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SUMMARY

The aim of this work was to investigate the intestinal degradation and absorption 

of a hydrophilic peptide, salmon calcitonin (sCT), and to evaluate the use of bile 

salt simple and mixed micellar systems as potential absorption enhancers in the rat 

model. Attempts were made to overcome the main barriers to protein and peptide 

intestinal absorption, namely intestinal degradation by proteolytic enzymes and 

size limitations for the passage of hydrophilic molecules through aqueous pores of 

the paracellular pathway.

Initially, in vitro studies were undertaken to estimate the extent of sCT 

degradation in different rat intestinal preparations, reflecting the contributions of 

luminal, brush-border and enterocytic proteases to the overall degradation of the 

drug. Various protease inhibitors were evaluated to identify the major types of 

enzymes involved in sCT degradation in each preparation. The effects of bile salt 

simple and mixed micellar systems containing fatty acid on sCT degradation in 

intestinal mucosal homogenate, representative of all of the proteolytic enzymes in 

the intestine, was also examined. Bile salt-containing formulations which were 

effective in reducing sCT degradation in vitro were examined for potential 

absorption enhancement in situ. Permeation of hydrophilic probes, PEG 4000 and 

mannitol, fi'om bile salt-containing formulations was monitored to evaluate 

potential sCT absorption pathways. These probes were also used to assess the 

reversibility of bile salt-induced permeation enhancement. Detailed analysis of 

pharmacodynamic response (lowering of plasma calcium levels) following bolus 

IV, first-order and zero-order intestinal administration of sCT was used to 

estimate drug bioavailability. Finally, a randomized three-way crossover designed 

trial was used to evaluate an optimized formulation containing sodium 

glycocholate (NaGC) and linoleic acid (LA, 30:30 mM). Efficacy of this
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formulation was examined by estimation of absorption of sCT from enteric-coated 

gelatin capsules following oral administration to dogs

Salmon calcitonin was subject to extensive degradation in the gastrointestinal 

tract. Detailed investigation of potential sites of degradation revealed that, on a 

per milligram basis, degradation was highest in the presence of brush-border 

membrane vesicles. NaGC was an effective inhibitor of sCT degradation in all of 

the intestinal preparations examined. Maximal protection was observed at 

concentrations above the CMC. Stability was further enhanced in the presence of 

bile salt/fatty acid mixed micelles, relative to simple micellar systems and was 

found to increase with linoleic acid loading. Good in vitro/in vivo correlation was 

obtained between drug degradation in intestinal mucosal homogenate and 

intestinal drug absorption for NaGC containing systems.

The pharmacodynamic (PD) response of sCT was monitored using plasma 

calcium levels as an indication of drug absorption. Salmon calcitonin PD response 

was best described using a pharmacokinetic/pharmacodynamic modeling 

approach. Plasma drug concentrations were linked to the observed response using 

an indirect response model. This type of analysis was found to be preferable to a 

PD model approach, in that it allowed for comparison of the various types of input 

(bolus IV, first-order and zero-order) used in this study.

Drug absorption during intestinal perfiision was enhanced, relative to control, 

from NaGC simple micellar systems. Absorption from sodium cholate (NaC) 

simple micelles was similar to the control value. To help explain these 

differences, theories relating to micellar solubilisation of the peptide were 

explored.

Absorption was increased in the presence of NaGC/LA mixed micelles, relative to 

NaGC simple micelles. Examination of the relationship between the permeability 

of a hydrophilic probe, mannitol, and the fraction of drug absorbed suggested that, 

with NaGC-containing formulations, drug absorption may occur via the 

paracellular route. A formulation of NaGC/LA (30:30 mM) showed the highest 

absorption enhancement of the systems investigated and recovery experiments



showed that the effects of this formulation on membrane integrity were transient. 

An oral dosing in dogs with this formulation resulted in drug absorption in just 

one of six animals tested. This may have been a result of variation in gastric 

emptying between dogs. Future studies should be designed such that gastric 

emptying in dogs is more predictable and/or traceable.
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Chapter 1 - Origin and Scope

The intestinal absorption of hydrophilic molecules is of clinical relevance, since 

continuing advances in biotechnology have meant that peptide and protein drugs now 

comprise one of the fastest growing categories of therapeutic drugs. Major efforts have 

been directed toward developing safe and effective oral formulations for peptide and 

protein drug candidates. An oral dosage form would significantly improve patient 

compliance and increase the clinical utility of peptide and protein drugs. However, in 

spite of major efforts, relatively little progress has been made in reaching the target of 

safe and effective oral formulations for peptides and proteins. Transmucosal delivery 

across absorptive mucosae has been suggested as an alternative to parenteral 

administration for systemic delivery of calcitonin and other peptides. The absorptive 

mucosae that have been investigated for delivery of calcitonin have included buccal 

(Nakada et al., 1988; Nakada et al., 1989), nasal (Lee et al., 1994; Reginster et al., 1985; 

Kagatani et al., 1996), pulmonary (Komada et al., 1994; Kobayashi et al.,1994; Morita et 

al., 1994), rectal (Hastewell et al., 1992), vaginal (Nakada et al., 1992) and intestinal 

(Sinko et al., 1995; Tozaki et al., 1998; Sinko et al., 1999; Lee et al., 1999), epithelia. 

However, to date, significant drug absorption across these routes has not been achieved. 

The main barriers to successful peptide delivery are normally ascribed to i) poor intrinsic 

permeability of peptides and proteins across biological membranes due to their 

hydrophilic nature and large molecular size; ii) susceptibility to enzymatic attack by 

intestinal proteases and peptidases; iii) rapid post-absorptive clearance; and iv) chemical 

instability, including tendencies to aggregate and/or nonspecifically adsorb to a variety of 

physical and biological surfaces.

The barrier function of the small intestinal epithelium is incomplete, and hydrophilic 

molecules can pass from the lumen into the systemic blood circulation via the aqueous 

pores between cells. There are size considerations for this type of drug transport, since an 

'inverse relationship exists between the absorption of hydrophilic molecules and their 

cross-sectional diameter (Lane, 1998). Transport via this paracellular pathway can be 

improved through the use of permeation enhancers, which result in an increase in the pore 

size of the membrane (Tomita et al., 1988). Another major barrier to the absorption of 

peptide drugs their tendency to undergo proteolytic degradation. Numerous studies have
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shown that peptide drags are extensively degraded at various mucosal membranes; 

including buccal, nasal, pulmonary, colonic and intestinal sites of administration (Lee et 

al., 1991).

Knowledge of the proteolytic barrier to absorption is an important consideration in the 

design of formulations for oral delivery. Extensive analyses of the intestinal degradation 

profile of insulin have been reported (Bai and Chang, 1995; Chang and Bai, 1996; 

Schilling and Mitra, 1991). In contrast, there has not been a detailed investigation of the 

intestinal proteolysis of salmon calcitonin. The aim of this thesis was to investigate the 

intestinal degradation and absorption of a hydrophilic peptide, salmon calcitonin, and to 

evaluate the use of bile salt simple and mixed micellar systems as potential absorption 

enhancers. In the first stage of this work the enzymatic degradation of sCT in the rat small 

intestine will be examined in detail. In situ degradation of sCT will be measured by 

estimation of the fi-action of drug metabolized during rat intestinal perfusion. The total 

degradation by enzymes from the pancreas, brush-border and enterocyte cells will be 

evaluated by estimation of the degradation half-life in intestinal mucosal homogenate. 

The relative contribution of enzymes from each site will be considered individually. 

Bmsh border membrane vesicles (BBMV) and cytosol prepared from intestinal mucosal 

homogenate will be used to evaluate the contribution of membrane-bound and 

intracellular enzymes, respectively, to the overall degradation. Finally, the effect of 

luminal enzymes on sCT stability will be examined using gut perfusate fractions. The 

effect of various proteolytic enzyme inhibitors in each of the intestinal enzyme 

preparations will be examined to identify the types of enzymes responsible for sCT 

degradation.

Simple and mixed micellar bile salt systems have been shown by a number of researchers 

to enhance the permeability of hydrophilic molecules (Gordon et al., 1985; Lane, 1998; 

Shao and Mitra, 1992). Bile salts have also been shown to reduce the proteolytic 

degradation of peptide drugs (Hirai et al., 1981b). Therefore, the effects of bile salt 

simple and mixed micelles on sCT degradation and absorption will be considered 

individually. In vitro degradation of bile salt simple and mixed micellar systems will be 

considered initially, with formulations which are effective in reducing degradation
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Chapter 1 - Origin and Scope

subsequently assessed for in situ permeability enhancement. Permeability of hydrophilic 

probes, PEG 4000 and mannitol, generally accepted to be absorbed via a paracellular 

route, from bile salt simple and mixed micellar systems will be examined. Probe 

permeability will be compared to sCT absorption to investigate possible mechanisms of 

drug transport. Probe permeability will also be used to assess the reversibility of the 

effects of bile salt simple and mixed micelles.

Plasma calcium levels will be monitored as an indication of drug absorption. 

Pharmacodynamic (PD) response can be used to estimate bioavailability by measuring the 

area above the calcium intensity curve following sCT administration. Many investigators 

have used pharmacodynamic (PD) response to measure sCT absorption. However, a 

divergence exists in the current literature regarding pharmacodynamic parameters 

following administration of calcitonin (Sinko et al, 1995; Morita et al, 1994). These 

authors used a pharmacodynamic model to link the administered dose to the observed 

effect. In the present study, the use of pharmacokinetic/pharmacodynamic (PK/PD) 

modeling as a means of determining sCT absorption will be explored. This type of 

analysis differs to PD modeling in that it links plasma drug levels to the observed 

response. This approach is advantageous since it allows for comparison of various types 

of input (bolus IV, first-order and zero-order) used in this study. Recently, Dayneka et al. 

(1993) described four basic models of indirect PD response. The models are based on 

drug effects (inhibition or stimulation) on the factors controlling either the input or the 

dissipation of the drug response. The applicability of these models to characterize PD 

responses of diverse classes of drugs has been described and it has been proposed that 

these models may describe hormonal drug effects (Sharma and Jusko, 1998). To 

investigate this, PD response following administration of sCT using bolus IV, first-order 

and zero-order intestinal input will be examined using indirect response models.

In the limited reports of oral dosing studies with sCT, bioavailability has been low. Oral 

delivery of hydroxypropylmethylcellulose phthalate-coated gelatin capsules containing 

sCT with citric acid (to induce a transient lowering if local pH), and two proprietary 

delivery systems containing citric acid and lauroyl carnitine chloride or sodium 

deoxytaurocholate resulted in absolute bioavailabilities of 0.30 ± 0.05%, 1.31 ± 0.56%
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Chapter 1 - Origin and Scope

and 1.10 ± 0.18%, respectively, in normal dogs (Sinko et al., 1999). Lee et al. (1999) also 

investigated the impact of regional intestinal pH modulation on the oral absorption of 

sCT. Enteric coated capsules containing sCT and various amounts of citric acid were 

given orally to beagle dogs. The formulations were designated 97B, 97C, 97D and 97E 

and corresponded to citric acid concentrations of 0, 145.7, 260.2 and 565.1 mg/capsule, 

respectively. Plasma Cmax and area under the cxirve increased with increasing amounts of 

citric acid in the formulations with bioavailabilities of 0.02 ± 0.08% (97 B), 0.15 ± 0.09% 

(97 C), 0.25 ± 0.07% (97 D) and 0.86 ± 0.15% (97 E). The authors concluded that 

reducing the intestinal pH stabilized sCT in the GI tract by reducing the activity of 

intestinal proteolytic enzymes that have a maximal activity at pH 5 to 6. In the fmal 

section of this work, an optimized sCT formulation, based on in vitro stability and in situ 

absorption studies, will be examined in an oral dosing study in dogs.

4



CHAPTER 2____________________
Gastrointestinal absorption of drugs



Chapter 2 - Gastrointestinal drug absorption

Introduction

With continuing advances in biotechnology, peptide drugs now comprise one of the 

fastest growing classes of human therapeutic agents. The physical properties of peptides 

and proteins differ from those of the small drug molecules widely in use today. These 

properties, which include molecular size, susceptibility to proteolytic breakdown, rapid 

plasma clearance, immunogenicity, biocompatibility, and the tendency of proteins and 

peptides to undergo aggregation, adsorption and denaturation (Lee, 1988), present a 

challenge to the formulation scientist.

Although a wide variety of administration routes exist, oral delivery is the most desirable 

approach. For some of the possible indications of peptide drugs, a long-term treatment is 

required and, for these indications in particular, an oral drug delivery would be 

advantageous. The barriers to oral delivery of a compound can involve both stability and 

transport. The success of oral delivery of peptides as drugs depends on overcoming the 

enzymatic and cellular barriers in the gastrointestinal tract.

2.1 - Intestinal transport

2.1.1 - Paracellular absorption

Intestinal epithelial cells have apical intercellular attachments which represent a barrier to 

the passage of macromolecules (Fasano, 1998). Paracellular diffusion is a process 

whereby molecules diffuse through the extracellular space between adjacent cells 

restricted by the presence of the tight junction (Figure 2.1 b). Meer and Simons (1986) 

proposed a model for the tight junctional structure where free lipid transport between 

apical and basolateral membrane is possible in the cytoplasmic but not the ectoplasmic 

region of the cell. In this way the tight junction maintains apical/basolateral polarity in 

cell layers, since the distribution of cell membrane components is restricted. 

Morphologically, the tight junction links the brush-border membrane of adjacent 

enterocytes into a continuum, while functionally it acts as a pore and allows transport of 

small molecules by passive diffusion.

The aqueous nature of this pathway makes it the favorable route of transport across cell 

layers for hydrophilic compounds such as peptide and protein drugs, since it avoids

5
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crossing the lipophilic cell membrane. One of the limitations of this transport is the size 

of the tight junctional channel. Recently, Lane et al. (1998) investigated the relationship 

between rat intestinal permeability and hydrophilic probe size and found an exponential 

relationship between permeability and cross-sectional diameter for probes in the range 

180 - 5500 Daltons. An effective pore radius of 9.20 ± 3.7D was calculated using cross- 

sectional diameter rather than molecular volume in the Renkin sieving function equation. 

Another limitation is that the surface area of this region represents a small fraction of the 

total area of the potential absorptive surface of the intestine, and is indicative of the lower 

transport capacity of this route compared with that of transcellular transport (Daugherty 

andMrsny, 1999).

Methods for influencing the permeability of tight junctions

Several factors that can influence the permeability of tight junctions have been identified. 

Most notable are the role of calcium and factors which result in changes to cytoskeletal 

components.

Effect of Câ ~̂

The presence of extracellular calcium has been shown to be crucial for the integrity of 

tight junctions. Intestinal permeability has been found to increase following complexation 

of calcium with various chelators. Although the mechanism is still unclear, complexation 

of extracellular calcium associated with an opening of tight junctions was shown to cause 

disarray of the tight junctional structure, endocytosis of the plasma membrane (Pitelka et 

al., 1983) and retraction of cytoskeletal elements towards the centre of the cells (Meza et 

a l, 1980, Pitelka and Taggart, 1983). Artursson and Magnusson (1990) demonstrated 

recovery of transepithelial electrical resistance in Caco-2 cells following treatment with 

EGTA, indicating that these effects are reversible.

Solvent drag effects

Sodium ions and glucose contribute to a marked increase in tight junctional permeability. 

Sodium ion uptake takes place at the apical membrane via the Na+-glucose co-transporter 

and is followed by extrusion at the lateral side by the Na+-K+-ATPase pump. The 

resulting difference in osmotic pressure results in water flow (solvent drag) via the tight

6
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junctional pathway (Atisook and Madara, 1991). By activating contraction of cytoskeletal 

elements, D-glucose or L-amino acids can open tight junctions to permit transport of 

nutrients and low molecular weight drugs by solvent drag through paracellular channels. 

Lu et al. (1992) reported that intestinal uptake of D-glucose resulted in enhanced jejunal 

absorption of the hydrophilic drug acetominophen in rats .

Zonula Occudens toxin

The discovery of zonula occludens toxin (Zot), a protein produced by V. cholerae that 

increases intestinal permeability, has shed some light on the mechanisms involved in the 

regulation of intestinal tight junctions (Fasano et al., 1991; Fasano, 1998). Zot increases 

the permeability of the small intestine by affecting the structure of tight junctions via 

activation of a complex intracellular cascade of events that regulate intestinal 

permeability. Zot induces a dose- and time-dependent protein kinase C (PKC) a-related 

polymerization of actin filaments which regulate the paracellular pathway. Fasano and 

Uzzau (1997) conducted experiments to examine the efficacy of Zot as an absorption 

enhancer for orally administered compounds. They examined the effect of 

coadministration of insulin with Zot on the oral absorption of insulin in diabetic rats and 

estimated a bioavailability of 20%, relative to subcutaneous administration of insulin 

alone. The authors also demonstrated twofold and six-fold increases in immunoglobulin 

G (IgG) absorption in the jejunum and ileum, respectively, during in vivo perfusion 

experiments. Taken together, these results demonstrated that coadministration of Zot with 

biologically active compounds enhanced intestinal absorption and that this enhancement 

was effective for both relatively small (insulin, 5.7 kDa) and large (IgG, 140-160 kDa) 

molecules.

2.1.2 - Transcellular transport

Transcellular absorption processes across the intestinal epithelial cells include simple 

diffusion (Figure 2.1 a), carrier-mediated transport (Figure 2.1 d), endocytosis (Figure2.1 

c) and the p-glycoprotein drug efflux system (Figure 2.1 e).
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Simple diffusion

Substances can partition into and diffuse through the membrane by thermodynamic 

driving forces. The membrane flux, J, is a function of lipophilicity and concentration 

gradient (Ho et al., 1990)

J = (D * ¥Jh) * AC Equation 2.1

where D is the diffusion coefficient of a substance into the biomembrane, K is the 

membrane versus water partition coefficient, h is the membrane thickness and AC is the 

concentration gradient across the membrane. Peptide and protein drugs have a high 

degree of hydrogen bonding with water. The total desolvation enthalpies of peptide drugs 

are high such that their membrane/water partition coefficients are usually low.

Active transport

An active or carrier mediated transport process is made possible by membrane proteins 

capable of reversibly binding specific substrates. The transport system can become 

saturated with the transported solute. Solutes are transported against a concentration 

gradient and energy has to be supplied in either of two ways;

1. The transport of a solute is coupled to the simultaneous movement of a second 

substrate that is moving down its concentration gradient and has a large negative free 

energy of transfer. The second molecule may be moving in the same (symport) or 

opposite direction (antiport) as the first one. Certain unique structural features are 

required to be a substrate of a carrier system. D glucose, amino acids and small peptides 

are substrates for distinct and specific intestinal carrier-mediated systems which carry 

both substrates and Na^ (Crane, 1985; Munck, 1987; Matthews and Payne, 1980).

2. Energy is provided by simultaneous hydrolysis of ATP or another high-energy 

compound on the surface of the protein acting as the carrier or ‘pump’. ATP hydrolysis 

results in phosphorylation of the pump, which undergoes a conformational change and 

exposes the active site with its ligand to the other side of the membrane. An example of 

this mechanism is the active transport of Na^ by Na^, K"^-ATPase. The transport rate per
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unit surface area, J, of a carrier-mediated process is determined by carrier permeability,

Jm a x /K m -

J =  Jmax/Km * ([S ] /( l  +  [S]/Km)) Equation 2.2

where Jmax is the maximum flux. Km is the Michaelis constant and [S] is the substrate 

concentration.

Endocvtosis
Endocytosis, which usually occurs in the neonatal small intestine, may take place by fluid 

phase pinocytosis or receptor-mediated endocytosis (Walker, 1981). Initially, 

macromolecules come into contact with the cell membrane which invaginates to form a 

vesicle. After endocytosis these vesicles (phagosomes) fuse with digestive enzyme- 

containing lysosomes. Following digestion, residues and molecules which survive 

enzymatic digestion are deposited into the intercellular space. In receptor-mediated 

endocytosis, ligands first bind to membrane receptors and endosomes are formed by 

invagination. Endosomes undergo acidification via a membrane-bound proton pump 

which promotes dissociation of the receptor-ligand complex. Ligands may then be 

degraded via the lysosomal pathway or exported from the cell.

