may be some merit in presenting a 

more ‘direct’ source of long chain fatty acid i.e. triglyceride oil, over an ‘indirect’ source 

such as a Tween 80 or Cremophor EL. Since Cremophor EL and Tween 80 are more 

water-soluble than triglyceride oils, their hydrolysis to fatty acids may be somewhat 

hindered, since pancreatic lipase acts specifically at water-oil phase interfaces 

(Brockerhoff, 1969). Alternatively, it is possible that the high amount o f surfactant in the 

5% and 15% soybean systems might actually prevent absorption of fatty acid from the 

intestinal lumen, due to solubilisation of the free fatty acid in surfactant micelles. Chiu et 

al. (2003) found that the permeability o f cyclosporine in Caco-2 cells actually decreased 

 ̂ with increased surfactant content (above cmc). The authors suggested that micellar

I  solubilisation of cyclosporine decreases the fraction of ‘free’ unbound cyclosporine that
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would be available for transport across the monolayer and that these effects were expected 

to operate under in vivo conditions.

The com oil-based SEDDS resulted in the highest amount of DDT lymphatic transport. 

This vehicle was similar in composition to the olive and peanut oil-based SEDDS, except 

that the oil phase of the com formulation constituted 30% instead of 20%. This supports 

the hypothesis that increasing the amount of ‘direct’ fatty acid source is beneficial in terms 

of lymphatic transport. Interestingly, a doubling of the DDT dose administered did not 

result in a corresponding increase in lymphatic transport, suggesting the involvement of a 

saturable lymphatic transport mechanism for DDT.

Administration of DDT in a cyclodextrin system served as a non-lipid/ non-surfactant 

control. The amount of DDT that could be solubilised in this formulation was slightly 

lower than that of the simple bile salt (40mM sodium cholate) micellar solution. As 

anticipated, the cyclodextrin vehicle did not promote lymphatic triglyceride output 

compared to the saline control. However, despite the absence of any lipid excipients, 

almost 10|ig of DDT (representing 132%  of the dose) was transported to the lymph from 

this vehicle, with a maximum transport rate of 1.57(ig/ml occurring at 8 hours. It is 

possible that the DDT molecule was transported in association with endogenous 

lipoproteins such as VLDL (which predominates in the fasted state), but formal lymph 

fractionation studies would be required to prove this. Clearly all the lipid/ surfactant 

systems enhanced lymphatic transport of DDT compared to this cyclodextrin control 

formulation, demonstrating the benefits of lipid-based vehicles in terms of DDT lymphatic 

transport.

The lymphatic transport profile of DDT was similar for all lipid vehicles; with the rate 

increasing to a maximum 3-4 hours post-dosing followed by a decline in transport rate 

thereafter. Griffin (2001) reported a delay in peak maximum lymphatic transport rate 

using a SEDDS compared to a micellar vehicle, but this trend was not observed in the 

present studies. It would also appear from the present studies, that the ‘mle’ regarding 

chain length of the administered lipid (i.e. long chain triglycerides promote lymphatic 

transport to a greater degree than medium chain triglycerides) is not as clear-cut where 

SEDDS are involved. Deviations from the ‘rule’ have also been reported using structure
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triglycerides, which contain both medium and long chain fatty acid moieties (Holm et al., 

2001; Holm et al., 2003).

When DDT blood levels were examined in lymph-cannulated and nonlymph-cannulated 

rats, levels tended to be lower in the cannulated rats (i.e. lymph drained), suggesting that 

DDT transported to the lymph also contributed to the blood levels. Thus the extent of 

DDT availability (blood plus lymph) estimated in lymph-cannulated animals was higher 

than that predicted from blood only in non-lymph carmulated animals. The data presented 

in this study confirms that extensive lymphatic transport can have an effect on blood AUC, 

in this case contributing to 35% of total DDT availability. Similar trends to this effect 

(using DDT) have previously been reported by O’Driscoll et al. (1991) and Griffin (2001). 

In contrast to the findings with DDT, when the availability o f saquinavir (a poorly 

lymphatically transported compound) in lymph-cannulated and nonlymph-cannulated rats 

was compared, no significant differences were detected, contlrming the lack o f substantial 

lymphatic transport o f this compound (Griffin, 2001).

When blood profiles fi-om nonlymph-cannulated rats were compared for the different 

vehicles (cyclodextrin, MCT-based, LCT-based SEDDS), no clear trend emerged. In 

contrast to the lymphatic transport profiles, DDT blood profiles were similar for all 

vehicles regardless o f their respective properties. DDT blood levels for the SEDDS were 

approximately 50 times lower than the lymph levels. However, in the case o f the 

cyclodextrin group, blood levels were 2-fold higher than lymph levels.

12.5. Intestinal lymphatic transport of triglycerides and relationship to DDT 

lymphatic transport

Chylomicron secretion into the lymph was not directly quantified, but since chylomicrons 

are predominantly composed o f triglyceride (Guldur et al., 2004), lymph triglyceride was 

used as an indicator o f lymph chylomicron content. As lymphatic transport of DDT is 

reported to occur in association with the chylomicron fi-action (Pocock and Vost, 1974), it 

was desirable to investigate the effects o f different lipid based vehicles on the lymph 

triglyceride content and to determine the relationship if any, between lymphatic transport 

of DDT and triglyceride.
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The mixed micelle formulation (40mM sodium cholate: 15mM lecithin: 30mM oleic acid) 

significantly enhanced triglyceride output compared to the saline control. The cumulative 

triglyceride lymph level from this system was not however higher than the two- component 

sodium cholate/ lecithin micelles. The reverse was expected since oleic acid is more 

readily available for absorption than lecithin, which must first be hydrolysed. All o f the 

Captex 355-based formulations significantly enhanced triglyceride output, even the Captex 

1 formulation which did not contain any direct source o f long chain fatty acids. 

Surprisingly, addition o f oleic acid to the Captex 1 formulation (Captex 2) did not enhance 

triglyceride output any further, the reasons for this are not clear. Addition of both oleic 

acid and Tween 80 did promote triglyceride output, resulting in >1.5 fold increase in 

cumulative lymph triglyceride.

The effect of Tween 80 alone on triglyceride output was subsequently investigated. 

Administration o f a 2%w/v Tween 80 aqueous system did not enhance triglyceride output 

but concentrations above this (4% and 10%w/v) resulted in concentration dependent 

increases in lymph triglyceride. Presumably liberation of oleic acid upon digestion of 

Tween 80 results in chylomicron secretion into the lymph. The amount of fatty acid 

released from the 2% system was apparently not sufficient to stimulate chylomicron 

synthesis and secretion. It has previously been proposed that there is a threshold level for 

stimulation of chylomicron secretion (Charman and Stella, 1986a). Administration of 

DDT with the Tween 80 systems resulted in a slight reduction in triglyceride output, but 

the differences to the DDT-fi-ee systems were not statistically significant (p > 0.05).

Rank order for cumulative triglyceride output fi"om the olive, peanut and Miglyol oil-based 

SEDDS was: olive > Miglyol > peanut. It was expected that the cumulative output fi^om 

the olive and peanut oil formulations would be similar, as both had the same composition 

except for the oil phase and both oils contained unsaturated long chain fatty acids. 

However, this was not the case, as triglyceride output fi'om the olive oil formulation was 

higher than that from the peanut one. The cumulative triglyceride output from the three 

soybean oil vehicles was comparable, despite differing levels o f DDT lymphatic transport 

from the three vehicles. Examination o f the triglyceride output profiles for the three 

vehicles revealed that in the case of the 5% system, the output rate was more constant 

throughout the 8-hour period compared to the other two (15% and 30% soybean). This 

system contained the highest quantity of surfactant phase and the sustained output is most
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likely due to the delay in metabolism of the excipients and therefore a delay and more 

prolonged availability o f fatty acids for absorption. The extent and rate o f triglyceride 

output for the low and high dose com oil vehicle was similar, again verifying the lack of 

effect DDT has on triglyceride output as was seen for the Tween 80 systems.

In all cases, the rate profile for triglyceride output was similar to that o f DDT lymphatic 

transport, with the rate increasing to a maximum 3 hours post-dosing following by a 

decline in rate thereafter. Peak triglyceride output rate for the Tween 80 systems was 

delayed by one hour, possibly reflecting the time taken to hydrolyse the Tween molecule to 

its oleic acid moiety. The mixed micellar vehicle also exhibited a one-hour delay in 

triglyceride output.

Evidence that DDT lymphatic transport occurs in association with chylomicron secretion 

into the lymph is given by examination of the rates o f DDT lymphatic transport and 

triglyceride (chylomicron) output. For most systems, the rate profiles were similar, but in 

the case o f the Tween 80 systems, DDT transport peaked one hour before triglyceride 

transport. The 2%w/v Tween 80 system did not enhance triglyceride output compared to 

the saline control, yet DDT transport appeared to be associated with triglyceride output. 

Under fasting conditions (i.e. in the absence o f exogenous fatty acid) VLDL secretion 

predominates (Tso et al., 1987), thus for the 2%w/v Tween 80 system DDT probably 

partitions into the endogenous lipid turnover pathways resulting in transport primarily via 

association with the triglyceride present in VLDL. The limited turnover o f lipid via the 

VLDL pathway in the fasted state may limit the capacity o f this pathway.

Despite the failure of the 2%w/v Tween 80 system to promote triglyceride output, DDT 

lymphatic transport was enhanced compared to transport from the cyclodextrin control 

(which did not promote lymph triglyceride output either), suggesting that Tween 80 

promotes lymphatic transport o f DDT via an additional mechanism to chylomicron 

formation. This may occur via increases in membrane permeability, thereby increasing 

DDT concentration within the enterocyte. In the case o f the cyclodextrin formulation, the 

levels of lymphatic transport o f DDT and triglyceride appear to be independent of each 

other reflecting true basal levels of DDT lymphatic transport.
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A more quantitative method of assessing the level of chylomicron-associated DDT 

lymphatic transport is to estimate the level of correlation between DDT and triglyceride 

lymph concentrations. For most vehicles there was a strong positive correlation (r > 0.8) 

between the two, lending further strength to the hypothesis o f chylomicron-mediated 

lymphatic transport of DDT. A lower level of correlation existed for the Tween 80 

systems, this is due to the delay in reaching peak triglyceride transport rate relative to 

reaching peak DDT transport and suggests that another factor influences the lymphatic 

transport o f DDT from these systems. A feature of the correlation plots is the negative y  

axes intercepts and that on average; the regression line crosses the x-axis around 2mg/ml, 

which is a value similar to the basal triglyceride level obtained upon saline perfiasion. 

Charman et al., (1986b) and Griffin (2001) also made this observation and have suggested 

that it reflects the appearance o f lipoproteins in the lymph (potentially chylomicrons and/ 

or other intestinal lipoproteins), which do not contain DDT.