Apical efflux

The multi-drug resistance transporter is a membrane bound p-glycoprotein which 

indiscriminately secretes hydrophobic compounds, with a structural feature of many 

rings, in the apical to basolateral direction (Bai et al., 1995). P-glycoprotein has been 

suggested as a major factor in causing patients to develop resistance to several 

structurally unrelated anti-cancer drugs. P-glycoprotein is a saturable and ATP-dependent 

efflux pump and has very broad substrate specificity. Using a monoclonal antibody, this 

' protein was confirmed to be present in the apical membrane of small intestinal mucosal 

cells, with the highest amount in the cells on the villus tip. This apical efflux pump may 

interfere with intestinal absorption of lipophilic peptide and protein drugs e.g. cyclosporin 

(Augustijns et al., 1993). Inhibitors of the multi-drug resistance transporter, such as

9
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verapamil, can be employed to determine if a compound is a substrate for this transport 

system.

Peptide Peptide Peptide

rvri)
Peptide H+ H+ Na+

o
o
o

- 0-1

ATP ADP

ATP ADP

Na K+ 
+

a b

Figure 2.1 - Basic mechanisms of intestinal peptide absorption: (a) passive 
diffusion through enterocytes; (b) passive diffusion via paracellular pathway; (c) 
cytotic mechanisms; (d) cellular uptake via the dipeptide carrier; (e) secretion 
back into the intestinal lumen by p-glycoprotein (Fricker and Drewe, 1996).

2.2 -Methods for studying the absorption of drugs

There are three classes of methods which have been developed to study the basic 

mechanisms of drug absorption in animals. These are in vitro, in situ and in vivo 

methods.

2.2.1 - In vitro methods.

There are numerous in vitro methods which are available to study drug absorption. 

Cultured intestinal epithelial cells, everted intestine preparations and brush border 

membrane vesicles are all in this category.
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Cultured intestinal epithelial cells:

; A major problem in establishing intestinal epithelial cells in culture is the fact that 

procedures have been very rarely described for cell cultures to be derived from primary 

intestinal epithelial cells (Evans et al., 1992). As a consequence, the epithelia which are 

mostly used are either of non-human origin, or where they are of human origin, they 

consist of carcinoma cells. For studying epithelium and mechanisms of drug absorption 

the cell lines MDCK, Caco-2, HT-29 and T84 are mostly used. The most widely used cell 

line of human origin is the Caco-2 cell line, which was first described by Fogh et al. 

(1977). Although isolated from a colon tumor, these cells show an enterocyte-like 

differentiation. The usefulness of these cells as a model for intestinal drug transport was 

assessed by Artursson (1990) and Hilgers et al. (1990) who stated that the properties of 

Caco-2 cell layers grown on permeable filters are the same as normal intestinal 

epithelium in in vivo model systems. In addition to being a model for paracellular drug 

transport, several carrier and receptor systems have been identified (Smith et al., 1991; 

Guiliano et al., 1991) and a correlation between human intestinal drug absorption after 

oral administration and drug permeability in Caco-2 cells was established (Artursson and 

Karlsson, 1991).

Everted intestine preparations:

This technique was originally developed by Wilson and Wiseman (1954). A segment of 

'intestine is everted on a glass rod. One end of the tissue is cannulated with tubing and the 

other end ligated. The intestine is then filled with buffer solution (serosal fluid) and 

placed in a vessel containing the drug of interest (mucosal solution). Serial samples taken 

from both sides allows estimation of drug diffusion. Although useful in determining 

relative diffusion rates from solution formulations, electron microscopy has shown that 

the integrity of the isolated intestinal tissue is maintained for only short periods of time 

with total disruption of the epithelial tissue after 1 hour (Levine, 1970).

Brush-border membrane vesicles:

11
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The brush-border membrane vesicle technique was introduced to study the absorption of 

drugs from the microvilli membrane (Schmitz et al., 1973). Vesicles are prepared by 

homogenization and differential centrifugation of intestinal tissue. The brush border 

membrane vesicles are devoid of any basolateral membrane and cellular components and 

are characterized as having high sucrase activity. Uptake studies conducted with these 

vesicles use radioactive tracers and a rapid mixing-filtration technique. Using this system, 

transport properties can be investigated without the participation of cellular metabolism 

or intracellular compartmentation. Furthermore the diffusion characteristics of the brush 

border membrane can be studied independently from those of the basolateral membrane. 

Using such vesicles, the uptake of glucose, amino acids and peptides has been examined 

(Hopfer et al., 1973; Murer at al., 1975; Ganapathy and Leibach, 1982). One drawback of 

this method is the fact that the transport of water and electrolytes and some organic 

solutes at the apical membrane is effected by the active transport of Na"̂  at the basolateral 

membrane. Therefore, the diffusion properties determined with brush border membrane 

vesicles may not represent the overall diffusion characteristics of drugs through 

enterocytes.

2.2.2 - In situ methods

In situ methods have significant advantages. Although the animal has been surgically 

manipulated and is anesthetized, the mesenteric blood flow is intact. Following 

anesthesia, a midline incision is made and the small intestine is exposed. The intestinal 

segment in which the drug solution is introduced can be either a closed or an open loop. 

In closed loop experiments, drug solution is placed into a segment or the whole section of 

the small intestine and the resultant luminal solution is analyzed at predetermined 

timepoints (Dolusio et al., 1969). In the open loop method, the drug solution inside the 

intestinal segment is circulated with the aid of a pump. A variety of open loop techniques 

are described in the literature, including single pass perfusion, recirculating perfusion and 

oscillating perfusion. The single pass perfusion technique (Komiya et al., 1980), was used 

in the present work. With this method, drug disappearance from the lumen can be 

monitored and the method can be adapted for simultaneous blood sampling.

12
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2.2.3 - In vivo methods

Studies in intact, unanaesthetized animals are important for formulation optimization 

before drugs are administered to humans. By using intact animals, the effects of several 

physiologic factors and conditions such as pH, peristalsis of the gastrointestinal tract and 

the effect of food on drug absorption, can be assessed. Small animals such as the mouse, 

rat, and guinea pig, carmot be used for dosage form testing but are convenient for 

studying the relationship between physicochemical drug properties and pharmacological 

effect. Larger animals, such as the dog, monkey, and pig, permit studies on intact dosage 

I forms.

2.3 - General gastrointestinal absorption model

A physical model relating intestinal absorption and blood level kinetics is shown in 

Figiu-e 2.2.

Blood compartment

kb

Absorption

OUTFLOW

Small intestinal tract X = LX = 0

Figure 2.2 - Schematic diagram of the physical model relating nonsteady state 
intestinal absorption and blood level kinetics with drug infusion from the stomach 
(H oetal., 1983).

As drug from the stomach is infused into a flowing liquid within the small intestine, there 

occurs a nonsteady state concentration gradient along the intestinal tract, and the 

concentration is a function of distance and time. The concentration gradient will be

13
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influenced by a number of factors: stomach emptying rate, intestinal flow and absorption 

rates and the extent of spreading of solute along the tract. The change in blood levels with 

time will be the result o f nonsteady state kinetics within a defined length o f intestine and 

the rate o f elimination from the blood.

The simultaneous longitudinal spreading, fluid flow and drug absorption in the intestinal 

tract are described by the following non-steady state expression (Ni et al., 1980).

c/C(x,t)M = a  -  P (c?C(x,t)/i&) - y C(x,t) Equation 2.3

change in 
concentration 
with distance 
and time

longitudinal
spreading

Input boundary conditions: 

First order 

Infinite reservoir 

Bolus dose

flow absorption

Initial condition: C(x,0) == 0

-ktC(0,t) = Coe"

C(0,t) = Co 

C(0,t) = Co * 6 (t-r)

where

C(x,t) = drug concentration at any distance x along the mtestme at time t, mass/cm 

a  = longitudinal spreading coefficient, cm /sec 

P = linear flow velocity, cm/sec 

= Q/7tr̂

Q = bulk fluid flow rate, cm^/sec 

r = effective radius of the intestinal lumen, cm 

y = apparent first-order absorption rate constant, sec '

— 2P app/r

Papp = apparent permeability coefficient for the absorption process, cm/sec 

k = first-order infusion constant, sec'*

5(t-r) = Dirac delta function

Co= concentration at x = 0, mass/cm

14
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Within the general model is the physical model for mass transport steps from the 

intestinal lumen to the mesenteric blood circulation (Figure 2.3). The aqueous boundary 

layer (unstirred aqueous diffusion layer) is in series with the biomembrane, lipoidal in 

nature with aqueous pores, followed by the blood sink.

Intestinal
Lumen

Direction
ofFluid
Flow

Aqueous Biomembrane 
Boundary 
Layer

Lipoidal

Blood Sink

Aqueous Pore

Figure 2.3 - Physical model for mass transport from the intestinal lumen to the 
blood sink (Ho et al., 1983)

Accordingly, the effective permeability coefficient can be further expressed by

P a p p =  1 / ( 1 / P a q  +  1 / P m )  Equation 2.4

where

Paq and Pm are the permeability coefficients of the aqueous boundary layer and 

biomembrane, respectively.

Several mathematical models have been proposed to calculate the permeability coefficient 

of the intestinal wall in in situ experiments (Komiya et al., 1980; Amidon et al., 1981; 

Elliot et al., 1980). A physical model for the simultaneous bulk fluid flow and absorption 

in the intestinal tract at steady state was introduced by Komiya et al. (1980).
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This theory states that as fluid containing drug from an infinite reservoir flows across the 

absorptive surface of an intestinal element taken as a right cylinder, there will be a 

concentration drop along the length of the element. The fraction of drug remaining in the 

intestine at steady state is defined as

C(/)/C(0) = exp [p//2a ( 1 - V /  + 4ay/p^)] Equation 2.5

where C(0) is the drug concentration from the infinite reservoir entering the intestinal 

lumen and C(/) is the drug concentration leaving the intestinal lumen.

;ln the limit of 4ay/(3^ < 1.0 as is the usual case

C(/)/C(0) = exp(-y//p) Equation 2.6

lor

:C(0/C(0) = exp [(-27rr//Q) x Papp] Equation 2.7

Where r is the effective radius of the intestinal lumen, / is the length of the intestinal 

segment, Q is the steady-state bulk fluid flow rate and Papp is the apparent permeability 

coefficient (Ho and Higuchi, 1974; Ho et al, 1983).

The corresponding fraction of drug absorbed is defined as;

F. A. = 1 - (C(/)/C(0)) Equation 2.8

The total mass transfer resistance is the sum of the aqueous boundary layer and 

membrane resistances. If a permeating substance has a high partition coefficient, the 

membrane resistance becomes negligible as compared to the aqueous boundary layer 

resistance, resulting in an aqueous boundary layer-controlled situation. Conversely, for

16
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hydrophilic solutes, membrane resistance tends to be higher than the aqueous boundary 

layer resistance, resulting in a membrane-controlled situation.

When diffusion across the aqueous boundary layer is the rate determining step (Paq «  

Pm) absorption is maximum and

F. A.max = 1 - exp ((-27ir//Q) x Paq) Equation 2.9

When the absorption process is membrane-controlled

F. A.max = 1 - exp ((-27ir//Q) x Pm) Equation 2.10

Komiya et al. (1980) used this model to investigate the permeability of steroids ranging in 

log partition coefficient in n-octanol/water at flow rates of 0.2 to 4.0 ml/min. They 

showed that the log fraction of steroids remaining in the lumen was linear with intestinal 

length at various flow rates and that the fraction absorbed increased with slower flow 

rates, due to the longer residence time.
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3.1 - Introduction

In spite of significant effort, major breakthroughs in oral peptide and protein formulation 

have not been achieved. Figure 3.1 summarizes the different elements to be considered in 

oral peptide bioavailability (Sarciaux et al., 1995). The main barriers to success are 

normally ascribed to i) poor intrinsic permeability of peptides and proteins across 

biological membranes due to their hydrophilic nature and large molecular size; ii) 

susceptibility to enzymatic attack by intestinal proteases and peptidases; iii) rapid post- 

absorptive clearance; and iv) chemical instability, including tendencies to aggregate 

and/or nonspecifically adsorb to a variety of physical and biological surfaces.

3.2 - Intrinsic permeability

The poor intrinsic permeability of proteins and peptides can generally be attributed to 

their hydrophilic nature and large molecular size. Intestinal transport systems which 

facilitate the absorption of di- and tri-peptides are not efficient at transporting larger 

peptides. Permeation enhancers have received much attention in attempts to modify the 

barrier properties of the intestinal epithelial cell membrane. A variety of enhancers, 

including salicylates (Yoshioka et al., 1982), mixed bile salt-fatty acid micelles (Scott- 

Moncrieff et al., 1994), chelators (Cho et al., 1989), fatty acids (Muranishi, 1990), 

acylcamitines (Fix et al., 1986), surfactants (Shao et al., 1993), and medium chain 

glycerides (Constantinides et al., 1993) have been shown in cell and animal models to 

enhance the absorption of a variety of peptides. However, in all cases, bioavailability was 

still relatively low.
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Food, intestinal motility 
flow rate, transit time

Property o f peptide: 
pKa, molecular size

Metabolism:
lumen, membrane surface, 
intracellularly

lipophilicity, stability, 
solubility, flow rate, 
aqueous boundary layer

pancreatic enzymes

blood flow
mucous

Absorption mechanism: 
trancellularly, paracellulary

Absorption

Systemic circulation

Blood pathway 
Fffst pass effect

Physico-chemical factors

PEPTIDE DRUGS

Physiological Factors

Lymphatic pathway

Dosage form and formulation

Figure 3.1 - Main factors involved in peptide absorption in the intestine (Sarciaux 
et al., 1995)

Table 3.1, (Lee et al., 1991a) lists the results of numerous GI absorption studies in which 

absorption enhancers, formulated with a number peptide drug candidates, were used. 

These results were obtained with some variation of in situ rat models, including duodenal, 

colorectal and rectal administration. Because of the technical ability to achieve high 

localized concentrations of peptides and enhancers in these models, the results probably 

reflect a "best-case" scenario in terms of achievable peptide absorption (Fix, 1996). Scott-
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Moncrieff et al. (1994) reported increased insulin absorption following direct jejunal 

administration in dogs of a sodium glycocholate (30mM) /linoleic acid (40 mM) mixed 

micelle formulation, although the apparent bioavailability was still only 1.8%. The same 

formulation elicited 41% insulin bioavailability in a rat loop model and the authors 

proposed that the much reduced effect in dogs was possibly due to dilution and spreading 

of the formulation resulting in a reduced concentration of insulin at the barrier membrane 

and increased exposure of insulin to proteolytic enzymes.

Duodenal

Desmopressin 5 -Methoxysalicylate 0.10

Somatostatin analog 5-Methoxysalicylate 0.08

Palmitoylcamitine chloride 0.05-0.10

Insulin 5 -Methoxysalicylate 0.02

Palmitoylcamitine chloride 0.02

Cyclosporin A HW-60/olive oil 0.20 - 0.27

Horseradish peroxidase 5 -Methoxysalicylate 0.01

Colorectal

Interferon Ursodeoxycholate 0.02

Rectal

Des-enkephalin endorphin Medium chain glyceride 0.08 - 0.20

MCG-EDTA 0.10-0.44

Gastrin 5 -Methoxysalicylate 0.18

Pentagastrin 5 -Methoxysalicylate 0.33

Epidermal growth factor Caprate/CMC 0.68

Insulin Surfactants/bile salts 0.20

Calcitonin Polyoxyethylene-9-lauryl ether 0.30-0.50

Table 3.1 - Review of peptide/enhancer literature reports in rat in situ models (Lee 
etal., 1991b)
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When comparing small intestine with rectal drug absorption in the presence of 

permeation enhancers, it appeairs that the extent of peptide absorption enhancement that 

can be achieved is greater for rectal tissue than for small intestine tissue. This result may 

reflect multiple contributions, including less proteolytic activity, less fluid to dilute the 

formulation and less motility resulting in maintenance of a higher peptide/enhancer 

concentration at the membrane. It is also possible that rectal tissue is inherently more 

responsive to some of the absorption enhancing agents (Fix, 1996).

One of the potential drawbacks of using penetration enhancers is nonspecificity, which 

may result in increased absorption for various compounds including potentially toxic 

constituents of the gut lumen. In addition, some of these enhancers are known to irritate 

the mucosa (Swenson et al, 1994; Gordon et al., 1985), with recovery of mucosal integrity 

dependent on the type and dose of enhancer used. Many penetration enhancers possess 

surfactant-like properties, which could potentially mix with the phospholipid bilayer of 

the membrane and be partially absorbed. This absorption could result not only in strong 

membrane damage, but also in toxic side effects due to penetration enhancers interfering 

with cell organelles (Junginger and Coos Verhoef, 1999).

3.3 - Protection from enzymatic degradation

The susceptibility of peptides and proteins to enzymatic attack is well known and remains 

a major challenge of formulation efforts. Peptidases are enzymes that hydrolyze the 

peptide bond formed between two amino acids. They have traditionally been divided into 

two major classes: the endopeptidases, which hydrolyze peptide bonds interior to the 

terminal bonds of the peptide chain, and the exopeptidases, which hydrolyze the bond 

linking the N-terminal or C-terminal amino acid to the peptide chain. The latter are 

referred to as the aminopeptidases and carboxypeptidases, respectively. In more recent 

years, further classes of exopeptidases have been discovered that remove dipeptides (and 

occasionally tripeptides) from the termini of peptide chains. Those that attack the N- 

terminus are termed dipeptidyl peptidases and those that remove dipeptides from the C- 

terminus are called peptidyl dipeptidases (Woodley, 1995). These proteolytic enzymes are 

1 found in the lumen of the small intestine (pancreatic proteases), on the surface of the
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enterocyte cells (brush-border enzymes) and in the interior of the enterocyte (lysosomal 

and cytosoloc proteases).

Luminal proteolysis of peptide and protein drugs by pancreatic proteases severely 

compromises oral bioavailability. A large quantity of pancreatic proteases are secreted 

daily to complete digestion of ingested protein. In humans, 1-3 g of trypsin and 

chymotrypsin and 0.5 g of elastase are produced by the pancreas every day. Other 

pancreatic proteases include carboxypeptidase A and carboxypeptidase B. Secretion of 

pancreatic proteases reaches the maximum in response to food intake; hence, 

administration of protein and peptide drugs between meals may reduce degradation by 

luminal digestive enzymes (Layer et al., 1990). The luminal concentrations of pancreatic 

enzymes decline towards the distal intestine. The duodenal concentrations of pancreatic 

enzymes are approximately three to four times the jejunal levels. The colon contains the 

least amount of pancreatic proteases due to strong adsorption of these enzymes onto the 

small intestinal wall and considerable inactivation during transit (Bai et al., 1995a). Table 

3.2 lists typical substrates and cleavage sites of proteases found in the lumen of the 

intestine.