If DDT lymph transport occurs in association with chylomicron secretion, and enhanced 

triglyceride (chylomicron) output leads to enhanced DDT transport, then it is conceivable 

that the vehicles which enhance triglyceride output to the greatest extent result in increased 

DDT lymphatic transport. To test this hypothesis, the relationship between the total DDT 

lymphatic transport and total lymph triglyceride transport (after 8 hours) for the vehicles 

studied, was examined. From Figure 12.1 it can be seen that a strong positive correlation 

(r^ = 0.95) exists for the micellar vehicles (bile salt and Tween 80 dispersions), which was 

also reported by Griffin (2001) for both micellar and self-emulsifying formulations. Upon 

examination of the SEDDS however, it is clear that little or no correlation exists between 

the two parameters. The extent of lymph triglyceride output following administration of 

the SEDDS was relatively high and similar for all. It is possible that only a certain level of 

triglyceride is required to enhance lymphatic transport o f a lipophilic molecule and beyond 

this point other formulation effects must be considered, such as enhanced intestinal 

permeability and inhibition o f P-gp and cytochrome enzymes. The investigated SEDDS 

contained different excipients and amounts thereof so each one may have differing P-gp/ 

cytochrome inhibition capabilities. An interesting observation is the lack o f difference in 

lymphatic transport of both DDT and triglyceride from LCT and MCT-based SEDDS, 

further illustrating the importance of careful excipient selection when designing vehicles 

for enhanced lymphatic transport.
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Figure 12.1. Correlation between cumulative (mg) lymph triglyceride (Mean ± S.D., 

n > 3) and cumulative DDT transport ( .̂g) (Mean ± S.D., n > 3) after 8 hours, upon 

intraduodenal administration of (a) micellar vehicles and (b) SEDDS
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A  comparison o f the cumulative triglyceride output and theoretical Cig fatty acid content in 

each 3ml dose administered is given in Table 12.2. In the case o f the SEDDS (MCT and 

LCT-based), a greater amount o f triglyceride was secreted than was actually administered. 

This was noticeable especially in the case of the MCT-based formulations, which had very 

low theoretical contents o f fatty acid. It is possible that these vehicles may stimulate 

endogenous triglyceride turnover. In contrast, the theoretical Cig content o f the Tween 80 

systems was high (Tween 80 contains 75.6% ± 1.6% oleic acid and 7.5% linoleic acid 

upon hydrolysis, as determined via gas chromatography by Seeballuck (2004)), but the 

resulting triglyceride output was not correspondingly high. This made triglyceride 

secretion following administration of the Tween 80 systems relatively inefficient in 

comparison to the other vehicles. It is possible that the Tween 80 molecules were not fully 

hydrolysed in vivo, and therefore the free fatty acid content was much lower in reality.

A previous experiment reported 67-121% lymphatic triglyceride recovery following 

administration o f 270mg of different triglycerides (Porsgaard and Hoy, 2000). In a more 

recent report, only 27-35% triglyceride was lymphatically recovered following oral 

administration o f a higher triglyceride dose (1.3g/kg) to conscious rats (Karpf et al., 2004). 

The authors proposed that the low recovery was due to an overload o f triglyceride transport 

through the enterocyte, leading to saturation o f the secretion process and accumulation of 

lipid within the enterocyte. Since much smaller triglyceride loads were administered in the 

present studies (60mg for the SEDDS), this saturation phenomenon is not expected to 

occur, hence the higher recoveries.
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Table 12,2. Comparison of theoretical Cis fatty acid content (mg) in 3ml dose of each 

vehicle, cumulative triglyceride output after 8 hours (mg) and the calculated % of 

administered Cig secreted as triglyceride in the lymph of mesenteric lymph duct- 

cannulated rats

Vehicle Theoretical 

Ci8 content 

(mg/3ml)

Mean cumulative 

triglyceride (mg)

% administered 

Ci8 secreted as 

TG

Mixed bile salt micelle 61.83 37.23 60.21

2%w/vTween 80 49.8 12.94 25.98

4% w/v Tween 80 99.6 28.82 28.93

10% w/v Tween 80 249 43.41 17.43

Olive 30.65 35.27 115.06

Com 38.81 37.60 108.00

5% soybean 20.05 37.87 188.91

15% soybean 26.94 36.29 134.71

30% soybean 27.28 38.53 103.35

Peanut 30.74 29.15 94.82

Captex 1 0 26.89 N/A

Captex 2 12 23.21 193.42

Captex 3 16.98 37.20 219.08

Miglyol 812 10.17 31.41 308.84

Saline 0 14.93 N/A

12.6. Intestinal lymphatic transport of cyclosporine A

DDT, with its high log P  and high triglyceride solubility, is a model compound to study 

lymphatic transport and is useful for elucidating certain mechanisms associated with it. 

However, not all drugs are suitable for lymphatic transport. Cyclosporine is one such drug. 

While its triglyceride solubility is comparable to DDT (> 90mg/ml in the com oil vehicle); 

the log P  is considerably lower (3 versus 6.19 for DDT). Lymphatic transport of 

cyclosporine is desirable as its primary action is on T-lymphocytes which circulate in the 

lymph (Ptachinski et a l,  1986), however earlier reports on its lymphatic transport suggest
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that the extent o f cyclosporine lymphatic transport is quite low (Ueda et a l,  1983; Takada 

et al., 1985; Takada et al., 1986; Takada et al., 1988; Yanagawa et al., 1989; Katayama et 

al., 1994). Given the commercial success o f the cyclosporine microemulsion formulation, 

Neoral®, much interest has been given to the incorporation o f cyclosporine into lipid- 

based vehicles. However, to date, there have been no reports on the lymphatic transport of 

cyclosporine from these more complex formulations.

Lymphatic transport o f cyclosporine from five different SEDDS was investigated. The 

olive and com oil vehicles were chosen for investigation as these showed the greatest 

promise when the lymphatic transport of DDT was investigated. Additionally, the original 

cyclosporine commercial formulations- Sandimmun® and Sandimmun Neoral®, were 

based on olive and com oil respectively. Lymphatic transport o f both DDT and saquinavir 

was favourable from the Plurol Oleique SEDDS and hence its inclusion. The Plurol 

Oleique fonnulation resulted in a larger particle size when dispersed in water (~ 165nm 

compared to < 30nm for the olive, com and Neoral® formulations). An additional 

commercial cyclosporine formulation from IVAX pharmaceuticals was also studied. This 

was not a microemulsion but did contain Cremophor, ethanol and two different 

polyglycerol oleates (i.e. it did not contain any ‘direct’ source of fatty acids).

Following administration o f 1:50 aqueous dilutions o f each formulation, the rank order for 

the extent o f cyclosporine lymphatic transport was: olive > com > Plurol Oleique 

>Neoral® > I VAX. Cumulative transport from the Neoral® vehicle was determined by 

both HPLC assay and by radioactivity measurements, while the remaining systems were 

assayed only by HPLC assay. The cyclosporine levels obtained by HPLC assay (which 

measured only cyclosporine A) were substantially lower than the radioactivity levels. Use 

o f  the radiolabel overestimates cyclosporine content since it does not distinguish between 

cyclosporine metabolites and the intact molecule. Examination o f the radioactivity 

profiles, suggest that cyclosporine metabolites produced in the blood redistributed to the 

lymph compartment in the latter stages o f the experimental period. Cumulative transport 

from the Neoral® vehicle was higher than that from the IVAX formulation, but the 

difference was not statistically significant due to high variation in the data. Previous 

reports using blood data only, have indicated that the IVAX formulation is bioequivalent to 

Neoral® in humans (Andrysek et al., 2003).
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The ratios o f cumulative cyclosporine transport to the dose administered for the different 

formulations are given in Table 12.3. It was anticipated that the olive and com oil vehicles 

would give the highest cyclosporine lymph levels, given that these were the best vehicles 

for lymphatic delivery o f DDT and they contained excipients known to inhibit P-gp 

(Cremophor EL and Tween 80). In addition, these formulations gave small particle sizes (< 

40nm) upon aqueous dilution, another favourable factor for cyclosporine absorption (Tarr 

and Yalkowsky, 1989). Lymphatic delivery from the Plurol Oleique formulation was 

however, higher than anticipated. This formulation did not contain any excipients known 

to inhibit P-gp, resulted in similar triglyceride output to Neoral® and had a larger particle 

size (> lOOnm), yet despite this, cyclosporine transport was higher from this vehicle than 

from Neoral®. As expected, cyclosporine transport was lowest from the IVAX 

formulation. This formulation gave the largest particle size upon dilution (^m-sized) and 

did not contain any ‘direct’ source o f fatty acid. Nevertheless, a significant proportion of 

cyclosporine was transported from this formulation, suggesting that some other aspect of 

the formulation led to the promotion of cyclosporine lymphatic transport.

Table 12.3. Comparison of the cumulative intestinal lymphatic transport (^g) of 

cyclosporine (after 8 hours), adjusted for administered dose (|iig) following 

intraduodenal administration of the different lipid vehicles

Vehicle Cumulative transport (jig)/ 

dose administered (fig)

Olive 0.042

Com (5.08mg dose) 0.020

Com (2.17mg dose) 0.050

Com (1.548mg dose) 0.019

Plurol Oleique 0.023

Neoral® 0.009

IV AX 0.005

The lymphatic fransport profile o f cyclosporine was similar to o f DDT, except that peak 

transport occurred one hour later, at 4 hours rather than 3. Lymphatic transport from the
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IVAX formulation remained at a constantly low level (< 10|ag/ml/h) throughout the 8-hour 

study period.

The com oil-based SEDDS was administered at three different cyclosporine dose levels, in 

order to assess the importance o f cyclosporine dose on lymphatic transport. The extent and 

rate o f transport for the 5.08 and 2.17mg doses was almost identical, suggesting that this 

was the maximum possible amount o f lymphatic transport o f cyclosporine from this 

vehicle. The same trend was also observed when two different doses o f DDT were 

administered in the same com oil-based vehicle. Interestingly, peak cyclosporine 

concentration in the lymph was similar regardless o f dose level, but for the lowest dose 

(1.55mg) the transport rate was extremely low, apart from the peak at 4 hours.

Following administration of the Neoral®, IVAX and Plurol Oleique formulations, 

cyclosporine blood levels were below the limit o f detection o f the HPLC assay, thus 

necessitating the use of a more sensitive radioimmunoassay. Despite differences in the 

lymphatic transport profiles, cyclosporine blood profiles for all three formulations were 

similar and comparable to previously reported levels. A lower dose of cyclosporine was 

administered in the Plurol Oleique formulation, yet the blood levels obtained were similar 

to that of the Neoral® and IVAX formulations. In all three cases, cyclosporine lymph 

levels were higher than the corresponding blood levels- approximately 30 times higher for 

the Neoral® group but only 6 times higher for the IVAX group.