Endopeptidase Trypsin ■ •  1 o ■ Lys, Arg

Endopeptidase Chymotrypsin ' •  1 0 ■ Phe, Trp, Tyr

Endopeptidase Elastase - •  1 O - small, unbranched 
nonaromatic side chains

Exopeptidase Carboxypeptidase A -O 1 • Tyr, Phe, Isoleu

Exopeptidase Carboxypeptidase B -0 1 • Lys, Arg, Hydroxylys, 
Ornithine

Table 3.2 - Typical substrates of luminal proteases (Chan and Stewart, 1996; 
Woodley, 1995).
® The arrows represent sites of cleavage; solid circles indicate the location of the 
specific amino acids in the peptide substrates
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In addition to liuninal proteases, the brush-border of enterocj^es also constitutes a barrier 

. hampering the absorption of peptide and protein drugs. The intestinal brush-border is the 

major site for the breakdown of large peptide fragments, which are produced from the 

partial digestion of proteins by pancreatic enzymes, to di- and tri-peptides and amino 

acids (Abidi and Kim, 1981). These final products are then absorbed by amino acid 

transporters and di- and tri-peptide carrier-mediated transport systems. There are at least 

15 brush-border exo- and endopeptidases (Table 3.3). The brush border proteases are all 

large membrane-bound glycoproteins facing outward from the membrane into the lumen 

of the intestine (Woodley, 1995). Although these brush-border peptidases are efficient in 

metabolizing oligopeptides, they are not capable of degrading very large peptides. For 

example, insulin B-chain is degraded by endopeptidase-24.11, but insulin is not a 

substrate for this enzyme (Bennet et al., 1988). In addition to the proteases listed in Table 

I 3.3, a nonlysosomal metalloprotease, insulin degrading enzyme (IDE), which has been 

I well characterized in insulin target cells and tissues, has been identified in the brush- 

1 border membrane of enterocyte cells (Bai and Chang, 1995). Overall, the activities of 

i brush-border enzymes in the colon are lower than in the small intestine, however the 

I regional-specific distribution of each enzyme varies along the intestine. In light of a great 

;;deal of similarities in the distribution patterns of brush-border peptidases in rat and rabbit 

i intestines and some similarities among the human and these two species, rats and rabbits 

■ are good animal models for the determination of oral absorption of peptide and protein 

drugs (Bai et al, 1995).

flhe peptidases of the intestinal cell cytosol are less well characterized than the brush 

|)order. Studies have shovm that cytosolic enzymes are particularly active against 

t|Jipeptides (Woodley, 1995). However, it has also been reported that the cytosol of rat 

j^mall intestinal and colonic enterocytes has proteolytic activity against large bioactive 

peptides such as neurotensin and insulin B-chain (Bai et al., 1995). The cytosol of colon 

inucosal cells and Caco-2 cells contains IDE and proteosome activities. Proteosome, a 

iytosolic enzyme complex with multicatalytic activities, including trypsin-like, 

^hymotrypsin-like and cumusin-like activities, is ubiquitous in eukaryotic cells.
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i Endopeptidase Endopeptidase-24.11 -o 1 •-
1 1

hydrophobic

residues

Endopeptidase Endopeptidase-24.18 -o •  o- aromatic residues

: Endopeptidase Endopeptidase-3 - •  1 O- Arg-Arg

Endopeptidase Enteropeptidase -• 1 O- (Asp)4-Lys

Exopeptidase Aminopeptidase N •  1 O- many

Exopeptidase Aminopeptidase A •  1 O- Asp, Glu

Exopeptidase Aminopeptidase P •  1 O- Pro

Exopeptidase Aminopeptidase W •  1 O- Trp, Tyr, Phe

Exopeptidase y-glutamyl transpeptidase •  1 O- y-glutamic acid

Exopeptidase dipeptidyl peptidase IV •  - •  1 o- Pro-Ala

Exopeptidase Peptidyldipeptidase A - O 1 •  - • His-Leu

Exopeptidase Carboxypeptidase P -O 1 • Pro, Gly, Ala

Exopeptidase Carboxypeptidase M -0 1 • Lys, Arg

Exopeptidase y-glutamyl

carboxypeptidase

-O 1 • (y-glutamic acid)n

Dipeptidase Microsomal dipeptidase •  - • Many

Table 3.3 - Peptidases of the brush-border membrane of intestinal cells

Besides the brush-border and the cytosol, the lysosomes and other intracellular organelles 

are also potential sites o f protein and peptide degradation. Unnecessary and abnormal 

proteins are translocated to lysosomes to be metabolized by lysosomal proteases which 

include serine, cysteine, aspartic and metallo-proteases, and are also involved in 

processing endocytosed proteins (Bai et al., 1995). Proteolysis in the lysosomes is 

expected to assume greater quantitative importance as a larger fraction of the orally 

administered protein survives luminal and brush-border hydrolysis to appear intact within 

the enterocyte (Lee, 1988).
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Four general approaches have been used to attempt to overcome the enzymatic barrier; i) 

chemical modification of small peptides, ii) direct enzyme inhibition wdth the use of 

protease inhibitors, iii) protection of proteins and peptides in the physical environment of 

the formulation itself and iv) drug targeting.

3.3.1 - Chemical modification of small peptides

For practical reasons, modifying the amino acid composition to improve enzymatic 

stability appears to be more amenable to peptides than to proteins because of the 

complexity of the latter. Several methods have been used to improve the stability of 

proteins and peptides including; substituting unnatural amino acids, including D-amino 

acids, for L-amino acids in the primary structure; introducing conformational constraints; 

and reversing the direction of the peptide backbone and inverting the chirality of each 

amino acid (retroenantiomer analogs). Cyclization, alkylation of specific amino acid 

residues and amide bond surrogates have also been used (TenHoor and Dressman, 1992). 

For example, substitution of D-Ala for L-Gly in the N-terminal amino acid in methionine 

enkephalin and the amidation of its C-terminal methionine produced a more stable analog 

which had a half-life of hydrolysis that was 15 times that of methionine enkephalin (Lee, 

1988).

Aside from improving enzymatic stability, modification of the amino acid in the primary 

structure may also improve its lipophilicity. Such an increase in lipophilicity may be 

useful in minimizing contact of the peptide with proteolytic enzymes at the site of 

absorption, since diffusion across the absorptive membrane will be facilitated. Thus, 

permeation of l-deamino-8-D-arginine vasopressin across the intestinal wall of the rat 

was 35 times higher than aminated vasopressin, and 1-deamino-2-tyrosine (0-ethyl)- 

oxytocin permeation across the ileal wall was 2.6 times higher than that of oxytocin 

(Vilhardt and Lundin, 1986).
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3.3.2 - Direct enzyme inhibition

Another strategy is based on the concept that the co-administration of a peptide and an 

inhibitor of its metabolism can reduce presystemic metabolism resulting in increased 

fractional absorption. This strategy has been successful in promoting the oral absorption 

of the peptides pentagastrin and PHPFHLFVF (a nonapeptide renin inhibitor) and the 

proteins insulin and RNAase (Lee, 1988). Insulin is the protein that has gained the most 

attention in terms of enhancing oral absorption via control of proteolytic activity. As early 

as 1959, Danforth and Moore demonstrated that diisopropyl fluorophosphate, a serine 

protease inhibitor, was effective in protecting insulin from proteolysis, thereby slightly 

enhancing its absorption across the jejunum of the rat. More recently, Yamamoto et al. 

(1994) examined the effects of protease inhibitors on the intestinal absorption and 

degradation of insulin in rats. In stability experiments, bacitracin, camostat mesilate and 

NaGlycocholate (aminopeptidase inhibitors) were effective in reducing insulin 

degradation in small and large intestinal mucosal homogenates. These inhibitors also 

promoted insulin absorption from the large intestine. In contrast, there was little 

absorption following small intestinal coadministration of insulin with these protease 

inhibitors. Bai and Chang (1996) also examined the effect of enzyme inhibitors on the 

transepithelial transport of insulin in rats using Ussing chambers. Inhibitors of IDE, 

including N-ethylmaleimide, 1,10-phenanthroline and p-chloromercuribenzoate, 

dramatically improved insulin transport across the ileum. However, it may require several 

different protease inhibitors to completely inhibit intestinal hydrolysis as peptide and 

protein drugs may be attacked simultaneously by more than one enzyme. As a result, 

systemic toxicity and side effects caused by the absorption of protease inhibitors into the 

systemic circulation likely outweigh the benefits of their inhibitory effects.

Recently it was described that polycarbophil and Carbopol 934P, two polyacrylic acid 

polymers, were capable of inhibiting trypsin activity, by depriving trypsin of calcium 

(Lehr et al., 1992a). Since polyacrylic polymers are large bioadhesive molecules and are 

not absorbed through the intestinal epithelium, they are unlikely to cause any systemic 

toxicity. In vitro studies by Bai et al. (1996) suggested that carbopol polymers, including 

971P, 934P and 974P, inhibited luminal degradation of insulin, IGF-1 and salmon
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calcitonin by reducing the pH o f the incubation medium below the optimum pH values of 

pancreatic enzymes. In situ absorption o f insulin into the portal vein suggested that 

carbopol polymers might be usefiil in improving the intestinal absorption o f  peptide 

hormones.

Another class o f  compounds which have been shown to reduce enzymatic degradation

I and enhance intestinal absorption without systemic toxicity are bile salts, which are
I
Ti discussed in Chapter 5.

3.3.3 - Formulation

I Another strategy to circumvent the enzymatic barrier is the formulation approach. In 

I recent years, significant efforts have been directed toward formulating peptides in 

I microemulsions (Sarciaux et al., 1995), small particles such as liposomes and

i
 nanoparticles (TenHoor and Dressman, 1992; Florence et al., 1995) and bioadhesive 

particles (Lehr, 1992b).

Microemulsion systems contain a surfactant/co-surfactant blend which, when added to a 

5 two-phase hydrophilic/lipophilic mixture, form a stable, optically clear, isotropic, 

I colloidal system. The microstructure o f  these systems consists o f micro-droplets o f  less 

I  than 100 nm in size. Microemulsion formulation has been used with an 

I immunosuppressant peptide, cyclosporin. Recently, a new oral formulation (Sandimmune 

I Neoral®) was developed which incorporates the drug in a microemulsion pre-concentrate

i
s containing a surfactant, lipophilic and hydrophilic solvents and ethanol. The influence of 

I food on the rate and extent o f  cyclosporin absorption from this microemulsion was less 

pronounced, yielding a more consistent and predictable concentration-time profile 

(Kovarik et al., 1994). Other peptides such as SKF-106760, a fibrinogen receptor 

antagonist, have been formulated in microemulsions at pharmacologically relevant levels 

with no sign o f  intestinal irritation (Constantinides et al., 1993). Constantinides and 

Scalart (1997) formulated water-soluble peptides, including insulin and salmon 

I  calcitonin, in water-in-oil microemulsions. Although these particular formulations were 

I not evaluated for absorption enhancement, the authors did report significant enhancement
'• t
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of Calcein and SKF-106760 absorption from water-in-oil microemulsions following 

intraduodenal administration to rats.

Based on different observations and results, Ritschel (1991) proposed a schematic 

diagram on the hypothesized mechanism of peptide absorption from microemulsions 

given orally. After by-pass of the aqueous boundary layer, mucins and epithelial cells, 

peptide drugs can reach the systemic circulation in two ways: lymphatic vessels via the 

thoracic duct (avoiding first-pass metabolism) or via mesenteric veins where a first-pass 

effect may occur. Systemic peptide uptake from microemulsions in the GI tract is 

dependent on particle size, type of lipid phase of the microemulsion, digestibility of lipid 

used, type of emulsifying agents, pH and shedding of enterocyte cells. Only the most 

lipophilic compounds (log octanol-water partition coefficient > 5) with good solubility in 

triglycerides are preferentially absorbed via the lymphatics (Myers and Stella, 1992).

Drugs can be incorporated into biodegradable microparticles to reduce the effects of 

intestinal secretions and to enable the absorption of bioactive agents in an unaltered form. 

The uptake of microparticles through the intestinal wall is accepted as a true biological 

phenomenon but the mechanism and route of uptake have not been established. Some 

investigators believe that uptake is a ftmction carried out by membranous/microfold (M) 

cells in the Peyer’s patches of the intestine (Thomas et al., 1996). However, other groups 

claim that uptake across the villous epithelium occurs via damaged regions or by a 

paracellular route (Kreuter, 1991; O’Hagan, 1994).

Particulate drug carriers include liposomes and micro- and nanoparticles. Liposomes are 

composed of one or more concentric lipid bilayers enclosing an equal number of aqueous 

spaces, formed from a variety of phospholipids. The most widely used lipid is 

phosphatidyl choline, either alone or in combination with cholesterol. Cholesterol is 

known to condense the packing of the phospholipids thereby reducing their permeability 

and increasing the stability of the phospholipid bilayers. Negatively charged lipids such as 

phosphatidylglycerol, phosphatidylserine and cholesterol sulphate, or positively charged 

lipids such as stearylamine, are frequently used to influence the distribution of the 

liposome in the body. Negatively charged vesicles enter the cell by fusion, which allows
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the drug to be discharged into the cytoplasm. Neutral vesicles are incorporated into the 

cell by phagocytosis, which exposes the drug to the lysosomal digestive system of the cell 

(Renade, 1989).

Three major types of liposomes have been used; multilamellar vesicles (MLV) which are 

easy to prepare and relatively stable although highly polydisperse (80 nm - 10 um), small 

unilamellar vesicles (SUV) which are less polydisperse but suffer from poor stability and 

loading capacity and large unilamellar vesicles (LUV) which are the most efficient with 

respect to drug concentration but are difficult to prepare. Liposomes appear to be 

susceptible to changes in pH and to attack from bile salts and lipases. Therefore, the main 

problem for oral delivery appears to be a lack of stability in the gastrointestinal tract. 

Nanoparticles are defined as solid submicronic drug carriers of polymeric nature. The 

particle size for most nanoparticle systems is in the range of 30 - 500 nm. The main 

factors which affect particle size include the solution pH, initial monomer concentration 

and the inclusion of non-ionic surfactants and stabilizers such as dextrans (Douglas et al., 

1986). Drug uptake by nanoparticles is achieved either by incorporation with the 

monomer during polymerization or by adsorption once the polymers are formed. 

Successful uptake is more often achieved with hydrophilic compounds due to the fact that 

polymerization takes place in the aqueous phase. A diverse group of drugs have been 

loaded into nanoparticles such as chemotherapeutic agents (methotrexate, daunorubicin), 

insulin and penicillin V (Douglas et al., 1986).

An additional possibility of polymer application in oral peptide delivery is the use of 

bioadhesive polymers in order to prolong the transit time of a given peptide in the 

absorption region of the gastrointestinal tract. Plant lectins, such as those from tomato 

and beans, have potential for this purpose, however potential pharmacological effects and 

effects on cell viability have to be clarified (Lehr, 1992b).

3.3.4 - Drug targeting

Another method of circvimventing metabolic degradation is to target peptide and protein 

drugs to specific regions o f the GI tract where they may be more stable. Targeting 

mechanisms may be pharmaceutical (enteric coating and timed-released systems) or
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biological (redox-sensitive polymers, microbially degraded polymers and bioadhesives) in 

nature (Wilding et al., 1994).

3.3.4.I. - Pharmaceutical based drug targeting

The enteric coating of orally administered dosage forms is an effective method of 

modifying and obtaining control of drug delivery to the small intestine. The principle by 

which enteric-coating polymers act is that their solubility is highly pH dependent, with 

the polymers being insoluble in gastric acid, but dissolving in intestinal fluid. The coating 

of capsules with cellulose acetate phthalate (CAP) has been used to deliver the topically 

effective corticosteroid, beclomethasone dipropionate, to the colon for the treatment of 

distal idiopathic ulcerative colitis. The threshold pH of the polymer is 6 and drug delivery 

from CAP-coated preparations has been shown to take place in the distal small intestine 

and terminal ileum (Healey, 1989).

Residence time of pharmaceutical preparations in the stomach is highly variable, ranging 

from minutes to hours, depending upon the size of the preparation and whether the 

stomach is in the fed or fasted state. On the other hand, transit time through the small 

intestine is relatively constant, in the order of 3-4 hours (Davis et al., 1986). Timed 

release, based on a constant small intestinal transit time, has been used to design delayed 

release osmotic dosage forms for delivery to the colon. Oral administration of colon- 

targeted osmotic systems containing insulin and permeation enhancers to healthy 

volunteers has been shown to produce a significant decrease in blood glucose 

concentrations, indicating the absorption of biologically active insulin from the 

gastrointestinal tract (Wilding et al., 1994). Many types of delivery systems have been 

developed. One example is Pulsincap®, which consists of an impermeable capsule body 

containing the drug, fitted with a hydrogel plug. In aqueous media, the plug hydrates, 

swells, and after a time period defined by the plug dimensions, is ejected by the device 

releasing the capsule contents (Bakhshaee et al., 1992).
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3.3.4.2 - Biological based drug targeting

Coating of peptide preparations with polymers crosslinked with azo-aromatic groups is 

reported to protect the drug from digestion in the stomach and small intestine. Drug is 

then released in the large intestine by the ability of indigenous microflora to effect 

reduction of the azo-bonds (Hastewell et al., 1991). An azo-polymer has been reported to 

deliver vasopressin and insulin to the systemic circulation after oral administration in rats. 

Release of insulin was delayed significantly when azo-polymer-coated capsules were 

administered to pancreatectomized dogs, however the biological response was highly 

variable (Saffran et al., 1991).

Polysaccharide-based formulations, which are metabolized by microflora of the large 

intestine, have been investigated as potential colonic drug delivery systems. Systems 

investigated include chrondroitin sulphate and calcium pectinate (Rubenstein et al., 1992; 

Rubenstein et al., 1993). However, film-forming and solubility properties of 

polysaccharides are less than ideal for pharmaceutical applications.

The ability to provide adhesion of a drug or delivery system to the wall of the 

gastrointestinal tract could provide improved absorption through higher local drug 

concentrations and longer residence time at a particular site. Biomaterials proposed have 

included polymers such as polycarbophils, polyurethanes and polyethylene oxide- 

polypropylene oxide co-polymers. While such systems have shown adhesive properties in 

vitro, few studies have demonstrated the ability to adhere in vivo (Wilding et al., 1994). 

Others have investigated natural mechanisms of bioadhesion based on receptor-mediated 

events. It is well established that certain plant lectins interact specifically with sugar 

groups resident in mucous or on the glycocalyx. Materials such as tomato lectin have 

been proposed as bioadhesive systems and have been evaluated in in vitro and in vivo 

models (Lehr, 1992b). Though early results showed promise, later studies revealed that 

tomato lectin was highly immunogenic and may therefore be more suited to vaccine 

delivery.

A combination of chemical and biological based formulation may offer the best approach 

for colon-specific delivery of protein drugs. Akala et al. (1998) described a new hydrogel
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system based on biocompatible copolymers of N,N-dimethylacrylamide (DMAA) with 

tert.-butylacrylamide (BuMA; to improve mechanical properties), acrylic acid (AA; to 

introduce pH-sensitivity) and crosslinking agents containing aromatic azo bonds which 

are degradable by azoreductase activity in the colon. In the stomach, due to the low pH 

range, the hydrogels have a low equilibrium degree of swelling. As the gels pass down the 

GI tract, swelling increases due to the ionization of carboxylic acid groups in response to 

the pH increase. Upon arrival in the colon, a degree of swelling is reached that makes the 

crosslinks susceptible to azoreductase activity. The gels are degraded and the drug is then 

released.

3.4 - Post-absorptive clearance

Many peptides and proteins are susceptible to presystemic metabolism which is not 

limited to hepatic extraction. Significant intestinal epithelial cell enzymatic activity is the 

first post-absorptive barrier to achieving therapeutic systemic peptide levels (Section 3.3). 

Unlike many traditional drug candidates, peptides are also highly susceptible to 

enzymatic degradation in the circulating blood (Lee et al., 1991b). Therefore, achieving 

significant absorption will not necessarily result in significant bioavailability.

The calcitonin molecule is degraded into inactive fragments in various compartments and 

organs in the body, with the pattern and rate of degradation appearing to differ between 

salmon calcitonin (sCT) and eel calcitonin (eCT) on the one hand, and human calcitonin 

(hCT) and porcine calcitonin (pCT) on the other (Azria, 1989). When incubated in vitro 

in rat and human serum and plasma at 37“ C, sCT and eCT showed a 50% loss of activity 

over a period of 6 hours. A similar loss of activity occurred after 2 hours for hCT and 1 

hour for pCT, indicating that hCT and pCT are more labile in plasma than sCT and eCT. 

When calcitonins were incubated with extracts of liver, kidney or spleen, activity 

appeared to be lost most quickly from pCT, less quickly from hCT and least quickly from 

sCT and eCT. sCT and eCT appeared to be degraded more rapidly in kidney than in liver 

extracts. These studies thus indicated that the primary sites of calcitonin post-absorptive 

metabolism are extravascular, mainly hepatic in the case in the case of pCT and renal in 

the case of hCT and sCT.
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3.5 - Chemical stability and aggregation

Peptides and proteins often possess physical properties which present significant 

formulation problems not encountered with small, organic drug molecules. Proteins and 

large peptides possess not only a primary structure (amino acid sequence) but also higher 

order structures (secondary, tertiary and quaternary), which are required for biological 

activity. Instability of small synthetic peptides and small organic molecules involves only 

chemical pathways of degradation. Whereas with larger peptides and proteins, 

degradation pathways include chemical transformations (modification of covalent bonds) 

as well as physical instability, which relates to the higher order structures (denaturation) 

and results in the loss of biological activity. Physical and/or chemical degradation may 

occur during various stages of production, purification, formulation and storage. The 

major pathways of peptide and protein degradation are summarized in Figure 3.2.

Deamination

Oxidation

NativeDenatured Hydrolysis

Racemization ♦

Isomerisation
AggregationAdsorption

Beta-elimination

Disulfide exchange
Precipitation

1 I
PHYSICAL INSTABILITY CHEMICAL INSTABILITY

Figure 3.2 - The major pathways of peptide and protein degradation (Li et al, 
1995).
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Because of the complex nature of peptides, self-aggregation is often a concern in 

formulation efforts. The tendency of insulin to form hexamers is well documented 

(Richards et al., 1998). Hovgaard et al. (1992) reported the use of alkyl saccharide 

surfactants to minimize insulin aggregation. The insulin-dodecyl maltoside also afforded 

some protection from enzymatic degradation. Human calcitonin is also known to self-

[ organise into fibrillar structures with reduced biologic activity. Fibrillation studies 

indicated that that acrylic acid-containing polymeric materials were able to decrease the 

aggregation of hviman calcitonin in aqueous solution (Lu et al., 1999).

Protein and peptide drugs in solution may also interact adversely with a variety of 

surfaces resulting in a loss from solution, denaturation and/or aggregation (Duncan et al, 

1995). When adsorption of a peptide drug occurs, the drug molecule exchanges solution 

interactions for surface interactions where the free energy of exchange is negative. The 

energetics of this peptide adsorptive process arise from predominantly two mechanisms. 

One mechanism is the result of charge-charge, or electrostatic interactions. The second 

arises from hydrophobic interactions accompanied by dehydration of the peptide 

molecules and of the surface. Duncan et al. (1995) have shown that adsorption of sCT to 

glass (electrostatic) and plastic (hydrophobic) is eliminated by the addition of cationic 

(benzalkonium chloride) and nonionic (Polysorbate 20) surfactants.

Formulation pH must be chosen in a range where the most deleterious reactions are 

minimal. At the same time, protein solubility and conformational stability must also be 

i  optimized. Few proteins and peptides possess adequate stability in solution to provide 

marketable pharmaceuticals with reasonable shelf lives. As chemical reactions are 

retarded in solid form, lyophilized formulation is a more common dosage form for protein 

and peptide pharmaceuticals (Li et al., 1995).

J
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4.1 Structural features

The calcitonins are peptide hormones with molecular weights around 3500 daltons. These 

molecules are derived from the ultimobranchial gland in amphibians (e.g. salmon and eel 

calcitonin) or the thyroid gland in mammals (e.g. human and porcine calcitonin). 

Predictive methods for calculating the secondary structure of proteins indicate that the 

helix-forming potential of ultimobranchial calcitonins is much greater than that of the 

thyroid calcitonins. This has been suggested as an explanation for the greater biological 

potency of the former calcitonins (Epand et al., 1983). The molecule is composed of a 

chain of 32 amino acid residues with the following basic features:

I  - A disulphide bridge between the cysteine residues in positions 1 and 7, forming a ring of 

I  seven amino acid residues at the N terminal, which carries a free amino group 

I - A proline amide group at the C terminal

These features (the number of amino acid residues and the structure of the chain ends) are 

identical in all calcitonins and appear to be essential for biological activity. The central 

part of the chain, on the other hand, varies from one calcitonin to another, both in the 

identity of the amino acids present and their positions in the chain (Azira, 1989). Figure

4.1 shows the primary structure of human and salmon calctonin with common amino acid 

residues underlined. There is approximately 50% homology between human and salmon 

calcitonin.

The biological activity of the calcitonins seems to depend on the integrity of the molecule 

both in shape and size (all 32 amino acid residues must be present), however no specific 

site of activity has been identified. Full activity appears to depend on the presence of a 7- 

I residue ring at the N terminal, although the disulfide bridge is not indispensable and may 

be opened or replaced by some other form of link (-C-C- in the case of the aminosuberic 

analog of eel calcitonin).

i
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V

Human

H-Cvs-Gly-Asn-Leu-Ser-Thr-Cvs-Met-Leu-Glv-Thr-Tyr-Thr-Gin-Asp-Phe-Asn-Lvs-Phe-

His-Thr-Phe-Pro-Gin-Thr-Ala-Ile-Glv-Val-Glv-Ala-Pro-NH?

Salmon

H-Cvs-Ser-Asn-Leu-Ser-Thr-Cvs-Val-Leu-Glv-Lys-Leu-Ser-Gin-Glu-Leu-His-Lvs-Leu-

Gin-Thr-Tyr-Pro-Arg-Thr-Asn-Thr-Gly-Ser-Gly-Thr-Pro-NH?

Figure 4.1 - Primary structures of human and salmon calcitonin (Azira, 1989)

Both human calcitonin and salmon calcitonin are clinically ayailable. Human calcitonin 

must be administered at doses ranging from 0.5 to 2.0 mg/day due to its lower potency, 

compared to sCT. However, human calcitonin does not generate neutralizing antibodies 

after prolonged administration, as is the case for sCT (Muff et al., 1990). On the other

I
 hand, the therapeutic use of human calcitonin is hampered by its physical instability in 

aqueous solution, especially near neutral pH. In solution, human calcitonin has a tendency 

to associate and precipitate. The resulting turbid yiscous solution has been shown by 

electron microscopy to consist of associated fibrils of 80D diameter. More detailed 

physicochemical inyestigation revealed that the fibrillation process can be explained by a 

double nucleation mechanism. Electrostatic interactions between calcitonin monomers 

are likely to play an important role in the initial nucleation step. In this context, the 

different pi values of human calcitonin (8.7) and salmon calcitonin (10.4) seem to be 

responsible for the strong fibrillation properties of human calcitonin and high solution 

stability of salmon calcitonin around neutral pH (Baudys et al., 1996).
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4.2 -  Potency

The potency of a calcitonin is established by bioassay and is expressed in terms of the 

international unit (lU). It is defined as the quantity of calcitonin which, under precisely 

defined experimental conditions, will produce a fall in blood calcium level after 1 hour 

equal to that produced by the contents of one ampoule of the International Reference 

Preparation of calcitonin when given to young rats. Salmon, chicken and eel calcitonins 

are the most potent, weight for weight, and porcine and human calcitonins are among the 

least potent of the calcitonins which have been characterized to date (Azira, 1989). Thus 

the weight of substance which corresponds to 1 unit of calcitonin differs considerably 

between various species.

Calibration of international standards for salmon, eel and the Asu^'^ analogue of eel 

calcitonin by an international collaborative study was reported by Zanelli et al. (1990). 

Assigned potencies for International Standards of salmon, eel and the Asu*’’ analogue of 

i eel calcitonin were 128 lU, 88 lU and 15 lU per ampoule, respectively. Weights per

ampoule were approximately 30 ug, 20 ug and 3 ug, respectively, resulting in potencies of 

1 IU/0.23 ug for salmon calcitonin, 1 IU/0.23 ug for eel calcitonin and lIU/0.20 ug for the 

Asu*'  ̂analogue of eel calcitonin.

A number of hypothesis based on experimental findings have been advanced to explain 

the large differences in potency between the calcitonins (Guttmann, 1981). These include: 

that salmon calcitonin is more resistant to enzymatic degradation, both in vivo and in 

vitro, than human and porcine calcitonin; that the metabolic clearance rate (MCR) of 

salmon calcitonin is lower than that of human and porcine cacitonin; and that salmon

calcitonin and the aminosuberic analog of eel calcitonin are able to better fit bone and

kidney receptor sites due to having hydrophilic properties which facilitate hydrogen 

1  bonding, and in having both more leucine residues and having them in a helicoid 

I configuration,

j
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4.3 - Pharmacokinetics

In a study of 16 healthy volunteers, a dose of 19.9 ug salmon calcitonin administered 

subcutaneously was found to be rapidly absorbed, with an average half-life of 23.4 ± 4.2 

min. (Nuesch and Shmidt, 1981). The mean peak plasma concentration was 384 ± 33 

pg/ml and was reached at a time (tmax) 1 hour after administration. The apparent volume 

of distribution after this subcutaneous dose was 20.3 ±1.9 liters and the elimination half- 

life was 87 ± 18 min. In two studies (Beveridge et al., 1976; Huwyler et al., 1979), 

elimination after IV injection in humans was found to be biphasic, with values of 11.6 

and 12.9 min respectively for the shorter and 67.8 and 51.6 min for the longer phase.

Limited pharmacokinetic studies of salmon calcitonin have been performed in rats. Sinko 

et al. (1995) used noncompartmental methodology to estimate pharmacokinetic 

parameters following IV administration of salmon calcitonin to rats. The apparent volume 

of distribution was 140 ± 10 ml and the elimination half-life was 40 ± 7.8 min.

4.4 - Role in homeostatic control of plasma calcium concentration

Regulation of the calcium concentration in body fluids is achieved through the action of a 

complex feedback-control system that includes several subsystems and regulating 

hormones, including calcitonin (Hurwitz, 1996). This system includes calcium- 

transporting subsystems (bone, intestine and kidney), calcium sensing, possibly by a 

calcium sensing receptor, and calcium regulating hormones (parathyroid hormone, 

calcitonin and 1,25-dihydroxyvitamin D3 ). Acute calcium perturbations are handled 

mainly by modulation of kidney calcium reabsorption and by bone calcium flow under 

parathyroid hormone and calcitonin regulation, respectively. Chronic perturbations are 

also handled by the slower but economic regulatory action of 1,25-dihydroxyvitamin D3 

on intestinal calcium absorption. Peptide hormone secretion is modulated by calcivim and 

several secretagogues. The hormones’ signal is produced by interaction with their 

respective receptors, which evokes the cAMP and phospholipase C-IPs-calcium signal 

transduction pathways.
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4.5 - Systemic delivery across absorptive mucosae

Transmucosal delivery across absorptive mucosae has been suggested as an alternative to 

parenteral administration for systemic delivery of calcitonin and other peptides. The 

absorptive mucosae that have been investigated for delivery of proteins and peptides 

include buccal, nasal, pulmonary, rectal and vaginal. Characteristics of these mucosae are 

given in Tables 4.1 and 4.2 (Sayani and Chien, 1996). The nasal mucosa is the most 

permeable of the mucosae. It is also one of the thinnest and has the least electrical 

resistance (the buccal mucosa is the thickest and has the highest resistance). In general, 

mucosae are more selectively permeable for positively charged molecules than for 

negatively charged molecules, as indicated by the tK/tci ratio.

Mucosa T h i^ e s s Permeability®

Buccal 500-600 ++

Nasal 45-61 +++

Alveolar 0.1-1 +++

Rectal 160-190 +

Vaginal 147-183 +

Table 4.1 - Characteristics of absorptive mucosae used for transmucosal delivery 
of peptides and proteins (Sayani and Chien, 1996).
 ̂Relative permeability based on values of progesterone: +, least permeable; +++, 

most permeable.
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Mucosa Steady-state
IlUA

(ug/cm /hr) x " ' 
10^

Resistance
(Ocm^)“

DP*’
. (-mV)

tK/tc“

Buccal 3.0 1803 15.9 1.78
Bronchial 16.7 266 10.25 1.44

Nasal 16.8 261 10.22 1.44
Rectal 9.9 406 7.95 1.33

Vaginal 12.4 372 11.39 1.50
Skin 0.5 9703 12.49 1.56

Table 4.2 - Permeability and permselectivity of mucosal epithelia in the rabbit 
(Sayani and Chien, 1996).
“Flux of 6-carboxyfluoroscein, a hydrophilic molecule, by in vitro perfusion 
studies.
^DP: steady-state diffusion potential 

tK/tci: The ratio of potassium transport number to chloride transport number, 
calculated from electrical measurements, used as indicative of the epithelium 
selectivity for positively charged molecules.

4.5.1 - Nasal delivery

Nasal delivery remains the most popular and successful mucosal route for the 

noninvasive delivery of therapeutic proteins and peptides. Several peptide based 

pharmaceuticals, including calcitonin, have received regulatory approval for marketing 

as spray- or solution-type nasal drug delivery systems (Table 4.3, Sayani and Chien, 

1996).

Miacalcin®, the commercial formulation containing 200 lU sCT, is a simple aqueous 

solution containing benzalkonium chloride as a preservative. There has been some 

discrepancy in the literature regarding the bioavailability of intranasal sCT formulations. 

To address this, Lee et al. (1994) used pharmacokinetic parameters to compare the 

bioavailability of commercially available sCT formulations, Calsynar® (IM) and 

Calcitonin-Sandoz Nasal Spray 100®, with an sCT formulation containing 0.5% sodium 

tauro-24,25-dihydrofusidate (STDHF). Relative to the IM dose, the bioavalabilities of IN 

formulations containing 0.5% STDHF, corresponding to doses of 100, 200 and 450 lU
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sCT, were 3.9, 7.9, and 7.4%, respectively. The average relative bioavailability of the 200 

lU commercial IN formulation was 1.6%. The absolute bioavailability o f sCT was 

reported as 66% following intramuscular administration (Beveridge, 1976). Therefore, 

the absolute bioavalability for the studies carried out by Lee et al. (1994) would be 9.7 ± 

3.3% and 2.4% for sCT formulations with 0.5% STDHF and the 200 lU commercial IN 

formulation, respectively. These values are considerably lower than those reported by 

other investigators (up to 40%), who have mainly relied on physiological parameters to 

measure bioavailability (Reginster et al., 1985; Kagatani et al, 1996).

Brand name .

■ acids

*
iBioavail^ility

Synarel® GnRH analog 10 endometriosis Syntex 2-5%

Buserelin® GnRH analog 10 endometriosis Hoechst AG »2%

Diapid® lysopressin 9 diabetes insipidus Sandoz 10%

Minirin® desmopressin 9 diabetes insipidus

nocturnal

enuresis

Rorer 10-15%

Partocon® oxytocin 9 induction of 

labour

Ferring AB 1%

Syntocinon oxytocin 9 induction of 

labour

Sandoz 1%

Miacalcin® calcitonin 32 postmenopausal

osteoporosis

Sandoz 25%

Table 4.3 - Peptide-based pharmaceuticals commercially available as nasal 
delivery systems (Sayani and Chien, 1996).
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4.5.2 - Pulmonary/Intratrachael delivery

The lung provides an extremely large surface area for the absorption of drugs. However, 

mucociliary clearance can limit the amount of drug reaching the alveolar epithelium, 

where absorption occvirs through the tight junctions or by transcytosis.

Komada et al. (1994) investigated the intratracheal absorption of peptides from dry 

powder and solution formulations in the rat. In general, the bioavailability of the dry 

powder was about one-half that obtained with a solution of neutral pH. The intratrachael 

absorption of calcitonin in solution was not investigated, however the bioavailability of 

eel calcitonin from a dry powder aerosol was reported to be 11.5%. The authors noted 

that the optimum particle size, which influences distribution in the lung, was less than 1 

um in diameter.

The effect of protease inhibitors and absorption enhancers on the pulmonary delivery of 

salmon calcitonin in rats was examined by Kobayashi et al. (1994). Using plasma calcium 

levels as a measure of absorption the authors found that absorption enhancement could be 

attained with unsaturated fatty acids, polyoxyethylene oleyl ether, and protease inhibitors 

(chymostatin, bacitracin, potato carboxypeptidase inhibitor, and phosphoramidon). A 

positive correlation between the in vitro activity of protease inhibitors and the in vivo 

enhancing effect on sCT activity suggested that membrane enzymes were responsible for 

the inactivation of salmon calcitonin.

Morita et al (1994) also found that protease inhibitors improved the pulmonary absorption 

of (Asu^'^)-Eel calcitonin in rats. Using minimum calcium levels as a measure of drug 

activity, they reported pharmacological availabilities of 17% and 100% when the drug 

was coadministered with NaGlycocholate and bacitracin, respectively.

4.5.3 - Transdermal delivery

lontophoretic transdermal administration of salmon calcitonin to rabbits was investigated 

by Santi et al. (1997). The transdermal iontophoretic technique required a drug deposit in 

the form of an aqueous conductive gel or a pad wetted with drug solution in contact with 

skin. A solid sCT formulation, consisting of a compressed freeze-dried mixture of sCT
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and gelatin, was compared with a pad wetted with drug solution (reference drug 

reservoir).

Transdermal iontophoresis of sCT elicited a decrease in the serum calcium level, 

whereas, in the absence of electric current, no significant fall was measured. Using the 

reservoir prepared from drug solution, anodal iontophoresis at pH 4.2 was more effective 

than at pH 7.4, probably due to higher sCT net positive charge (sCT pi = 10.4, Heinitz et 

al., 1988). Using the reservoir prepared from dry disc, similar kinetics and extent of drug 

effect were observed at both pH values. The authors concluded that a more concentrated 

solution in contact with the skin, determined by the reservoir prepared from dry disc, 

improved electroosmotic transport and limited the effect of a lower ionisation of sCT at 

pH 7.4.

4.5.4 - Buccal delivery

Intraoral delivery refers to absorption across the buccal epithelium, primarily by 

concentration gradient-driven passive diffusion of nonionized species through the 

epithelium. The buccal absorption of human calcitonin has been investigated in rats 

(Nakada et al., 1988). In this study a decrease in plasma calcium levels could only be 

achieved by coadministration of drug with absorption enhancers. Cholic acid derivatives 

and sodium dodecylsulphate were found to be most effective; sugar esters such as sucrose 

monopalmitate and quillajasaponine also enhanced buccal calcitonin absorption.

In a subsequent study, Nakada et al. (1989) examined the effect of bile salts on the oral 

mucosal absorption of htiman calcitonin in rats. They concluded that inhibition of the 

degradation of human calcitonin by dihydroxy bile salts related to their promoting effect 

on oral mucosal absorption. Nevertheless, even under optimized conditions, an intraoral 

route of peptide or protein delivery may not allow bioavailabilities as high as with other 

mucosal sites, such as the nasal mucosa (Merkle and Wolany, 1993).

4.5.5 - Intravaginal/Intrauterine delivery

The epithelium of the vagina consists of a keratinized stratified squamous epithelium 

which provides a tight barrier to the passage of compounds. This is reflected in the low
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bioavailability of human calcitonin (2.8%) following vaginal administration of a solution 

in rats (Nakada et al., 1992).

In contrast, the uterine is a mucous membrane made up of simple columnar epithelium. 

Similar to the vaginal route, transendometrial absorption allows drug molecules to avoid 

hepatic first-pass metabolism but may be limited due to leakage of drug solution through 

the cervix, chemical instability in the uterine lumen and enzymatic degradation. Golomb 

et al. (1993) found that the extent and duration of hypocalcemic response following 

intrauterine administration of human calcitonin to rats was similar to that obtained 

following subcutaneous injection. The authors propose that the different structure of the 

uterine tissue and vascularity compared with that of the vaginal mucosa might accoimt for 

the better absorption from the uterus. However, there are several disadvantages associated 

with intrauterine devices for drug delivery including the requirement of surgery to 

implant the device and the risk of leaks and toxic dose dumping due to malflmctioning of 

the device (Golomb et al., 1995).

4.5.6 - Colonic delivery

It has been recognized that specific regions of the GI tract may offer potential in terms of 

macromolecular absorption. It has been suggested that regions such as the colon, which 

possess less degradative enzymes, may offer a less harsh milieu to peptide and protein 

drugs before absorption (Hastewell et al., 1992). In studies of enzymatic activity in the 

intestinal mucosae and fluids, Tozaki et al. (1998) found that the activity of 

endopeptidases and exopeptidases was higher in the jejunum and ileum than in the colon. 

Bai (1993) reported that the activity of angiotensin converting enzyme and 

endopeptidase-24.11 was higher in the small intestine than in the large intestine. The 

absorption of human calcitonin across the rat colon in vivo was investigated by Hastewell 

et al (1992). Bioavailability of intracolonically administered calcitonin was low, at 0.5%, 

0.9% and 0.2% for doses of 5.0,1.0 and 0.1 mg/kg, respectively.

Low colonic bioavailability of calcitonin might be explained by the findings of Tozaki et 

al. (1995), who examined the metabolism of insulin and human calcitonin by 

microorganisms in rat caecal contents. Both insulin and calcitonin were markedly
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degraded, with calcitonin more susceptible to proteolysis in rat caecal contents than 

insulin. Thus, while the activities of various proteases in the large intestine are generally 

lower than in the small intestine, higher levels of microorganisms in the large intestine 

may limit drug absorption from this region.

4.5.7 - Intestinal delivery

Intestinal absorption of salmon calcitonin in rats was investigated by Sinko et al. (1995), 

who used pharmacokinetic parameters to determine that the absolute bioavailability 

following intraduodenal administration of 1 mg and 2 mg doses was 0.022%. It was 

noted that although duodenal absorption of sCT was low, the pharmacodynamic response 

in rats was significant, suggesting that the oral delivery of sCT is feasible. The authors 

suggested that efforts to enhance sCT absorption should include targeting specific 

intestinal sites in conjunction with the coadministration of agents that modulate the 

intestinal environment (enhance permeability and/or reduce enzymatic activity).

Tozaki et al. (1998) addressed this by examining the use of protease inhibitors to improve 

human calcitonin absorption from the small and large intestine in rats. The absorption 

experiments were investigated by in situ use of closed intestinal loops in rats, and, 

stability of calcitonin was examined in mucosal homogenates and intestinal fluids. The 

intestinal absorption of calcitonin was evaluated by measurement of hypocalcaemic 

effect. No substantial hypocalcaemic response was observed when calcitonin was 

administered to the jejunum or colon. A slight hypocalcaemic effect was observed after 

administration of calcitonin into the ileum (pharmacological availability 0.40%). Of the 

coadministered protease inhibitors, bacitracin (20 mM) strongly promoted calcitonin 

absorption from the jejunum, ileum and colon, resulting in pharmacological availabilities 

of 0.99, 1.09 and 1.79%, respectively. In stability experiments, bacitracin was also the 

most effective of the inhibitors tested in reducing the degradation of calcitonin in the 

different intestinal homogenates. These results suggested that inhibition of degradation 

may be related to absorption enhancement.