12.7. Intestinal lymphatic transport of triglycerides and relationship to 

cyclosporine lymphatic transport

Examination o f triglyceride output after administration of the cyclosporine-containing 

vehicles can explain in part the differences in lymphatic transport from the different 

vehicles. It has previously been suggested that cyclosporine lymphatic transport occurs 

independently o f chylomicron transport (Takada et a i ,  1986a; Takada et a i ,  1986b; 

Charman, 1992), but the present findings contradict this proposal. Rank order for 

cumulative triglyceride output for the vehicles was similar to that for lymphatic transport 

o f  cyclosporine, as were the transport profiles. Peak triglyceride output occurred after 4 

hours except for the IVAX formulation, which appeared to peak towards the end of the 8- 

hour period.
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It would appear that both rates o f lymphatic transport (cyclosporine and triglyceride) occur 

in tandem with each other, especially in the case o f the olive, com (2.17 and 1.55mg 

doses), Neoral® and Plurol Oleique formulations. This was reflected in the relatively high 

correlation coefficients between the two transport rates. Similar to the DDT studies, the 

average intercept of the j:-axis also occurred around 2mg/ml, which corresponds well with 

the estimated endogenous tumover, as determined from the saline experiments. There was 

no relationship between the rate of lymphatic transport o f triglyceride and cyclosporine for 

the IVAX formulation, indicating that cyclosporine transport was independent of 

chylomicron secretion into the lymph for this formulation. Lymphatic transport of 

cyclosporine from this vehicle may occur in association with VLDL, as may also be the 

case for the DDT-cyclodextrin formulation. In human plasma fraction, approximately 47% 

of the cyclosporine is reported to be associated with the HDL fraction and only 13% with 

the VLDL. However, the VLDL-cyclosporine fraction increases to ~ 19% with increasing 

plasma triglyceride (Wasan et al., 2002). There are no reports to date regarding 

distribution o f cyclosporine within the lymph fractions.

For the olive and com oil formulations, DDT lymphatic transport was around nine times 

higher than that o f cyclosporine transport. However, lymphatic transport o f cyclosporine 

from the IVAX formulation was higher (in terms o f actual jig transported) than DDT 

transport from the cyclodextrin formulation. It must be noted that a much higher 

cyclosporine dose was administered in the IVAX formulation than the DDT dose in the 

cyclodextrin formulation. Neither o f these vehicles promoted triglyceride output. With the 

exception of the IVAX formulation, a good correlation existed between cumulative 

triglyceride output and cumulative cyclosporine transport for the vehicles examined 

(Figure 12.2), as was also seen for DDT when administered in micellar vehicles. This 

again highlights the benefits o f administering formulations which stimulate l^onph 

triglyceride tumover.

Since DDT did not significantly alter lymph triglyceride output, it was not anticipated that 

cyclosporine would either. Because the olive, com and Plurol Oleique formulations had 

previously been co-administered with DDT, it was possible to compare triglyceride levels 

to those obtained after administration with cyclosporine (and saquinavir in the case o f the 

Plurol Oleique formulation). In all cases, cumulative triglyceride transport was greater 

following administration of the formulations with DDT compared to cyclosporine. The
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differences were statistically significant for the com and Plurol Oleique vehicles (p < 

0.05). For the olive and com oil vehicles the difference was even more pronounced when 

peak transport rates were compared. The average rate was 2-3 times higher for peak DDT 

transport compared with that for cyclosporine, however these differences were not 

statistically different due to high levels o f variation in the data. For the Plurol Oleique 

vehicle, triglyceride output rates were similar for DDT and cyclosporine. For Plurol 

Oleique the rank order for cumulative triglyceride transport was DDT > saquinavir > 

cyclosporine.
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Figure 12.2. Correlation between cumulative (mg) lymph triglyceride (Mean ± S.D., 

n > 3) and cumulative cyclosporine transport ( îg) (Mean ± S.D., n > 3) after 8 hours, 

upon intraduodenal administration of lipid vehicles

These findings suggest that, depending on the drug used, the co-administered dmg can 

have an effect on lymphatic triglyceride output. The observation that cyclosporine 

decreased triglyceride output led to the investigation as to whether this effect was dose 

dependent. Triglyceride output following administration of the three cyclosporine doses 

(1.55, 2.17 and 5.08mg) in the com oil-based vehicle was compared to triglyceride output 

fi-om the drug-fi"ee formulation. A negative linear correlation (r = 0.85) existed between 

cyclosporine dose and cumulative triglyceride output. It is possible that this inhibition of 

triglyceride secretion is related to the fact that cyclosporine is a P-gp substrate, since 

previous studies in our lab have suggested a potential link between intestinal lipoprotein
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processing and P-glycoprotein (Seeballuck et a l, 2003). Further investigation is required 

to fully elucidate the exact mechanism of this inhibition.

12.8. Methods of predicting lymphatic transport

With the emergence of so many new lipophilic drug molecules and the potential benefits 

associated with lymphatic transport, accurate methods of predicting possible levels of 

lymphatic transport o f a drug are highly desirable. To date, animal models are the only 

means to provide such estimates o f lymphatic transport, but as these models involve 

microsurgery, are labour intensive and present ethical considerations, in vitro methods of 

obtaining these estimates would be extremely valuable.

Charman and Stella (1986b) proposed that two important determinants of lymphatic 

transport o f a drug were its log P  value and its solubility in triglyceride. Myers and Stella 

(1992) suggested that the degree o f affinity o f a drug molecule for red blood cell binding 

was also an important factor to consider. Studies of the lymphatic transport o f saquinavir, 

a P-gp a substrate, demonstrated that co-administration o f P-gp modulators such as 

verapamil, ketoconazole and cyclosporine increased the lymphatic transport of saquinavir 

(Griffin, 2001). Recently, Holm and Hoest (2004) proposed an in silico method of 

predicting intestinal lymphatic transfer o f drug molecules. This method used a molecular 

modelling system and predicted the lymphatic transport o f drugs (whose lymphatic 

transport had previously been determined in vivo) by taking into account various 

physicochemical and molecular properties o f the drug molecule. These properties included 

the fi-action o f hydrophilic surface area and size o f the drug, its hydrophilic-lipophilic ratio, 

globularity (which is 1 for a perfect sphere) and the imbalances between the centre o f mass 

and centre o f hydrophilic and lipophilic regions o f  the molecule. All o f these factors were 

deemed necessary to predict lymphatic transfer and when the model was used it yielded a 

prediction power (Q^) o f 0.73, demonstrating the potential usefialness o f this model for 

predicting lymphatic transport o f new chemical entities.