An in vitro/in vivo relationship was further demonstrated by Sinko et al. (1999), who 

found a positive correlation between the effective permeability of sCT in rat intestinal
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tissue using side-by-side diffusion chambers and the bioavailability of sCT using an 

intestinal and vascular access port (IVAP) dog model (r  ̂ = 0.87). Regional specific 

absorption using the IVAP model was not demonstrated in this study, with ileal, duodenal 

and colonic bioavailabilities estimated to be 0.064 ± 0.022%, 0.039 ± 0.017% and 0.021 

± 0.004%, respectively, with unformulated sCT solutions. The effect of varying the input 

rate and volume of the administered solution on the extent of sCT absorption using the 

IVAP model was also examined. Low volimie and bolus input was determined to be the 

optimal condition since larger volumes and slower input rates resulted in significantly 

lower bioavailability, due to intestinal dilution and spreading. Oral delivery of 

hydroxypropylmethylcellulose phthalate-coated gelatin capsules containing sCT with 

citric acid (to induce a transient lowering of local pH), and two proprietary delivery 

systems containing citric acid and lauroyl carnitine chloride or sodium deoxytaurocholate 

resulted in absolute bioavalabilities of 0.30 ± 0.05%, 1.31 ± 0.56% and 1.10 ± 0.18%, 

respectively, in normal dogs. In a subsequent study, Lee et al. (1999) further investigated 

the impact o f regional intestinal pH modulation on the oral absorption of sCT. Enteric 

coated capsules containing sCT and various amounts of citric acid were tethered to a 

Heidelberg capsule and given orally to beagle dogs. The formulations were designated 

97B, 97C, 97D and 97E and corresponded to citric acid concentrations of 0, 145.7, 260.2 

and 565.1 mg/capsule, respectively. The intra-individual variation in gastric emptying of 

the delivery system was quite large. There were also large inter-individual differences in 

the disintegration and absorption properties of the various formulations. However, the 

peak plasma concentrations of sCT were always observed when the intestinal pH 

declined. The average baseline intestinal pH was 6.1 ± 0.2 and the average pH reduction 

was 2.6 + 0.4. There was a good correlation between the time to reach trough intestinal 

pH and the time to reach the peak plasma concentration. Plasma Cmax and area under the 

curve increased with increasing amounts of citric acid in the formulations with 

bioavailabilities of 0.02 ± 0.08% (97 B), 0.15 ± 0.09% (97 C), 0.25 ± 0.07% (97 D) and 

0.86 + 0.15% (97 E). The authors concluded that reducing the intestinal pH stabilized 

sCT in the GI tract by reducing the activity of intestinal proteolytic enzymes which have a 

maximal activity at pH 5 to 6.
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Absorption enhancement of orally administered salmon calcitonin by polystyrene 

nanoparticles having poly-N-isopropylacrylamide (PMIPPAm) branches on their surfaces 

was investigated by Sakuma et al. (1997). The hypocalcaemic effect after oral 

administration to rats of a mixture of sCT and PNIPAAm nanoparticles was affected by 

the administration schedule and the hydrophobicity of the nanoparticles. When a dose of 

the mixture was halved and the halves were given orally 40 minutes apart, sCT absorption 

was markedly enhanced by the PNIPAAm nanoparticles. In addition, hydrophobic 

PNIPAAm nanoparticles dispersed in a HCl-NaCl solution of pH 1.2 increased sCT- 

induced hypocalcaemic effect considerably. The divided administration of a mixture 

containing sCT and hydrophobic nanoparticles caused the greatest enhancement of sCT 

absorption. It was considered that the additional absorption enhancement was due to 

bioadhesion of PNIPAAm nanoparticles to the gastric mucosa.

A nanocapsule formulation approach was also investigated by Lowe and Temple (1994). 

The hypothesis for particulate delivery of calcitonin was to protect the peptide from 

degradation by proteases in the small intestine, delivering the compound to the systemic 

circulation after absorption of the intact particles Human calcitonin was successfully 

incorporated into polyisobutylcyanoacrylate (PICBA) nanocapsules with 90% of the drug 

encapsulated. When incorporated into PIBCA nanocapsules, calcitonin was significantly 

more resistant to protease degradation (pancreatin) than the free peptide. Calcitonin 

nanocapsules were administered duodenally to rats at 0.2mg/kg and compared with a 

control of the same dose of calcitonin in a 0.1% acetic acid solution. The nanocapsule 

formulation gave a later tmax at 15-30 minutes compared with the control, which had a tmax 

of 5 minutes. The Cmax was not significantly different for the two formulations. The 

pharmacokinetics reflected the degradation resistance of the nanocapsules, generating 

profiles characteristic of sustained delivery since the pharmacokinetic profile showed 

relatively higher plasma concentrations at the later time points. However, as these 

increases at the later time points were balanced by lower initial concentrations, together 

with variability in the results, the authors concluded that there was no significant overall 

enhancement of absorption.
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These studies reveal that oral bioavailability of sCT is very low (< 2.0%). Efforts to 

improve sCT intestinal absorption are required for effective and commercially viable oral 
delivery systems.
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Chapter 5 - Properties o f bile salts

5.1 - Introduction

The use of permeability enhancers for oral, nasal, rectal and transdermal delivery of polar 

and high molecular weight drugs has been widely investigated (Chapter 4). While the 

mechanisms and efficacy of permeability enhancers has been extensively studied, this 

approach has not progressed into general therapeutic use. This is mainly due to 

difficulties in demonstrating effective enhancement and uncertainty about the safety of 

agents which are effective permeability enhancers. Mixed micellar systems of bile salts 

and fatty acids have been shown to improve the absorption of peptide drugs across the 

nasal and intestinal mucosae (Tengamnuay and Mitra, 1990a; Tengamnuay and Mitra, 

1990b; Scott-Moncrieff et al., 1994; Lane et al., 1998). In addition, endogenous bile salts, 

such as chenodeoxycholic acid, have been used therapeutically since the early 1970’s for 

dissolution of gallstones with no consistent evidence of toxicity (Danzinger and Kurtas, 

1979). These finding suggest that bile salt/fatty acid mixed micellar systems may be safe, 

effective permeability enhancers for the delivery of peptide drugs.

5 .2 -B ile Fluid

Bile is produced in the liver and is secreted through the hepatic duct into the gallbladder 

where it becomes concentrated. The concentration of bile salts increases from 10-20 

mmol/1 in hepatic duct bile to 50-200 rrmiol/1 in gallbladder bile. The composition of 

human hepatic duct bile is listed in Table 5.1 (Kararli, 1989). During food intake, 

following stimulation by the intestinal hormones secretin and cholecystokinin, bile fluid 

is secreted into the duodenum (Lin, 1975).
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Water 97.0 %

Bile salts 0.7 %

Bile pigments 0.2 %

Cholesterol 0.06 %

Inorganic salts 0.7 %

Fatty acids 0.15%

Lecithin 0.1 %

Fat 0.1 %

Alkaline trace

phosphatase

Table 5.1 - Composition of human hepatic duct bile (Kararli, 1989).

5.3 - Enterohepatic circulation

Bile salts are the Na^ and salts of the bile acids conjugated to glycine and taurine. In 

humans, the circulation of the bile salts is confined to the enterohepatic circulation. This 

includes the liver, gallbladder, biliary tract, intestinal tract and portal venous system. 

Although in the jejunum some bile acids are absorbed by passive diffusion, 95% of the 

secreted bile acids are actively absorbed in the terminal ileum. The ileal absorption is 

competitive for each bile acid and is Na^ ion dependent (Wilson and Dietschy, 1972). 

Approximately one quarter of the conjugated bile acids reaching the ileum have amino 

acids moieties removed by the action of bacterial enzymes. Following reabsorption, these 

conjugated or deconjugated bile acids are transported back to the liver primarily by the 

portal blood, while only 1% escape into the peripheral blood. The unabsorbed bile acids 

move into the large intestine where they are excreted. There is continuous synthesis of 

bile acids in the liver in amounts just sufficient to balance the fi-action lost through 

excretion. Each day, one third to one quarter of the primary bile acids, cholic and 

chenodeoxycholic acids, is lost or converted by anaerobic bacteria to the secondary bile 

acids, deoxycholic and lithocholic acids (Whiting, 1986). Up to one half of the 

deoxycholic acid is reabsorbed in the intestine. Following its conjugation in the liver with
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glycine and taurine, deoxycholic acid is recycled in the enterohepatic circulation in a 

manner similar to the primary bile acids. The unabsorbed deoxycholate is excreted. 

Lithocholic acid is relatively insoluble in water and poorly absorbed in the intestine. In 

humans, the size of the bile salt pool is approximately 3.5 g, and it is recirculated four to 

five times every day, while losing only 0.2 g/day to excretion.

5.4 - Physicochemical properties

Bile salts, conjugated or free, have surface active properties. In aqueous solution, the 

hydroxyl groups project away from the plane of the cyclopentanophenanthrene nucleus 

with alpha orientations. The mobility of the aliphatic chain allows the carboxyl group to 

lie in the same direction as the hydroxyl groups. Because of these characteristics, bile 

salts are polar and amphiphilic (Carey and Small, 1972). Some of the important 

physiological properties of bile salts, such as lipid transport by solubilization, are derived 

from the amphipathic nature. Other functions of bile salts are their secretory and 

regulatory properties which control bile acid and cholesterol biosynthesis by a negative 

feedback mechanism, and, complexation properties for cations which enhance the 

intestinal absorption of Câ "̂  of Fê "̂  (Coello et al, 1996). Free bile acids normally 

precipitate from solution at neutral pH at greater than 22mM concentrations. The 

conjugation of bile acids with glycine and taurine renders the molecule more water 

soluble and also lowers its pKa. This is important in reducing the precipitation of bile 

salts in the relatively acidic environment of the duodenum. Bile salts form micelles in 

solution through back-to-back hydrophobic interactions of two or more molecules. The 

critical micelle concentration (CMC) values of the free and unconjugated bile salts are in 

the range of 0.6 to 14 mM, depending on the bile salt, the amount of NaCl present in the 

solution, and the pH and temperature of the medium (Coello et al., 1996). The 

aggregation number, i.e., the number of bile salt molecules in a given micellar form, also 

varies significantly depending on the same factors listed above. The aggregation number 

in the primary and secondary bile salt micelles are 2 to 10 and 12 to 100, respectively 

(Kararli, 1989). Aggregation numbers for primary sodium cholate and sodium 

taurocholate micelles have been reported as 3 ± 1 and 5 ± 3, respectively (Coello et al.
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1996). Chemical structures o f  di- and trihydroxy bile salts, including those used in the 

present study, sodium cholate (NaC), sodium glycocholate (NaGC) and sodium 

taurocholate (NaTC), are shown in Table 5.2. Log k’ values, which can be used to predict 

the hydrophilic-hydrophobic balance o f  a bile salt on the basis o f  its retention factor (k’) 

with reversed phase HPLC, are also shown.

HO

R1 R2 R3 log k’
Dihydroxy bile salts
Sodium deoxycholate H OH COONa 1.016
Sodium glycodeoxycholate H OH CONHCHzCOONa 0.668
Sodium taurodeoxycholate H OH CONHCHzCHaSOjNa 0.542

Sodium chenodeoxy cholate OH H COONa 0.949
Sodium OH H CONHCHzCOONa 0.618
glycochenodeoxycholate
Sodium OH H C0 NHCH2CH2S03Na 0.485
taurochenodeoxycholate

Trihydroxy bile salts
Sodium cholate OH OH COONa 0.668
Sodium glycocholate OH OH CONHCHzCOONa 0.357
Sodium taurocholate OH OH C0 NHCH2CH2S03Na 0.212
Sodium tauroglycocholate OH OH CONHCHzCONHCHjCHzSOsNa 0.236

Table 5.2 - Chemical structures and hydrophobicity o f  bile salts (Nakada et al., 
1989)
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5.5 - Bile salt simple micelles as absorption enhancers

A large number o f absorption enhancers , including surfactants, bile salts, chelating 

agents and fatty acids have been used to enhance the intestinal absorption of peptide and 

protein drugs (Lee, 1991b). Absorption enhancers have been classified on the basis of 

enhancing effectiveness and irritation to the barrier of the gastrointestinal tract 

(Muranishi, 1990). Table 5.2 shows this classification system which lists bile salts among 

the safest and most effective absorption enhancers.

I Strong and fast 
reactivity, with 
fast recovery of 
barrier function

Comparatively safe Fatty acids: such as capric, oleic, 
linoleic and arachidonic acid and 
their monoglycerides 
Acylcamitines: Alkylsaccharides

II Moderate and fast 
reactivity, with 
fast recovery

Comparatively safe Bile salts: such as cholate and
STHDF
Salicylates

III Strong or 
moderate
reactivity, with 
slow recovery

Remaining cell or tissue 
disturbance

Strong surfactants: such as SLS, 
polyoxy-23 lauryl ether, Brij 35 
Chelating agents: such as EDTA 
and citric acid

IV Moderate 
reactivity as water 
miscible solvents

Comparatively safe, but 
cautious of systemic side 
effect

DMSO, DMAC, DMF and 
ethanol

Table 5.2 - Classes o f absorption enhancers (Muranishi, 1990).

From a safety point o f view, the more polar bile acids have been observed to be less 

acutely damaging to the intestinal mucosa, which is an important consideration for
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chronic dosing regimes (Curatolo and Swenson, 1991). This is supported by studies of 

Shao and Mitra (1992) who found the maximum protein solubilising activity (as 

measured by protein concentration in perfusate) following rat in situ nasal perfusion to be 

Sodium Deoxycholate (NaDC)>NaC>NaGC>Sodium Taurocholate (NaTC), in 

descending order. A comparison of marker enzyme activities (5’-ND a membrane bound 

en2yme, and LDH, an intracellular enzyme) in perfusates showed that while both NaDC 

and NaGC caused comparable 5’-ND release firom nasal membrane, intracellular LDH 

release was significantly higher with NaDC (dihydroxy bile salt). Therefore, they 

concluded that the dihydroxy bile salt NaDC caused intracellular damage and cell lysis, 

whereas the trihydroxy bile salt NaG appeared to produce primarily mucosal membrane 

pertiu’bations.

Much of the work investigating the efficacy of bile salts as absorption enhancers has 

focused on the nasal absorption of insulin. S. Hirai et al. (1981a) found that the absolute 

bioavailability of nasally administered insulin was increased from 5% to 30% in the 

presence of 1% sodium glycocholate. The mechanism of enhancement was investigated in 

a subsequent study (Hirai et al. 1981b). The relationship between the absorption 

promoting effect of surfactants and their effect on biomembranes was examined by 

quantitating protein release from the nasal mucosa and from erythrocyte hemolysis 

studies. A good correlation was observed between the effects on the membrane and the 

absorption promoting effect of the non-ionic surfactants. Bile salts, on the other hand, 

showed milder effects on the biomembrane, that is lower hemolytic activity and less 

protein release than those of other surfactants, while the absorption promoting effects 

were nearly the same. An additional mechanism for the absorption promoting effects of 

bile salts was proposed and the effect of surfactants on the activity of proteolytic enzymes 

was examined. The addition of bile salts resulted in a significant inhibition of insulin 

degradation. NaC, NaGC and NaTC showed approximately the same degree of inhibition 

of leucine Eiminopeptidase activity (84.9 - 87.4%). These effects would appear to be non

specific as Dietschy (1967) reported that the addition of bile salts to tissue preparations of 

the small bowel resulted in the inhibition of ATPase activity and almost every process
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involving oxygen utilization, as well as the synthesis of protein from amino acids, of 

sterol and fatty acids from acetate, and of triglyceride from glucose and fatty acid. 

Structure-function studies on a series of naturally occurring bile salts were carried out by 

Gordon et al. (1985) by testing their ability to enhance insulin absorption across the 

human nasal mucosa. They found that there was a positive correlation between adjuvant 

potency and increasing hydrophobicity of the unconjugated bile salts’ steroid nucleus. It 

was proposed that bile salts act as absorption enhancers by a) producing high 

juxtamembrane concentrations of insulin monomers by the formation of mixed bile 

salt/insulin micelles and b) forming reversed micelles which span nasal membranes and 

through which insulin monomers can diffuse. Murakami et al (1984) also investigated the 

effect of chemical structure and/or physicochemical properties on the efficacy of bile salts 

as absorption enhancers. The found that bile salts having higher hemolytic activity, higher 

lipophilicity and higher values of lipophilicity x calcium ion sequestration capacity 

showed higher promoting effects on rectal absorption of sodium ampicillin.

Dissociative properties of bile salts were investigated by Li et al. (1992). Insulin 

molecules are known to undergo self-association in aqueous solution. The dissociation 

characteristics of insulin oligomers by bile salt micelles were studied using circular 

dichroism and in vitro degradation studies. It was found that the rate of a-chymotrypsin 

mediated degradation of insulin (zinc insulin hexamers and sodium insulin dimers) was 

enhanced in the presence of NaGC. This effect was found to be dependent on the NaGC 

concentration. The rate of degradation of zinc insulin reached a maximum of 5.4-fold in 

the presence of 30 mM NaG, while sodium insulin degradation was increased 2.1-fold 

with 10 mM NaGC. The results indicated dissociation of insulin oligomers to monomers 

by bile salt micelles, probably by hydrophobic micellar incorporation of monomeric units. 

These values were close to the theoretical values of 6- and 2-fold, respectively, as 

predicted by complete dissociation to monomeric form. Similar dissociation properties 

were observed with NaGC, NaTC and NaDC (Shao et al., 1993). These results appear to 

be in contrast with those reported by Hirai et al. (1981b). However, leucine 

aminopeptidase hydrolyses only zinc-free insulin and at a very slow rate as compared to 

a-chymotrypsin. Also leucine aminopeptidase attacks insulin only at its N-terminus.
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Therefore, solubilization of insulin side chains may prevent its hydrolysis by leucine 

aminopeptidase. On the other hand, a-chymotrypsin possesses a high activity and cleaves 

insulin at various sites (Schilling and Mitra, 1991).

The underlying mechanisms of bile salt-induced absorption enhancement of drugs have 

been proposed to be a combination of several modes: a) a direct membrane damaging 

effect ranging from dilation of the paracellular junction to extensive bilayer destruction; 

b) inhibition of degradative enzymes thus reducing presystemic clearance and c) micellar 

solubilization of hydrophobic penetrant (Shao and Mitra, 1994). The last mode of action 

leads to tŵ o distinctly opposite consequences: i) increased total solubility of a 

hydrophobic substrate and creation of a higher juxtamembrane concentration gradient and 

ii) reduced thermodynamic activity of the penetrant due to partial incorporation into the 

micellar interior.

5.6 - Bile salt/fatty acid mixed micelles as absorption enhancers

A variety of fatty acids have been reported to increase the permeability of the intestinal 

wall to drugs which are highly polar and/or have a high molecular weight (Yamazaki et 

al., 1990). Intestinal perfusion studies suggest that fatty acids in general are secretogogues 

(induce luminal water secretion) and are locally damaging to the intestinal epithelium. 

However, these results may not accurately reflect the true in vivo situation. Diet-derived 

fatty acids in luminal fluid do not exist free in solution but are emulsified and solubilized 

in a complex multiphasic mixture of biliary bile salts, biliary and dietary lecithin, 

lysolecithen, triglyceride and monoglyceride.

Mixed micelles of naturally occurring unsaturated long chain fatty acids and their 

monoglycerides with bile salts have been shown to exhibit absorption enhancing abilities 

which are basically harmless to the intestinal mucosa (Muranishi, 1990). The structure of 

the lipid component of mixed micelles was shown to affect the adjuvent potency 

(Tengamnuay and Mitra, 1990a). Mixed micelles of NaGC and cw-linoleic acid (cis- 

9,cis-12-octadecadienoic acid), ^raw-linolelaidic acid (trans-9,trans-12-octadecadienoic 

acid) or oleic acid (cis-9-octadecenoic acid) were equally effective and showed a
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significant increase in the in vitro nasal absorption of [D-Arg^]kytorphin, a dipeptide, 

relative to bile salt alone. Conversely, mixed micelles of NaGC and the trans-isomer of 

oleic acid, elaidic acid (trans-9-octadecenoic acid), promoted absorption to the same 

extent as bile salt alone. The promoting effect of NaGC/linoleic acid mixed micelles on 

nasal absorption of the peptide was shown to be synergistic, i.e., greater than that 

produced by bile salt or fatty acid alone. The promoting effect appeared to be reversible, 

since the nasal membrane permeability returned to its original state within 20-40 minutes 

following removal of the mixed micelles. In vivo nasal absorption of larger peptides, such 

as insulin, in the presence of NaGC/linoleic acid mixed micelles has also been reported 

(Tengamnuay and Mitra, 1990b).

Mixed micellar systems of NaGC and linoleic acid have been shown to improve the 

intestinal absorption of insulin. Scott-Moncrieff et al. (1994) examined the efficacy of 

mixed micellar formulations on the enhancement of intestinal insulin absorption in rats 

using an in situ closed-loop method. A maximum bioavailability of 41% was achieved 

when insulin was administered in combination with NaGC/linoleic acid (30:40 mM). 

When the same formulation was administered to dogs by endoscopy, the mean 

bioavailability was 1.8%. Results from the dog study confirmed an absorption promoting 

effect; however, the efficacy of the mixed micellar formulation in enhancing insulin 

uptake across the small intestine in dogs was much lower and more variable than in rats. 

Radiographic imaging showed rapid dispersion of the formulation in the canine intestine. 

Rapid dilution of the absorption enhancers and greater exposure of the insulin molecule 

to proteolytic enzymes might explain this species difference.

Studies of the effect of mixed micellar systems on the in vitro stability of insulin in rat 

gut effluent revealed that insulin degradation was enhanced in the presence of trihydroxy 

bile salt/linoleic acid (40:40 mM) mixed micelles, relative to control (Lane et al., 1998). 

On the other hand, in situ intestinal absorption of insulin was increased using these 

systems. This study highlights the complexity of the mechanisms of action of simple 

mixed micellar systems, with particular reference to insulin and other peptides which are 

known to self-associate. A balance must be created between the rate of insulin absorption 

(increased mucosal diffusivity by bile salt-induced deaggregation) and biodegradation at
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the site of absorption (deaggregation resulting in increased exposure to degradative 

enzymes).

The general underlying mechanisms which account for enhancement of peptide and 

protein drug absorption by bile salt/fatty acid mixed micelles are also complex. Firstly, 

the bile salt component in the combination facilitates fatty acid solubilization, generating 

a clear aqueous micellar system. Bile salt micelles are also able to extract membrane 

proteins and phospholipids, thus reducing the barrier integrity. Secondly, the solubilized 

long-chain cis-unsaturated fatty acid molecules are able to increase biomembrane 

permeability significantly by inserting the kinked hydrophobic segment into the tightly 

packed phospholipid bilayers (Muranishi, 1990). This incorporation creates disorder to 

the diffusion barrier and, as a result, facilitates transcellular drug transport. Finally, mixed 

micelles have also been found to be able to enlarge the equivalent pore radius of the 

intestinal pore membrane, leading to improved paracellular diffusion through the enlarged 

paracellular tight jimction (Tomita et al., 1988).
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Chapter 6 - Pharmacokinetic/Pharmacodynamic Modeling

6.1 - Introduction

Following administration of a pharmacologically active drug, concentrations of that drug 

appear in various tissues and ultimately a physiologic effect is produced. 

Pharmacokinetics (PK) is the study of the time course of drug administration and 

subsequent absorption, tissue distribution, metabolism and elimination from the body. 

Serum or plasma drug concentrations of drug over time are used to characterize these 

pharmacokinetic parameters.

Pharmacodynamics (PD) is the study of the relationship between the drug concentration 

at the site of action and its resultant effects on the body. In general, it is not possible to 

measure actual drug concentrations at the active site. Therefore, pharmacodynamic 

analyses frequently require an assumption that the concentration of drug in the blood or 

other measurable body fluid is related to the concentration at the active site. Thus by 

combining plasma drug concentration data (PK) with measures of drug response (PD) in 

mathematical models, a greater understanding of the relationship between the dose of 

drug administered and the magnitude of the resulting physiologic effect can be achieved. 

This relationship is illustrated in Figure 6.1.

PHARMACOKINETICS PHARMACODYNAMICS

concentration vs. time effect vs. concentration

PK/PD MODEL

effect vs. time

Figure 6.1 - Schematic relationship between pharmacokinetics,
pharmacodynamics and PK-PD modeling (Hochhaus and Derendorf, 1995)
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6.2 - Model components

A PK/PD model generally consists of a pharmacokinetic model selection and a 

pharmacodynamic model selection. Semiparametric and nonparametric models have been 

described (Verotta et al., 1987, Verotta et al., 1989), however parametric modeling 

approaches are more commonly used and will be discussed hereafter.

6.2.1 - Pharmacokinetics

Salmon calcitonin disposition following IV administration has been examined in detail 

and found to follow the classical open two-compartment PK model (Beveridge et al., 

1976; Huwyler et al., 1979; Ardaillow et al., 1973; Azira, 1989). PK parameters 

following IV bolus administration of sCT to rats as determined by Sinko et al. (1995) 

using non-compartmental methodology are given in Table 1.

Cl (mL/min) 2.58 ±0.34

V ss(L) 0.14 ±0.01

MRT 57.7 ± 11.3

ke (1/min) 0.02 ± 0.002

ti/2 (min) 40.0 ± 7.8

Table 1 - Mean pharmacokinetic parameters following intravenous administration 
of rsCT to rats (Sinko et al., 1995)

PK models, used in the present work, relate drug concentration to the observed effect 

following bolus IV, bolus intestinal and intestinal perfasion. The classical two- 

compartment open model with central compartment elimination and bolus IV 

administration can be used to evaluate plasma drug levels following IV drug 

administration. The drug concentration in the central compartment as a function of time is 

described by;
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Cp = A e‘“* + B Equation 6.1

where Cp is the plasma drug concentration, A and B are the intercepts on the y axis for 

each exponential segment o f  the curve and a  and P are hybrid first-order rate constants 

for the distribution phase and elimination phase, respectively (Wagner, 1993).

For analysis o f  plasma drug levels following bolus intestinal administration, a first-order 

absorption model is applicable. The concentration, Cp, in the central compartment at time 

t for the two-compartment open model with first order absorption is described by;

F is the fraction o f the dose, D, which is absorbed, Vc is the volume o f the central 

compartment, ka is the first order absorption rate constant and k2 i is the first order rate 

constant for distribution from the central to the tissue compartment (Wagner, 1975).

During zero order input, such as intravenous infusion or intestinal perfusion, the 

concentration, Cp, in the central compartment at time t is given by;

Cp = ko(k2 i - a )* [l - exp(-at)]/ a(P-a)V c Equation 6.6

+ ko(k2 i -p)*[l - exp(-pt)]/ P(a-p)Vc

This is during the interval 0< t< T, where T is the duration o f the zero-order input.

After the zero-order input ceases (i.e. when t > T), the concentration is given by

Cp = A e'“‘ + B e"P‘ + C Equation 6.2

where.

A  =  ((kaFD )A ^c) * [(k2i - a )/((k a  - a )* (p  - a ) ) ]  

B = ((kaFD )A ^c) * [(k2i - P)/((ka - P )* (a  - P ))] 

C = ((kaFD )A ^c) * [(k 2i - k a )/((a  - ka)*(P '  ka))]

Equation 6.3 

Equation 6.4 

Equation 6.5
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Cp = (ko(k2i-a)(e^“'̂  - l)e'“‘)/ a(p-a)Vc 

+(ko(k2i-P)(e^P^ - l)e"“V  p(a-p)Vc

Equation 6.7

Where, ko is the zero-order input rate constant (Wagner, 1993).

The concentration, Ct, in the peripheral or tissue drug compartment at time t is described

6.2.2 - Pharmacodynamic Model

The pharmacodynamic model relates drug concentration as described by the kinetic 

model to the observed effect. In the simplest case, the observed effect is directly related to 

drug concentrations at the effect site, with effect site and plasma concentrations in 

equilibrium. Under these conditions, the plasma concentration serves as input for the 

concentration-effect relationship, hi this situation the relationship can be described by the 

sigmoidal Emax model, an empirical function derived from drug-receptor interaction 

theory for describing non-linear concentration/effect relationships (Holford and Sheiner, 

1982), according to:

Where the effect, E, is a fiinction of Emax, the maximum effect, c, the drug 

concentration, Ecso, the concentration of drug that produces half of the maximal effect, 

and n, a dimensionless exponent that accommodates the shape of the curve. In cases 

where the variable of interest is described as a decrease from a baseline value, the 

inhibitory Emax model is applicable;

by;

Ct = ((k2i*D)AV*(P-a)) * e'“‘ - e'P‘ Equation 6.8

E  =  Emax*c7(EC5o" +  c")'max Equation 6.9
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E = Ro- (Emax * c7(Ec5o" + c")) Equation 6.10

where Ro is the baseline response.

In terms of plasma drug concentration versus physiological response, the parameter C50 is 

a measure o f drug potency; more potent drugs have a lower C50 and vice versa. Its value 

determines the location o f the concentration/effect profile along the concentration axis. 

Figure 6.2 shows the simulated effect of changes in C50 on the dose/response profile.

Emax

Concentration

Figure 6.2 - Simulation o f the effect of changes in C50 on the concentration/effect 
profile of the Emax model.

Figure 6.3 shows the effect that the Hill factor, n, has on the concentration/effect 

relationship. An increase in n from 1 to higher values increases the slope of the 

concentration/effect curve at the midpoint. This means that the concentration/effect 

relationship is steeper with small increases in concentration aroimd C50 resulting in more 

dramatic changes in effect.
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Emax

Concentration

n =  0

Figure 6.3 - Simulation of the effect of changes in n on the concentration/effect 
profile of the Emax model

6.3 - Classification of PK/PD models

PK/PD models can be classified according to the relationship between the 

pharmacokinetic data and the pharmacodynamic data. Meibohm and Derendorf (1997) 

classified these models under the following headings:

- Direct link versus indirect link models

- Direct response versus indirect response models

- Soft link versus hard link models

6.3.1 - Direct link versus indirect link models

In a direct link model the plasma drug concentration is directly linked to the concentration 

at the effect site. Equilibrium is assumed to be rapidly achieved under both steady state 

and non-steady state conditions. Plasma concentrations can directly serve as input in the 

pharmacodynamic model, with concentration and effect maxima occxirring at the same 

time. Meffin et al. (1977) were among the first to use the sigmoidal Emax model to 

describe the antiarrhythmic effects of the cardiovascular drug tocainide. This approach
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was used more recently by Auler et al. (1997) to link analgesia to the plasma 

concentration o f diclofenac. This relationship is shown schematically in Figure 6.4.

Central Effect

Pharmacokinetics Pharmacodynamics :

Figure 6.4 - Direct link between measured concentration in the central 
compartment and observed effect, kg is the first-order elimination rate constant.

8
1

The direct link model assumes that the concentrations of drug at the active site are 

constant and that the PD parameters, Emax, C50 and n, are time-invariant throughout the 

observation period. This is typically only achieved with long term intravenous infusions 

or multiple dose regimens. Indirect models may be indicated if there is a temporal 

dissociation between the time courses of concentration and effect. Graphical display o f 

the relationship between central compartment concentrations and drug effect may reveal a 

counter-clockwise hysteresis loop when the points are joined in time sequence (Holford 

and Sheiner, 1982). This form of hysteresis is characteristic of a delay in equilibration 

between plasma drug concentration and the concentration of drug at the effect site. This 

process can be rate-limiting in the overall pharmacological process.

In some cases the time course o f the effect can be accurately described using a peripheral 

compartment o f a multi-compartment pharmacokinetic model. The equilibrium of drug 

with the effect site must have the same time course as drug concentrations in a 

compartment derivable from the central compartment concentration. Using this approach 

Wagner et al. (1968) linked the tissue compartment o f a two-compartment 

pharmacokinetic model to a linear pharmacodynamic model to describe the time course
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of lysergic acid (LSD) on mental performance in humans. Tissue drug levels (Ct) in a 

two-compartment model following IV drug administration can be described by;

C, = ((k2 i*D)A^*(P-a)) * e-“‘ - e'P‘ Equation 6.8

A pharmacodynamic model linked to a peripheral compartment in a multi-compartment 

pharmacokinetic model is shown schematically in Figure 6.5.

Emax ModelCentral

: PharmacodynamicsPharmacokinetics

Tissue Effect

Figure 6.5 - Indirect link between the peripheral compartment (first order rate 
constants k ^  and k2 i) o f a multicompartment pharmacokinetic model and a 
pharmacodynamic model.

A more general model for an indirect link between plasma concentration and effect was 

described by Sheiner et al. (1979). This model postulates a hypothetical effect 

compartment, the dynamics o f which are adjusted to reflect the temporal dynamics of 

drug effect. The effect compartment is modeled as an additional compartment linked to 

the plasma compartment by a first-order process according to;

Ce = (D*keoA^d*(keo-ke)) * (e'*̂®* - e'‘'®°*) Equation 6.11

where Ce is the theoretical effect compartment drug concentration, D is the dose of drug 

administered and keo is the first-order transfer rate constant for the elimination of drug
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from the effect compartment (Hochhaus and Derendorf, 1995). The hypothetical amount 

of drug in the effect compartment is then related to the observed effect by the Emax 

equation.

A schematic representation of the model is shown in Figure 6.6. The effect compartment 

is shown connected to the central compartment by a first-order rate constant, kie. Drug 

dissipation from the effect compartment occurs by means of a second first-order rate 

constant, keo- The rate constant connecting the central compartment to the effect 

compartment is assumed to be negligible relative to the smallest rate constant of the 

pharmacokinetic model and therefore does not enter into the pharmacokinetic solution for 

the mass of drug in the body. In contrast, the rate constant for drug removal from the 

effect compartment will characterize the temporal aspects of equilibration between 

plasma concentration (cp) and effect. Sheiner et al. (1979) used this model to relate d- 

tubocurarine plasma levels with effect, as measured by degree of ulnar nerve paralysis in 

patients undergoing elective surgery.

Tissue Central

▼

Pharmacokinetics

Effect
Compartment Model

Pharmacodynamics

Effect

Figure 6.6 - Indirect link between a hypothetical effect compartment and a 
pharmacodynamic model.
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6.3.2 - Direct response vs. indirect response models

Direct response models

Direct responses are effects produced by drugs that act immediately on measured 

response variables, and are observed in relation to drug concentrations at the active site 

without time lag. For some drugs, responses take time for their development and are not 

apparently related to plasma concentration because of an equilibration delay between the 

plasma compartment and the effect site. These distributional processes may be accounted 

for by linking the effect model with a tissue or effect compartment in a pharmacokinetic 

model as described above. Hence, effect compartment models, models using peripheral 

pharmacokinetic compartments as effect site concentrations and direct link models are all 

classified as direct response models.

Indirect response models

For indirect pharmacodynamic responses there is a lag time for the development of a 

response even after the drug reaches the site of action. A temporal dissociation between 

plasma or biophase concentration and the time course of pharmacodynamic response 

which cannot be attributed to distributional processes may indicate an indirect response 

mechanism.

Dayneka et al. (1993) proposed a family of four basic indirect response models to account 

for the most commonly observed types of responses. The basic premise of these models is 

that a measured response (R) to a drug may be produced by indirect mechanisms. Factors 

controlling the production (kin) of the response variable may be stimulated or inhibited, or 

the determinants of the loss (kout) of the response variable may be stimulated or inhibited. 

The rate of change of the response over time with no drug present can be described by

dRIdt = k i n  - k o u t  * R Equation 6.12

where kin is the zero-order constant for production of the response, kout is the first-order 

rate constant for loss of the response and R is the response variable.
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Model 1 and Model 2 represent inhibitory processes that operate according to the 

classical inhibitory function, I(t)

where Cp is the plasma concentration o f  drug as a function o f time, IC50 is the drug 

concentration which produces 50% o f maximum inhibition achieved at the effect site and 

Imax is the maximum inhibitory factor attributed to the drug (0 < Imax ^1)-  Accordingly, 

the rate o f  change o f  drug response in Model 1, which describes an inhibition o f  the 

factors controlling the production o f the response variable, is given by

dRIdt = kin * I(t) - kout * R Equation 6.14

Model 2 describes drug response that results from inhibition o f the factors controlling the 

dissipation o f  the response variable according to

dRJdt -  kin - kout * I(t) * R Equation 6.15

Model 3 and Model 4 represent processes that stimulate the factors controlling the

response variable and operate according to the stimulation function, S(t)

where Smax is the maximum effect attributed to the drug and SC50 is the drug 

concentration producing 50% o f the maximum stimulation.

Model 3, which describes stimulation o f the factors controlling the production o f the 

response variable, is given by

I(t) = 1 - (Imax * Cp/(Cp + IC50)) Equation 6.13

S ( t ) = l +  (Smax*Cp/(Cp + SC50)) Equation 6.16

dRIdt = kin * S(t) - kout * R Equation 6.17
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Model 4 describes drug response that results from stimulation of the factors controlling 

the dissipation of the response variable according to

dRJdt = kin - kout * S(t) * R Equation 6.18

The simulated effect of changes in dose on the profile of the response versus time curve 

for Models 1 and 4 and Models 2 and 3 are shown in Figures 6.7 and 6.8, respectively. 

Simulations were performed using methylprednisone pharmacokinetic and indirect 

response parameters, as illustrated by Dayneka et al. (1993). Plasma concentrations (Cp) 

were generated using a one-compartment pharmacokinetic model;

Cp = (DA^)* e-'̂ *̂ Equation 6.19

where ke is the first-order rate constant for drug elimination, D is the dose of drug and V

is the volume of distribution. The doses used were 1, 10,100 and 1000 mg, the volume of

distribution was 86 L and ke was 0.29 hr■  ̂ The indirect response parameters used are 

listed in Table 6.2.

Parameter ModeU Mo del 2 Models'• Model 4

EC50 8.06 8.06

Em ax 4 4

IC50 8.06 8.06

kin(unit/hr) 6.10 6.10 6.10 6.10

k o u t (hr'*) .24 1.22 1.22 0.24

Ro (unit) 25 5 5 25

Table 6.2 - Parameters used for indirect response model simulations
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a.)
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b.)

1 mg 
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100 mg 
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10 -
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Figure 6.7 - Model 1 (a) and Model 4 (b) simulation of the response as a fiinction 
of time after a single IV bolus dose
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Figure 6.8 - Model 2 (a) and Model 3 (b) simulation of the response as a fiinction 
of time after a single IV bolus dose
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same value, governed by kout, independent of dose. In addition, the maximum observed 

response (R m a x )  occurs much later than the time of occurrence o f maximal plasma drug 

concentration and all four models show a slow return to baseline which continues to 

occur when plasma drug concentrations decline to very low values. This is because the 

drug causes incremental inhibition or stimulation for as long as Cp > IC 5 0  (or S C 5 0 ) .  After 

the response reaches a maximum or minimvim, the return to baseline is then a function of 

both kin and drug elimination (ke). Therefore, the response lasts beyond the presence of 

effective drug levels because of the time required for the system to regain equilibrium 

(when kin = kout * Ro)-

Implicit solutions exist for some of the characteristics of the four indirect response 

models (Sharma and Jusko, 1996, Krzyzanski and Jusko, 1998). Solutions for maximum 

response (R m a x ) , drug concentration occurring at R m ax (C rm ax ), area between the baseline 

and effect curve (ABEC) and value of the initial slope (Si) are given as;

Maximum response (R m ax ) as Dose 00 or IC 5 0  (  S C 5 0 )  0 :

R m ax Ro * (1 - Im ax)

R m a x ^  R o  /  (1  ■ Im ax) i f  Imax 1

R m a x - >  00 if  Im a x  1

R m ax R o  *  (1  +  Sm ax)

R m ax R o  /  (1 Sm ax)

where Ro is the baseline response prior to drug administration

Drug concentration occurring at Rmax (CRmax):

C R m a x  = IC 5 0  * (Ro - R m ax )/(R m ax  '  ((1 '  Im ax) * Ro)) Model 1

C R m a x  =  IC 5 0  * (R m ax  ‘  Ro)/(Ro '  ((1 '  Imax) *  R m ax )) Model 2

C R m a x ~  S C 5 0  *  (R m ax  " Ro)/((Ro * (1 + Sm ax)) " R m ax) Model 3

C R m a x  =  S C 5 0  *  (Ro -  R m a x ) /( (R m a x  * (1 '  S m ax )) ‘  Ro) Model 4

Model 1 

Model 2 

Model 2 

Model 3 

Model 4
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Area between the baseline and effect curve (ABEC):

ABEC = Ro * (Imax/ke) * ln (l + ((DA^)/IC5o)) Model 1

ABEC (D ^  co) =  Ro*(Imax/ke) * (1/(1-Imax)) * ln(l + ((DA/^)/ICso)) i f  Imax ^  1 M odel 2

ABEC (D ^  w) = Ro * (kout/2(ke)^) * In(l + ((DA^)/ICso)) i f  Imax = 1 M odel 2

ABEC = Ro * (S„ax/ke) * ln(l +  ((DA^ySCjo)) M odel 3

ABEC (D ^ 00) =  Ro * (Smax/ke)*(l/(l + Sn,ax)) * ln(l +  M odel 4

((DA^ySCso))

The limiting value o f the initial slope (Si) can be identified by setting Equations 6.15, 

6.16, 6.18 and 6.19 equal to zero when Cp -> oo. The limiting Si value will also depend on 

the maximum inhibition or stimulation factor (I„ ,a x  or S m a x ) of the drug. Since k in  = k o u t * 

Ro at steady-state, solutions are possible using ki„ or kout as follows:

Si kin * Imax ~ "kout * Ro * Imax Model 1

Si “  kin * Imax “  kout * Ro * Imax Model 2

Si kin * Smax ~ kout * Ro * Smax Modcl 3

S i = -kin * S m a x  = -kout * Ro * S m ax  Model 4

6.3.3 - Indirect response model identification

Equations 6.14 and 6.17 assume that drug effects correlate directly to plasma drug 

concentrations, thus Cp can be generated using any pharmacokinetic model which 

accurately describes drug input and disposition rates.