The solubility o f both DDT and cyclosporine in isolated lymph o f varying triglyceride 

concentration was determined in vitro. For DDT, solubility in lymph increased with 

increasing triglyceride to a certain saturation point, beyond which solubility remained 

constant. Using this solubility data and known or anticipated triglyceride levels, an
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estimate o f maximum lymphatic transport of DDT may be obtained. When the predicted 

levels were compared to actual in vivo values, the method proved reasonably accurate at 

the higher triglyceride levels, but at lower triglyceride concentrations in vitro DDT 

solubility values were significantly higher than those achieved in vivo. Overall estimations 

o f the efficiency of lymphatic transport (over the 8 hours) for each lipid vehicle were then 

calculated by comparing actual to theoretical DDT levels at the triglyceride concentrations 

achieved. In general, efficiency was less than 30% depending on the vehicle investigated. 

A better estimation of DDT lymph solubility might be obtained by sampling lymph after 2 

hours rather than 24 hours, as this is probably more reflective o f the in vivo situation. It is 

not clear whether freezing has an impact on the microstructure o f the chylomicron as this 

might also affect drug solubility.

Cyclosporine solubility in the olive and com oil preconcentrates was somewhat higher but 

nevertheless similar to DDT solubility (Chapter 7). Based on preconcentrate solubility 

alone, one would therefore expect cyclosporine solubility in lymph to be similar to that of 

DDT, however this was not the case. The maximum observed DDT in vitro solubility in 

lymph was approximately 650(ig/ml at a triglyceride concentration o f 8mg/ml. The 

maximum cyclosporine lymph concentration achieved in vitro was approximately 

220)ig/ml at 5mg/ml lymph triglyceride, after which solubility actually decreased with 

increasing triglyceride. Cyclosporine concentrations in the lymph {in vivo) were never this 

high; in fact the maximum concentration achieved was only o f the order o f 30)o,g/ml. This 

deviation fi-om predicted levels suggests that other factors affect partitioning of 

cyclosporine into the lymph. It is probable that the relatively low log P  value of 

cyclosporine (2.91), combined with its greater affinity for the red blood cell fraction o f the 

blood, explains in part, the lower than predicted level of cyclosporine Ijonphatic transport.

There appears to be a negative correlation between the aqueous solubility and lymphatic 

transport o f DDT, cyclosporine and saquinavir (Figure 12.3). This observation suggests 

that in addition to log P  and triglyceride solubility, the aqueous solubility o f compound 

infiuences its lymphatic transport.
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Figure 12.3, Relationship between the log of aqueous solubility (ng/ml) of a 

compound and the extent of lymphatic transport of that compound after 

intraduodenal administration in the Plurol Oleique SEDDS

12.9. Use of cell culture model as a predictive tool for lymphatic transport

The Caco-2 cell culture model has been proposed as a predictive tool for lymphatic 

transport of lipophilic molecules (O’Driscoll, 1998; Seeballuck et al., 2004). Studies by 

Seeballuck (2004) have shown a similarity between the Caco-2 response to fatty acid of 

different chain length and degrees o f saturation and reported in vivo findings. The 

similarity between the two models is only qualitative since the Caco-2 model demonstrates 

substantially lower secretion levels (800-3000 fold lower) than the intestine (Seeballuck, 

2004). This low level of triglyceride secretion is unlikely to provide a good lipid depot for 

drug incorporation, as was demonstrated by Seeballuck (2004) using the lipophilic drug 

halofantrine.

In Chapter 11, the effect o f a range o f lipid vehicles on lipid secretion in the Caco-2 cell 

culture model was investigated and compared to the in vivo response in rats. In general, a 

good correlation existed between the two models, although there were some deviations in 

response where MCT-based SEDDS and digested vehicles were concerned. These 

deviations were probably more reflective o f experimental conditions used, suggesting a 

need for ftirther optimisation of experimental conditions in the Caco-2 model. 

Furthermore, incubation o f cell monolayers with the Neoral® formulation (containing 

cyclosporine) led to a reduction in the secretion efficiency compared to the other
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investigated lipid vehicles. This effect was also observed when cyclosporine was 

administered to cannulated rats. An alteration in the Caco-2 cell secreted lipid profile was 

also observed, which is consistent with reports regarding increased cholesterol levels in 

humans following cyclosporine therapy. It is possible that the Caco-2 cell model may aid 

in further clarification of the exact effect cyclosporine has on triglyceride secretion into the 

lymph. Based on the present studies, it would appear that judicious use o f the Caco-2 cell 

model might also aid in the selection o f excipients for use in lymphotropic vehicles.

Other comparisons between the Caco-2 cell model and the lymph duct-cannulated rat 

model can be made. For example, in similar cell experiments, Seeballuck (2004) found 

that incubation o f Caco-2 cells with Cremophor EL or Vitamin E TPGS (a water soluble 

derivative o f vitamin E) and a ‘fed state’ vehicle, produced a concentration dependent 

decrease in the secretion o f triglyceride rich lipoproteins (with more pronounced effects on 

chylomicron, as opposed to VLDL secretion). Cremophor EL resulted in complete 

blockade of chylomicron secretion at 0.25%w/v, while TPGS resulted in a blockade at a 

concentration o f 0.2%w/v. In contrast, intraduodenal administration of a 2%w/v 

Cremophor EL vehicle to lymph duct-cannulated rats significantly increased lymphatic 

triglyceride output, which contradicts Caco-2 cell data. However, administration of 2%w/v 

TPGS did not significantly enhance triglyceride output in the rat compared to the control, 

which is in agreement with Caco-2 cell data.