It is essential to apply appropriate indirect response models based on the fundamental 

actions o f the drug. This requires pharmacological knowledge regarding the mechanisms 

of drug action on the enzyme, receptor or mediator controlling the drug response. 

Pharmacodynamic response patterns occur downward for Model 1 and Model 4, and 

upward for Model 2 and Model 3. Accordingly, if  the drug causes a decrease in the 

pharmacodynamic response from its baseline value. Model 1 or Model 4 may be able to
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characterize the response pattern. Similarly, Model 2 or Model 3 may be applicable if the 

response increases from its baseline value.

Two methods can be used for complete experimental identification o f an appropriate 

indirect response model;

(i) an IV bolus study at more than one dose or

(ii) a steady-state IV infusion study at more than one infusion rate.

In the IV bolus study it is important that one of the doses be sufficiently high to produce 

the maximum effect. Pharmacodynamic parameters such as Imax (Smax) and IC50 (SC50) 

can be obtained by fitting the experimental data to the two models which describe the 

direction o f the response, i.e. Models 1 and 4 or Models 2 and 3.

Initial estimates o f response parameters may be calculated from experimental data 

following an IV bolus administration of drug. These parameters can then be used to 

estimate the maximum response at large doses. Thus one can determine which model is 

most suitable by comparing experimental Rmax values with estimated Rmax values for 

models which describe responses in the appropriate direction.

In an infusion study it is critical that the infusion length be sufficiently long to produce 

steady-state conditions in the pharmacodynamic system, based on the kout value. Smaller 

kout values will require longer infusion times and vice versa. The appropriate model can 

be determined by evaluation o f the time to reach maximvim response (TRmax) at different 

infusion rates. In Models 1 and 3 the TRmax remains constant with change in infrision rate 

because the drug affects kin for these two models. In contrast, in Models 2 and 4 the value 

of TRmax changes with infusion rate because the drug affects kout for these models (inhibits 

for Model 2 and stimulates for Model 4) and the kout value influences the time required 

for the pharmacodynamic system to reach steady-state.
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6.3.4 - Applications of Indirect Response Models

The concept of an indirect effect model was successfully applied by Jusko (1995) in 

describing the effects of corticosteroids. A complex, physiological pharmacodynamic 

model was developed which described the binding of corticosteroids to intracellular 

receptors, binding of the drug/receptor transcription factor complex to the DNA in the 

cell nucleus, intermediate transfer compartments to account for a time lag due to nuclear 

effects and protein synthesis, and hepatic TAT concentrations, a marker of glucocorticoid 

-mediated enzyme induction.

For more general application, four basic models of indirect response were described by 

Dayneka et al. (1993), who proposed that actions of classes of drugs such as cholinergic 

agonists/antagonists, adrenergic agonists/antagonists, opioid analgesics and antagonists, 

nonsteroidal antiinflammatory agents, 5-hydroxytryptamine agonists, hormones and

hormone agonists, might be characterized by such models. Sharma and Jusko (1998) ^
1

reanalyzed published pharmacodynamic and pharmacokinetic data using the four indirect 5

response models. They showed that the effects of the H2-receptor agonist nizatidine, ’

which blocks gastric acid secretion stimulated by histamine and other H2-receptor 

agonists, could be adequately be described using Model 1. Jusko and Ho (1994) also 

used previously published data to determine if drug responses could described using 

indirect response models. They used Model 1 to describe the actions of an anticoagulant 

(sodium warfarin) and an aldose reductase inhibitor (AL 1576). This model was also used 

to describe anti-inflammatory and immunosupressive responses to methyl-prednisolone.

The pharmacodynamics of cholinesterase inhibition by pyridostigmine, as measured by 

percent gain of muscular response, were summarized using Model 2 and the authors used 

Model 4 to evaluate p-adrenergic induced hypokalemia. Nieforth et al. (1996) used 

Model 3 to characterize the pharmacodjoiamics of interferon a-2a, which induces the 

synthesis of a factor that interferes with viral replication.

6.4 - Soft link versus hard link models

A soft link is implied if both the pharmacokinetic and pharmacodynamic data are used as 

input functions to define the link function between them (e.g. effect compartment or
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indirect response model parameters). Although this approach may have predictive 

capacity, the link is simply used to account for hysteresis in the concentration-effect 

relationship. In contrast, hard link models use pharmacokinetic data and other 

mechanism-specific variables, such as in vitro receptor binding affinity data (ko), to 

predict the time course of the effect. The hard link approach has been successfully applied 

by Jusko and Ho (1994) who found that in the case of AL 1576, methylprednisone and 

tolrestat there was very good agreement with the parameters foimd by indirect response 

models and the in vivo IC50, EC50 or ko values.
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l . \  - Materials

Synthetic salmon calcitonin, Bachem, UK, H-2260

(3-[^^^I]iodotyrosyl^^)salmon calcitonin, Amersham, IM 250

Calsynar salcatonin injection (0.5 mg/ml), Rhone-Poulenc Rorer

Sodium Bicarbonate, NaHC03, Sigma, S-5761

D-(+)-Glucose, Sigma, G-7021

Citric acid, Reidel-de-Haen. Code No. 33114

Trizma Base, Sigma, T-1410

Calcium Chloride, anhydrous, Sigma, C-4501

Sodium Chloride, Sigma, S-9888

Bovine serum albumin. Sigma, A7030

Bovine serum albumin, RIA grade. Sigma, A7888

Tween 20, Sigma, P-1379 5
\

Hydrogen peroxide solution 30%, BDH, Product No. 285194F ^

Para-formaldehyde, Sigma,

Triton-X, Sigma, X-100

Scintillation Cocktail, Ultima Gold, Canberra Packard, Cat. No. 6013329 

Cholic acid, sodium salt from sheep or ox bile, Sigma, C-1254 

Taurocholic acid, sodium salt, Sigma, T-4009 

Glycocholic acid, sodium salt. Sigma, G-7132

Linoleic Acid (sodium salt) approximately 99% by capillary GC, Sigma, L-8134

^H-Mannitol, Amersham

*^C-PEG 4000, Amersham

Hydranal composite 5, Reidel de Haen

Hydranal standard 5.00, Reidel de Haen

Methanol, Rathbum Chemicals Limited

Formamide, Aldrich Chemical Co.

Other chemicals were reagent grade obtained from Sigma

7.2 - Instrumentation

Techne, Tempette Junior, TE-8J Water Bath 

Balance, Mettler AE 240 

Orion pH Meter Model 520A
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Sigma 203 centrifuge

Tri-Carb 2100 series liquid scintillation counter

Gamma scintillation counter

Wilovert 1 Light Microscope

Hitachi H7000 transmission electron microscope

Microtitre plate reader, Dynatech

Sorval Ultracentrifiige

Infusion pump

The Advanced Osmometer Model 3D3, AGB

Waters LC module 1 plus with variable detector (Model 486) and autosampler

Hetosic cooling condenser Model CD52, Heto Lab Equipment

Hetofrig ice bath Model CB2, Heto Lab Equipment

Metrohm 701 KF Titrino meter

Gilson transfer pipettes, P20, P200, P I000

7.3 - In situ studies

Two different strains of rat were used in the present work. Initially, studies were 

performed using Wistar rats. However, the responsiveness of the Wistar rats to sCT, 

as measured by a decrease in plasma calcium levels following drug administration, 

ceased in a sudden fashion approximately half way through the present work. Efforts 

to determine the cause of this lack of responsiveness included examination of various 

lots of sCT, kindly provided by Bachem U.K., and examination of the plasma calciimi 

assay through reanalysis of positive samples. Administration of sCT to rabbits at a 

dose of 75 ng/kg resulted in a pronounced decrease in plasma calcium levels over 

time, indicating that both the drug and plasma calcium assay were functional. When 

the drug was administered to a different strain of rat, Sprague-Dawley, a normal 

calcium response was observed. Following discussion with a veterinary surgeon it was 

suggested that the problem might be due to a husbandry event, such as breeding, diet, 

disease or environmental changes. It was considered unlikely that diet or 

environmental changes were the source of the difference between the two strains, 

since both were housed under similar conditions. However it was possible that the 

differences were due to breeding or disease issues. We would not expect the two 

strains to have differences in pharmacological response to the drug, since calcium
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response data for sCT with both Wistar (Sinko et al., 1995; Morimoto et al., 1992) 

and Sprague-Dawley (Kobayashi et al., 1994; Kagatani et al., 1996; Sakuma et al., 

1997) strains have been cited in the literature. In vitro stability studies were performed 

using Wistar rats. The remainder of the absorption studies were performed using 

Sprague-Dawly rats. Appendix 1 contains a breakdown of the strain of rat used in the 

various drug absorption experiments in Chapters 9 and 10. Equivalency between the 

two strains was demonstrated in rat intestinal perfusion studies with drug alone, 

where doses of 1000 ng/ml (Wistar) and 500 mg/ml (Sprague-Dawley) gave 

comparable bioavailability values (Chapter 9.7.2), as did perfusions with NaGC (15 

mM) containing sCT (1000 ng/ml, Wistar) or sCT (500 ng/ml, Sprague-Dawley) in 

Chapter 11.5.1. Comparable results were also obtained between IV bolus 

administration of 35 ng/kg to Wistar rats, and IV administration of 35 ng/kg 

lyophilised sCT (corrected for losses during freeze drying) to Sprague-Dawley rats 

(Chapter 12.2.4). Investigation into the cause of the observed difference between the 

two strains is ongoing.

7.3.1 - In situ absorDtion studies

In situ rat intestinal absorption was studied using the through-and-through perfusion 

method according to Komiya et al. (1980). Male Sprague Dawley or Wistar rats were 

anaesthetized by an intraperitoneal injection of sodium pentobarbital (50 mg/kg). The 

body temperature was regulated through the use of an overhead work light and a 

heating mat. A midline abdominal incision was made and the small intestines were 

removed from the body cavity, taking care to avoid disturbing the circulatory system. 

The proximal duodenum was cannulated with a glass L-shaped cannula which had an 

internal diameter of 2 mm and an outer diameter of 4 mm. Care was taken to ensure 

that the caimula was inserted distal to the pancreatic duct, so that pancreatic (luminal) 

enzymes would not be eliminated. The cannula was connected to an infusion pump 

and the intestine was perfused with isotonic phosphate buffer, pH 6.5. The small 

intestine became distended and the desired infusion segment length was measured 

using thread. The distal end of the intestine was then cannulated with glass cannula of 

the same dimensions. Perfusion of the segment with buffer continued until the 

segment was clear, with the exception of perfusates collected for in vitro stability 

studies, where a standard washing procedure was employed. The intestine was
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arranged in a uniform S- to multi-S arrangement, depending on the length, to ensure 

some degree of uniformity in hydrodynamics. A syringe was filled with the solution to 

be perfused and attached to the infusion pump. The solution was then advanced 

through the cannula to the proximal cannulation point. At the start of the experiment 

the pump was switched to a flow rate of 0.2 ml/min. Samples were subsequently taken 

at ten minute intervals for 2-6 hours, depending on the experiment, and immediately 

placed on ice or frozen pending further analysis.

For intestinal bolus drug administration, the appropriate region of the intestine was 

identified by measurement with thread. The first 8 cm of rat small intestine was 

designated as the duodenum, the next 35 cm as the jejunum and the last 25 cm 

proximal to the ileocecal junction as the ileum. The caecum was anatomically 

different firom the small intestine and the colon was clearly identified (Bai, 1994).

Drug administration for pharmacokinetic studies was via the jugular vein (rat) or 

femoral vein (dog). Subsequent blood samples were withdrawn from the opposite 

vein. Sodium heparin anticoagulant was used for studies where plasma calcium levels 

were measured, while sodium citrate was used as anticoagulant in studies with 

subsequent analysis of drug levels by ELISA. Whole blood samples were centrifuged 

at 2,000 x g for 10 minutes and the plasma was frozen pending analysis.

7.3.2 -In situ studies on reversibility of permeability enhancement

The reversibility of permeation enhancement was studied using the method outlined 

by Swenson et al. (1994). Intestinal perfusion experiments were carried out as 

described in 7.3.1 above. Perfusion experiments were carried out for three hours with 

mixed micellar solutions containing ^H-mannitol and '̂^C-PEG 4000. The perfusing 

solution was then changed to isotonic phosphate buffer containing ^H-mannitol and 

'̂’C-PEG 4000 and perfusion was continued for a further three hours. Perfusate was 

collected at 20 minute increments. The apparent permeability for each probe was 

estimated from Equation 2.7 using the steady-state values of percentage drug 

unabsorbed.

7.3.3 - Histological studies

Histological samples were prepared from tissues of animals sacrificed with an i.v. 

bolus overdose of anaesthetic following the appropriate perfusion period. The
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intestinal tissues were fixed in situ by immediate perfiision of a 20 ml volume of 10% 

phosphate buffered formulin (pH 7) at a flow rate of 0.2 ml/min. The perfused 

intestinal segment was then removed and immersed in the same fixative. Subsequent 

sample sectioning, haematoxylin-eosin staining and evaluation was performed by the 

Aquatic Veterinary Group (AVG), National Diagnostics Centre, Galway. Stained 

cross-sections were analysed by light microscopy. Various measures of histological 

abnormality were quantitated on an arbitrary scale of 0-3, with 0 indicating no effect 

and 3 indicating an extensive effect (Swenson et al., 1994). This evaluation was 

carried out in a blinded fashion by the AVG.

7.3.4 - Assay of radiolabelled molecules

The '"^C-PEG 4000 and ^H-maimitol used in the present work was supplied as an 

aqueous solution containing 3% ethanol. One ml of concentrated stock containing 50 

nCi was diluted 1 in 100 with deionised water containing 3% ethanol. One ml of this 

diluted solution was then added to each 24 ml of solution to be perfused. Perfusate 

samples were then analysed by pipetting 0.1 ml of sample into a scintillation vial and 

adding 10 ml of Ultima Gold as a liquid scintillation cocktail. The DPM reading 

(disintegrations per minute) of the sample obtained was compared to the DPM reading 

of the stock perfusate and this ratio was used as an indication of the fraction of marker 

absorbed. Quench correlation was carried out by the method of external 

standardisation.

7.4 - In vitro stability studies 

7.4.1 - Preparation of intestinal mucosal homogenate

Intestinal mucosal homogenates were prepared according to the method of Yamamoto 

et al (1990). Eight Wistar rats, weighing 250-300g, were fasted overnight and then 

sacrificed with sodium pentobarbitol. After washing the luminal surface with saline 

solution, small intestinal mucosae were removed by scraping the epithelial cell layers 

with a number 11 blade. Specimens were pooled, aliquotted and stored at -80°C. 

Immediately before each experiment, specimens were thawed at room temperature, 

and then homogenized in 1-2 ml of isotonic phosphate buffer (pH, 6.5) at 4°C using a 

polytron homogeniser. The homogenate was centrifuged at 3,020 x g in a refrigerated 

(4 °C) centrifuge for 10 min to remove cellular and nuclear debris. The resulting
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supernatant was diluted with isotonic phosphate buffer to a protein concentration of 

10.0 mg/ml. The protein concentration in the supernatant was determined with a 

modified Lowry assay, with bovine serum albumin as the standard (Section 7.4.4).

7.4.2 - Preparation of hrush-border membrane vesicles and cvtosol

Brush-border membranes and cytosol were prepared using differential centrifugation 

according to the method of Kessler et al. (1978). Intestinal mucosal homogenates were 

thawed and homogenised as described above (Section 7.4.1). CaCl2 (1.0 M) was 

added to the intestinal homogenate to achieve a final concentration of 10 mM. 

Nucleii, mitochondria, microsomes and other cell debris precipitated and were 

removed as a pellet at low speed centrifugation (10,000 x g, 20 min). The resultant 

supernatant was centrifuged at a high speed (27,000 x g, 30 min) to isolate the brush- 

border membrane vesicles as a pellet and the cell cytosol as the supernatant. The 

protein concentration of each fraction was determined with commercial modified 

Lowry assay (Section 7.4.4). Enzyme markers for brush-border membrane (alkaline 

phosphatase) and cytosol (lactate dehydrogenase) were assayed to confirm preparation 

of each fraction (Sections 7.4.5 and 7.4.6). Size, shape and uniformity of brush-border 

membrane vesicle preparations were also characterised by transmission electron 

(microscopy (Section 7.4.7) and quasi-elastic light scattering studies (Section 7.4.8)

7.4.3 - Preparation of intestinal perfusate

Small intestinal fluid was collected from rats cannulated as per intestinal perfusion 

studies (Section 7.3.1). Isotonic phosphate bufffer, pH 6.5, was perfused through a 20 

cm. segment of intestine at a flow rate of 0.2 ml/min. Care was taken to ensure that 

the proximal carmula was inserted above the pancreatic duct for inclusion of 

pancreatic enzymes. Perfusates fi:om six animals were collected at 20 minute intervals 

for 2 hours. The protein content of each sequential fraction was determined using the 

modified Lowry method (Section 7.4.4). Stability of sCT in sequential fractions for 

each rat was determined by trichloroacetic acid (TCA) precipitation of radiolabelled 

drug (Section 7.5.2). For studies examining the effect of protease inhibitors on drug 

stability, perfusates collected between 80 and 120 minutes were pooled, as these 

firactions had the highest protein content and the highest rate o f drug degradation.
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7.4.4 - Protein determination

Protein concentrations were determined using a micro BCA protein assay reagent kit 

(23235, Pierce Chemical Company). Protein reacted with Cû "̂  in an alkaline medium 

produces Cû "̂  (Lowry, 1951). Two molecules of Bicinchoninic acid (BCA) when 

interacted with one cuprous ion formed a purple reaction product which exhibited a 

strong absorbance at 562 rmi. This allowed the spectrophotometric determination of 

protein in aqueous solution. Assays were performed using a microtiter plate protocol 

with bovine serum albumin (BSA) as standard.

7.4.5 - Alkaline phosphatase assay

The brush-border marker enzyme, alkaline phosphatase, was measured using a 

commercial colourimetric assay (Sigma Diagnostics, Procedure No. 104). The 

principle of the assay was the hydrolysis of substrate for the enzyme, p-nitrophenyl 

phosphate, which yielded p-nitrophenol and organic phosphate. When made alkaline, 

p-nitrophenol was converted to a yellow complex which was measured at 400-420 nm 

using a spectroscopic microtitre plate reader. The intensity of colour formed was 

proportional to the phosphatase activity. Calibration curves were prepared using a p- 

nitrophenol standard solution. The reliability of test results was monitored by 

inclusion of an enzyme control (Sigma ACCUTROL'^’̂  normal. Catalog No. A 2034) 

in each assay.