Seeballuck (2004) also reported that administration of Tween 80 to ‘fed’ cells resulted in a 

concentration dependent increase in chylomicron secretion relative to ‘fed’ state levels. 

This was significant at and above a Tween 80 concentrafion of 0.15%w/v, reaching a 

maximum at 0.5%w/w. A similar trend was observed in Chapter 8, where administration 

of increasing concentrations of Tween 80 (2, 4 and 10%) to the rat resulted in a 

concentration dependent increase in cumulative triglyceride levels. In contrast, 

administration o f a Miglyol 812-based microemulsion (medium chain triglyceride) to 

Caco-2 cells in either the non-digested or digested state did not increase chylomicron 

secretion compared to the control. The opposite effect was observed in rats as the same 

vehicle enhanced lymphatic triglyceride output.

Furthermore, the effect of a range o f different vehicles on lipoprotein secretion and 

halofantrine permeability in the Caco-2 model was also investigated (Seeballuck, 2004).
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The amount o f halofantrine associated with the secreted chylomicrons was considerably 

lower than that reported in the rat and dog models. It was postulated that the low 

lipoprotein secretion capacity o f the Caco-2 cells compared with the duodenal enterocytes 

was responsible for the low association in the Caco-2 model. It should also be noted that 

the Caco-2 cell line is colon derived and development o f a cell model more reflective of 

the small intestine might prove more useful for mechanistic IjTiiphatic transport studies. 

Thus while it is unlikely that the Caco-2 cell will be used as a surrogate for animal studies, 

it may be a usefiil adjunct to information obtained in vivo and may aid in reduction o f the 

number o f animals used in mechanistic lymphatic transport studies.
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12.10. Key findings of this thesis

• Lipid-based vehicles (micelles and SEDDS) containing sources o f long chain fatty 

acids promote the intestinal lymphatic transport of DDT and cyclosporine. This may 

occur through enhancement of triglyceride output to the lymph. SEDDS offer 

particular advantages in terms of enhanced lymphatic transport, most likely because 

they are capable of solubilising greater amounts o f drugs compared to micellar systems 

therefore increasing the concentration of the drug within the enterocyte.

• Lymphatic transport o f cyclosporine correlates well with triglyceride output. The 

dependence on triglyceride output for cyclosporine lymphatic transport was less than 

that for DDT, suggesting that other factors may influence lymphatic transport o f 

cyclosporine. These factors may include P-gp efflux, cytochrome metabolism and red 

blood cell binding.

• Depending on the concentration used, the non-ionic surfactant. Tween 80 (polysorbate 

80) promotes lymphatic triglyceride output and lymphatic transport o f DDT. This 

effect is most likely mediated by digestion o f the Tween 80 molecule resulting in the 

liberation o f oleic acid.

• The presence of DDT in Tween 80 aqueous systems or a com oil-based SEDDS does 

not significantly alter triglyceride output. However, administration of cyclosporine in 

the same com oil-based SEDDS reduces triglyceride output in a concentration 

dependent manner (the higher the dose the greater the reduction in triglyceride). The 

mechanism of this inhibition is unclear, however preliminary findings from Caco-2 

cells suggest that cyclosporine alters the secreted lipid profile, reducing triglyceride 

output while increasing cholesterol secretion. Since other P-gp inhibitors displayed 

similar effects on triglyceride secretion, it is possible that this phenomenon is related to 

P-gp. The presence o f cyclosporine does not influence fatty acid uptake by the cells.

• Measuring the solubility of a compound in lymph of varying triglyceride content may 

provide a preliminary indication of the extent o f lymphatic transport one can expect of 

a dmg molecule. However, since many factors are known to influence lymphatic 

transport, this method should not be used in isolation.

• The Caco-2 cell in vitro culture model is potentially usefial for screening suitable 

formulation excipients for the enhancement o f lymphatic transport. In general, a good 

correlation exists between lymphatic triglyceride output in vivo and Caco-2 triglyceride 

secretion. However, while the MCT-based SEDDS promoted triglyceride output in the
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rat, they did not in the cell model, suggesting that Caco-2 cell data may not always 

reflect the in vivo situation.

12.11. Future work

Much is still unknown regarding the lymphatic transport of cyclosporine. It is possible to 

separate the lipoprotein fractions of the lymph and it would be advantageous to determine 

which lipoprotein fraction cyclosporine partitions into and compare this to DDT 

partitioning. This technique could also be applied to the basolateral fraction from Caco-2 

cells. The effect o f cyclosporine concentration on triglyceride secretion in Caco-2 cells 

could also be investigated to see if  an in vivo/ in vitro correlation exists. Cyclosporine 

lymphatic transport in the presence of selective inhibitors o f chylomicron secretion such as 

the Plutonic® polymers, would give an indication o f the level o f cyclosporine lymphatic 

transport not mediated by chylomicron transport.

In general, if  further understanding of lymphatic transport processes is to advance, there is 

a need to move away from so called ‘model compounds’ such as DDT and halofantrine, 

since very few ‘ideal candidates’ exist in reality. In using other compounds, additional 

factors which influence lymphatic transport will become apparent. Likewise a move from 

administration of simple oil and surfactant solutions to administration of more complex 

lipid vehicles is required, since simple oil or surfactant solutions are unlikely to be placed 

on the phannaceutical market. In Chapters 8 and 9, it was evident that SEDDS based on 

MCTs and containing excipients which were a potential source o f long chain fatty acids, 

resulted in comparable levels of lymphatic transport to those obtained following 

administration o f LCT-based SEDDS. In contrast, administration o f these medium chain 

triglyceride oils alone does not promote lymphatic transport of lipophilic compounds in the 

rat.
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Appendix I

Composition of cubes used for rat feed

SPECIFICATION FOR LABORATORY RAT/MOUSE CUBES - Red Mills 17%

Crude Protein % 17.00
Crude Oil % 3.50
Crude Fibre % 8.50
Crude Ash % 7.50
Moisture % 14.00
Digestible energy (Mj/Kg) 11.80
Calcium % 1.20
Phosphorous % 0.56
Salt % 0.85
Magnesium % 0.26
Copper mg/kg 14.00
Iron mg/kg 30.00
Manganese mg/kg 100.00
Zinc mg/kg 60.00
Vitamin A (iu/Kg) 9,000
Vitamin K mg/kg 6.00
Folic Acid mg/kg 6.00
Nicotinic Acid mg/kg 30.00
Pantothenic Acid mg/kg 20.00
Vitamin D3 (iu/Kg) 2,000
Vitamin E (iu/Kg) 60.00
Riboflavin mg/kg 8.00
Cobalt mg/kg 1.00
Iodine mg/kg 1.50
Lycine % 0.85
Methionine % 0.32
Tryptophan % 0.22
Threonine % 0.65
Vitamin A u/kg 9,000.00
Vitamin B12 mg/kg 0.012
Thiamine mg/kg 5.00
Pyrodoxine mg/kg 5.00
Biotin mg/kg 0.030
Vitamin D3 iu/kg 2,000.00
Vitamin E iu/kg 40.00
Selenium mg/kg 0.1

357



Appendices

Appendix II

Composition of Dulbecco’s Modified Eagle Medium (according to Gibco website,

www.invitrogen.com. accessed February 2005)

Components Concentration
(mg/ml)

Molarity (M)

Amino acids

Glycine 30 0.400
L-Arginine hydrochloride 84 0.398
L-Cystine 2HC1 63 0.201
L-Glutamine 584 4.00
L-Histidine hydrochloride-H20 42 0.200
L-Isoleucine 105 0.802
L-Leucine 105 0.802
L-Lysine hydrochloride 146 0.798
L-Methionine 30 0.201
L-Phenylalanine 66 0.400
L-Serine 42 0.400
L-Threonine 95 0.798
L-Tryptophan 16 0.0784
L-Tyrosine disodium salt 104 0.398
dihydrate
L-Valine 94 0.803
Vitamins

Choline chloride 4 0.0286
D-Calcium pantothenate 4 0.00839
Folic Acid 4 0.00907
i-Inositol 7.2 0.0400
Niacinamide 4 0.0328
Pyridoxine hydrochloride 4 0.0196
Riboflavin 0.4 0.00106
Thiamine hydrochloride 4 0.0119
Inorganic salts

Calcium Chloride (CaC12) 200 1.80
(anhyd.)
Ferric Nitrate (Fe(N03)3"9H20) 0.1 0.000248
Magnesium Sulphate (MgS04) 97.67 0.814
(anhyd.)
Potassium Chloride (KCl) 400 5.33
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Appendix III

Chromatogram of a lymph sample (from an animal study) containing cyclosporine A (peak 

A 20 minutes) and spiked with cyclosporine D internal standard (peak B -26  minutes). 

There is evidence o f a second peak interfering with the cyclosporine A peak.
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Appendix IV

Monolayer TEER values
Monolayer TEERS- Original buffer, non-digested

Vehicle TEERS pre-exposure to 
vehicles (H)

TEERS f  
to non-di

ollowing 20 hour exposure 
wested vehicles (Q)

Captex 294 283 315 304 265 245 279 256
Olive 315 260 305 320 283 277 265 292
Corn 271 263 350 282 258 245 295 250
5% Soybean 277 252 253 263 275 296 279 290
15% Soybean 345 278 288 250 290 265 263 295
30% Soybean 255 240 251 245 255 288 253 281
Control 291 312 285 310 221 275 238 350

Monolayer TEERS- Original buffer, digested

Vehicle TEERS pre-exposure to 
vehicles (O)

TEERS following 2C 
digested vehicles (n

hour exposure to

Captex 300 370 310 282 85 90 80 80
Olive 270 304 260 303 80 97 75 80
5% Soybean 290 310 275 310 100 115 90 95
Control 310 280 290 330 200 212 172 202

Monolayer TEERS- Optimised buffer, non-digested

Vehicle TEERS pre-exposure to 
vehicles (12)

TEERS following 2C 
digested vehicles (Q

hour exposure to

Olive 267 245 285 270 257 244 260 250
30% Soybean 281 263 274 254 270 252 260 242
Corn 279 261 286 270 262 258 275 265
Neoral® 240 268 272 278 220 241 257 232
Control 258 258 267 307 257 255 266 310

Monolayer TEERS- Optimised buffer, digested

Vehicle TEERS pre-exposure to 
vehicles (H)

TEERS following 2C 
digested vehicles (SI

hour exposure to

Olive 143 257 253 260 228 218 225 233
30% Soybean 263 252 234 219 208 205 190 229
Corn 263 252 245 247 204 189 204 220
Neoral® 213 203 209 228 239 246 255 245
Control 243 239 249 257 211 201 205 207
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