7.4.6 - Lactate dehydrogenase assav

The cytosolic marker enzyme, lactate dehydrogenase (LDH), was measured using a 

commercial colourimetric assay (Sigma Diagnostics, Procedure No. 500). The 

principle of the assay was the LDH catalysed oxidation of lactate to pyruvate with 

simultaneous reduction of nicotinamide adenine dinucleotide (NAD). Pyruvic acid 

reacted with 2,4-dinitrophenylhydrazine formed a hydrozone, with peak absorbance 

over the wavelength range 400-550 nm. Therefore it was possible to measure changes 

resulting from the conversion of pyruvic acid to lactic acid due to LDH activity. The 

amount of pyruvate remaining after incubation was inversely proportional to the 

amount of LDH in the sample. The reliability of test results was monitored by 

inclusion of an enzyme control (Sigma ACCUTROL™ normal. Catalog No. A 2034) 

in each assay.
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7.4.7 - Transmission electron microscopy

The brush-border membrane vesicles (BBMVs) were centrifuged and the resulting 

pellet was solidified in agarose gel. BBMVs were then fixed in a O.IM sodium 

cacodylate buffer pH 7.4 containing 3% v/v glutaraldehyde and 5% w/v sucrose for 1 

hour at 25®C. Using O.IM sodium cacodylate buffer the BBMVs were washed six 

times over a 30 min period to remove the glutaraldehyde. Post-fixation was carried 

out in 2% osmium tetraoxide in O.IM sodium cacodylate (pH 7.4) for 1-2 hours at 

room temperature. BBMVs were dehydrated from cacodylate buffer through an 

ascending ethanol series as follows:

10% alcohol in H2 O 10 min

30% alcohol in H2 O 10 min

50% alcohol in H2 O 10 min

75% alcohol in H2 O 10 min

95% alcohol in H2 O 10 min

100% alcohol in H 2 O 10 min

100% alcohol in H2 O 15 min

100% alcohol in H2 O 20 min

Dehydrated vesicles were then transferred into propylene oxide for 15min. This was 

replaced with fresh propylene oxide and the vesicles were exposed for a further 30 

min. Then the vesicles were placed in a 50:50 solution o f Epon resin eind propylene 

oxide for 1-2 hrs with continuous agitation before being transferred into the resin 

alone for a further 2 hrs. Finally, the samples were placed in pans containing freshly 

poured resin and placed in the oven, which was initially placed under vacuum to 

remove any air bubbles. The samples were then incubated at 60*̂ C for 24hr to allow  

the resin to harden. Thin sections were cut with an ultramicrotome and stained with 

uranyl acetate and lead citrate. The specimens were studied using a Hitachi H7000 

electron microscope.
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7.4.8 - Quasi-elastic light scattering studies

A Malvem Autosizer Lo-C apparatus fitted with a 64 channel 7032 correlator and 

external laser was used for light scattering studies. The scattering angle was 90° and 

the cell temperature was 20 ± 0.1*̂ C. The wavelength used was 488 nm. All solutions 

were prefiltered through Millipore filters of pore diameter 0.2 (j,.

7.5 - Salmon calcitonin detection 

7.5.1Salmon calcitonin immunoassay

Salmon calcitonin levels in dog plasma were determined using a commercially 

available sCT ELISA kit (Cortecs Diagnostics, Deeside, Clwyd CH5 2NT, U.K.). The 

sCT immunoassay kit employed a non-competitive sandwich-type immunoassay 

technique utilising biotin-avidin enhancement and a high activity (TMB) substrate 

system. Plasma samples and standards were added to plastic microwells which had 

been coated with anti-sCT antibody. Following the addition of biotinylated anti-sCT 

antibody, a complex of antibody:sCT:antibody-biotin was formed during the first 

incubation. Excess reagents were removed by washing and the amount of complex 

bound to the microwell determined by reaction firstly with an avidin-peroxidase 

conjugate and secondly (following a further washing step) with TMB substrate, which 

developed a blue colour in the presence of the peroxidase enzyme. The colour 

changed from blue to yellow and intensified on addition of (acid) stopping reagent. 

Colour development, measured as the absorbance at 450 nm (Biotech microtiter plate 

reader) was proportional to the amount of sCT in the original sample

7.5.2 - Trichloroacetic acid precipitation of ^^ Î-salmon calcitonin

For in vitro stability studies, the percentage of intact drug as a function of time was 

determined using trichloroacetic acid (TCA) precipitation of intact drug according to 

the method of Bai and Chang (1995). The reaction mixture consisted of salmon 

calcitonin with radiolabelled tracer (10 uM), 5.0 mg/ml intestinal muscosal 

homogenate (or BBMV/cytosol preparations) and 1% BSA in phosphate buffer, pH 

6.5. At predetermined timepoints, samples were withdrawn and placed in prechilled 

eppindorf tubes to which ice cold TCA was added to give a final concentration of 

10% v/v. Samples were vortexed and centrifuged at 3,000 x g for 5 minutes. TCA was 

used to precipitate intact sCT while the degraded sCT fragments remained soluble in
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the TCA solution. The extent of degradation was determined from the radioactivity of 

the supernatant containing soluble sCT fragments. For stability studies using protease 

inhibitors, the drug was pre-equilibrated with the inhibitor for 10 minutes prior to the 

addition of homogenate. In control studies, TCA was added to the drug solution 

before homogenate was added. Intact sCT levels obtained from intestinal perfusion 

studies using the TCA precipitation method were compared to those obtained with a 

sCT ELISA kit. There was no significant difference between the results obtained with 

the two methods (p > 0.05).

7.5.3 - HPLC assay

Salmon calcitonin recovery from freeze-dried formulations was determined using a 

gradient HPLC method of the peptide manufacturer, Bachem, UK. The HPLC system 

consisted of a Waters LC Module 1 Plus with variable detector and autosampler. The 

column was a Vydac 218TP protein/peptide reversed phase column with a column 

size of 0.46 x 25 cm and a particle size of 5 |x. Mobile phase consisted of i) Eluent A: 

0.1% trifluoroacetic acid (TFA) in H20/acetonitrile (99:1) and ii) Eluent B: 0.1% TFA 

in acetonitrile. A linear gradient of 30% B to 60% B over 30 minutes with a flow rate 

of 1.5 ml/min and UV detection at 220 nm resulted in a salmon calcitonin retention 

time of 7.16 ± 0.02 minutes. All solvents were filtered before use with a Gelman 

filtration apparatus and Whatman filters of pore size 0.4 n, and degassed with a 

helium sparge. A typical sCT standard curve is shown in Figure 7.1 (r  ̂= 0.999). The 

limit of quantitation was 5.0 ug/ml.

87



Chapter 7 - Materials and experimental methods

4.0&-05

3.5E+05

3.0EH)5

is 2.5EH35

is  2.0EK)5 u 
P i

1.5EH35

1.0&-05

5.0EK)4

O.OE+OO
0 10 20 30 40 50 60

sCT (ug/ml)

Figure 7.3 - HPLC calibration curve for sCT

7.6 - Plasma calcium determination

Rat plasma calcitam levels were determined with a quantitative colorimetric assay 

(Sigma Diagnostics, Procedure No. 587). The procedure was based on the interaction 

of calcium ions with a chromogenic agent, o-cresolphthalein. The reaction of calcium 

with o-cresolphthalein in alkaline medium produced a red complex with an 

absorbance maximum of 575 nm. The intensity of the colour, measured at 575 nm, 

was directly proportional to the calciirai concentration in the sample. The procedure 

was calibrated using dilutions of a calcium standard (Sigma, 360-5) and was linear to 

15 mg/dL. Rat plasma samples were diluted 1:1 with deionised water to ensure they 

were in the linear region of the calibration curve. Baseline rat plasma calcium levels 

were estimated to be 10.44 ± 0.11 mg/dL. Assay reproducibility was monitored by the 

inclusion of a standard (Sigma ACCUTROL'^'^ normal, Catalog No. A 2034). If the 

value of the standard calcium was outside of the range specified by the manufacturer, 

the assay was considered invalid.

7.7 - Preparation of micellar systems

Bile salt simple micellar systems were prepared by weighing accurately the 

appropriate quantity of the salt and dissolving in a small quantity of isotonic 

phosphate buffer, pH 6.5. Dissolution of the salt was achieved by constant stirring on
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a magnetic stirrer. After dissolution the bile salt was allowed to stand for 

approximately 30 minutes and was then made up to volume in a volumetric flask.

The preparation of mixed micellar systems incorporating fatty acids involved 

preparing the simple micellar system as just described. The fatty acid was weighed 

carefiilly and added incrementally to the highly concentrated surfactant system (i.e. the 

surfactant system prior to being made up to volume). When all the fatty acid had been 

added the system was made up slowly to volume using phosphate buffer. All mixed 

micellar solutions were prepared 24 hours in advance and inspected for clarity before 

use.

7.8 - Freeze drying

Salmon calcitonin formulations were lyophilised using a Hetosic cooling condenser 

Model CD52. Liquid formulations in lyophilisation vessels (capacity 50 ml or 10 ml) 

were affixed to a rotation device and immersed in a propylene glycol bath until frozen 

(Hetofrig ice bath Model CB2). Vessels containing frozen formulations were 

immediately attached to the condenser under vacuum and freeze dried overnight. The 

resultant powders were stored at 2-6°C with desiccant. Selected samples were 

immediately analysed for residual water content using Karl Fischer titration (Section 

7.9). Drug recovery following freeze-drying was determined by HPLC analysis of a 

known weight of powder, which had been reconstituted with water (Section 7.5.3). 

The peak area of the freeze-dried sample was then compared to the peak area of an 

identical sample, which had not undergone the lyophilisation procedure. In control 

experiments, formulations were prepared without the addition of drug, freeze-dried, 

reconstituted and analysed by HPLC.

7.9 - Karl Fischer titration

Karl Fischer analysis was performed on dry lyophilised samples to assess residual 

moisture content. A Metrohm 701 KF Titrino meter was used for the Karl Fischer 

water titrations. The Hydranol composite 5 reagent contained sulfur dioxide, 

imidazole (base) and iodine dissolved in diethylene glycol monomethyl ether. On 

reaction with sulfur dioxide, the methanol in the reaction cell formed an ester (methyl 

sulfurous acid) which was neutralised by the imidazole. In the presence of water, the 

methyl sulphite anion was oxidised by iodine to the methyl sulphate anion. The
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utilisation of iodine in this reaction was used to quantify the content of water in the 

reaction cell and was detected potentiometrically.

7.10 - Preparation of enteric coated capsules

Enteric coated gelatin capsules were prepared for oral dosing studies in dogs. 

Capsules were size 0, for formulations containing lyoprotectants with drug alone, or 

size 000, for formulations containing lyoprotectants with drug in mixed micellar 

formulations. The enteric coating used was cellulose acetate phthalate (CAP, 9004-38- 

0,British Pharmacopeia). A 9% (w/w) CAP solution in acetone was prepared and used 

to coat the base and cap of the gelatin capsule. Three coats were applied with 15 

minutes drying time between each coat. The capsules were filled and the seam was 

sealed by applying the CAP with a paint brush. Capsule robustness was assessed using 

the disintegration test for Enteric-coated tablets (British Pharmacopeia, Appendix XII 

B.). The disintegration test determined whether tablets or capsules disintegrated 

within a prescribed time when placed in a liquid medium under the prescribed 

conditions. A disintegration apparatus containing enteric coated capsules in O.IM 

hydrochloric acid was operated for two hours. The acid was then replaced with mixed 

phosphate buffer, pH 6.8 and operated for a further 60 minutes. The capsules were 

deemed to have passed the test if there were no signs of cracks or escape of contents 

following incubation in the HCl medium, with subsequent complete dissolution in the 

phosphate buffer medium (n = 6).

7.11 Data analysis

Relationships between variables were tested using the non-linear curve fitting and 

model development program, Micromath R Scientist™ for Windows^*^ Version 1.05 

(Micromath R Scientific Software). Model suitability was assessed using the Model 

Selection Criterion. Unpaired Student’s t-test (two tailed, a  = 0.05) was used to test 

the significance of differences between two mean values. When comparisons of more 

than two mean values were made, the data was analysed using one-way ANOVA (a  = 

0.05).
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Chapter 8 - Intestinal proteolysis of salmon calcitonin

8.1 - Introduction

The low bioavailability of peptides and proteins from various mucosal routes even in 

the presence of absorption enhancers suggests that there is at least one other barrier, 

apart from intrinsic membrane permeability, limiting peptide and protein absorption. 

The enzymatic barrier is considered to be a rate-limiting obstacle to the absorption of 

these molecules (Wang et al., 1996).

Peptidases are enzymes that hydrolyse the peptide bond formed between two amino 

acids. They have traditionally been divided into two classes: the endopeptidases, 

which hydrolyse peptide bonds interior to the terminal bonds of the peptide chain, and 

the exopeptidases, which hydrolyse the bond linking the N-terminal 

(aminopeptidases) or C-terminal (carboxypeptidases) amino acid to the peptide chain 

(Woodley, 1995).

The intestine contains a large compliment of proteases, and a peptide substrate is 

likely to be acted on by several of the enzymes either simultaneously or in quick 

succession (Lee, 1991b). Thus, although the information obtained from detailed in 

vifro studies with purified enzymes is important in identifying a potential substrate, 

physiological conditions are feir removed from such artificial situations. In vivo, 

peptides and proteins are degraded by the concerted action of proteolytic enzymes 

found in the lumen of the small intestine (pancreatic proteases), on the surface of the 

enterocyte cells (brush-border enzymes) and, for peptides which are transported 

transcellularly, in the interior of the enterocyte (lysosomal and cytosolic proteases). It 

is therefore important in peptide formulation to consider the relative contribution of 

each potential site of degradation to the overall proteolysis of the drug.

In this section the enzymatic degradation of sCT in the rat small intestine of Wistar 

rats was examined in detail. In situ degradation of sCT was measured by estimation of 

the fraction of drug metabolised during rat intestinal perfusion. The total degradation 

by enzymes from the pancreas, brush-border and enterocyte cells was evaluated by 

estimation of the degradation half-life in intestinal mucosal homogenate. The relative 

contribution of enzymes from each site was then considered individually. Brush 

border membrane vesicles (BBMV) and cytosol prepared from intestinal mucosal
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homogenate were used to evaluate the contribution of membrane-bound and 

intracellular enzymes, respectively, to the overall degradation. Finally, the effect of 

luminal enzymes on sCT stability was examined using gut perfusate fractions.

8.2 - Evaluation of dru^ metabolism during in situ rat intestinal perfusion

Preliminary absorption studies were carried out using the single pass perfusion 

technique according to the method of Komiya et al. (1980) as described in Chapter 7. 

The apparent permeability coefficient of calcitonin was then calculated from the 

theoretical model using Equation 2.7 (Chapter 2).

A solution containing 100 ng/ml sCT in isotonic phosphate buffer was perfused 

through a 33 cm segment of the upper small intestine (approx. 4-5 centimetres distal 

to the pyloric sphincter). The amount of drug in the exiting perfiisate was determined 

by ELISA, which measured intact drug only (Figure 8.1). From the steady-state drug 

levels, the Papp was estimated to be 1.25 + 1.02 x 10"̂  cm/sec.

50

X  20 -

10

10080 1206040200

Time (min)

Figure 8.1 - Percentage of drug unabsorbed during perfusion with 100 ng/ml 
sCT in phosphate buffer, pH 7.4 (n = 4).
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These results indicate that more than half of the drug was lost from the perfusate over 

the timecourse of the experiment. The permeability coefficient determination assumes 

that any drug loss from the perfusate is attributable to intestinal absorption. However, 

it is unlikely that 50% of the administered drug would be absorbed since Hastewell et 

al. (1992) have reported that the intracolonic bioavailability of human calcitonin in the 

rat at doses of 5.0, 1.0 and 0.1 mg/kg was 0.5%, 0.9% and 0.2%, respectively. Also, 

more recently, Sinko et al. (1995) estimated that the absolute bioavailability of sCT 

following rat intraduodenal instillation of 1.0 and 2.0 mg. was 0.04% and 0.029%, 

respectively. It is likely that the drug was metabolised by intestinal proteases and that 

estimates of apparent permeabilities using concentration drops alone are not suitable 

parameters for determining sCT absorption, since this will overestimate the true 

permeability of the peptide. Therefore, permeability determinations must be corrected 

for the degree of metabolism during intestinal perfusion.

8.3 - Estimation of fraction of sCT metabolised per centimetre of intestine

Langguth et al. (1994) examined the effect of enzyme inhibition on the systemic 

availability of metkephamid, a pentapeptide, using a model for simultaneous transport 

and metabolism. In their study a 10 cm. intestinal segment was sequentially perfused 

with 2-(N-Morpholino)ethanesulphonic acid (MBS) buffer, pH 6.5, for 60 minutes 

and thereafter for 60 minutes with 150 mM acetate buffer, pH 4.0, containing 2 mM 

puromycin (an aminopeptidase inhibitor). The concentration of metkephamid was 

kept constant at 2 mM. In the presence of the inhibitor at low pH no metabolism was 

observed i.e., no metabolite could be detected in the perfusate. Therefore drug loss 

could be attributed to absorption under these conditions.

The fraction of the initial concentration metabolised per centimetre of perfused 

intestine was calculated from:

Fmet = {(Cm - Cm’)/Co} x Ml ' Equation 8.1
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Where,

Cm and Cm’ represent the outlet concentration of peptide from perfusions with and 

without enzyme inhibition, respectively.

Co is the inlet peptide concentration, and 

I is the length of the perfiised intestinal segment in centimetres.

This model was used to examine simultaneous transport and metabolism of sCT. The 

length of perfused intestine was increased from 10 cm. to 20 cm. to increase the 

absorption window, since sCT is larger than metkephamid. Komiya et al. (1980) have 

shown that there is a linear relationship between intestinal length and the logarithm of 

the fraction of compound remaining in the perfusate. Therefore, increasing the length 

of the perfused segment should increase the amount of sCT absorbed. Metkephamid 

metabolism was measured by monitoring the appearance of the metabolite tyrosine. In 

the present studies, sCT metabolism was determined by i) quantifying the amount of 

intact drug using TCA precipitation of radiolabelled sCT and ii) by ELISA. Inhibition 

of degradation was confirmed by comparing the total amount of radiolabelled drug 

(degraded plus intact) with the amount of intact drug determined by TCA precipitation 

or ELISA.

The pH of the perfusate was monitored to ensure that steady-state conditions were 

reached with each of the buffer systems. The pH value of the exiting perfusate is 

shown in Figure 8.2. It was noted that the pH of the phosphate buffer solution 

decreased from 6.50 (initial) to 6.40 (at 90 minutes) and the pH of the acetate buffer 

solution increased from 4.00 (initial) to 4.39 (at 180 minutes). This may be due to the 

intrinsic buffering capacity of the small intestine.
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Figure 8.2 - Perfusate pH values as a function of time following perfusion 
with phosphate buffer, pH 6.5, for 90 minutes, followed by perfusion with 
acetate buffer, pH 4.0, for 90 minutes (n = 5).

Figure 8.3 shows the percentage of drug unabsorbed following perfusion of 1.0 ug/ml 

sCT in phosphate buffer, pH 6.5, for 90 minutes (indicated by arrow on the graph), 

followed by perfusion of 1.0 ug/ml sCT in acetate buffer, pH 4.0, for 90 minutes. The 

percentage of drug unabsorbed increased when the pH of the buffer was reduced from 

6.5 to 4.0, reflecting reduced eri2ymatic activity at the lower pH. However, there was 

still considerable degradation of sCT at pH 4.0, as evidenced by the difference, at 

steady-state, between the percent unabsorbed using TCA precipitation or ELISA 

methods of quantifying intact drug (70 - 85%) and the percent unabsorbed using total 

radioactivity as a measure of total drug remaining in the perfusate (> 90%).

The effect of NaGC, which has been shown to inhibit protease activity (Hirai et al. 

1981b), on sCT metabolism during intestinal perfusion was also examined. Outlet 

drug concentration following perfusion of 1.0 ug/ml sCT and 15 mM NaGC in 

phosphate buffer, pH 6.5, for 90 minutes (indicated by arrow on the graph), followed 

by perfusion of 1.0 ug/ml sCT and 15 mM NaGC in acetate buffer, pH 4.0, for 90 

minutes is presented in Figure 8.4.
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Figure 8.3 - Percentage of drug unabsorbed during perfusion of 1.0 ug/ml sCT •
in phosphate buffer, pH 6.5, for 90 minutes, followed by perfusion of 1.0 
ug/ml sCT in acetate buffer, pH 4.0, for 90 minutes (n = 4).
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Figure 8.4 - Percentage of drug unabsorbed during perfusion of 1.0 ug/ml sCT 
and 15 mM NaGC in phosphate buffer, pH 6.5, for 90 minutes, followed by 
perfusion of 1.0 ug/ml sCT and 15 mM NaGC in acetate buffer, pH 4.0, for 90 
minutes (n = 4).
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Tables 8.1 and 8.2 show the Papp determinations from the steady state drug levels in 

Figures 8.3 and 8.4, respectively. The fraction of intact sCT in the perfusate was 

increased in the presence of NaGC at low pH, and there was no significant difference 

between the steady-state drug levels obtained using either ELISA, TCA precipitation 

or total counts (p < 0.05). This suggests that, under these conditions, there was 

negligible degradation of sCT and therefore these values may be substituted for Cm in 

Equation 8.1 to calculate the fraction of drug metabolised per centimetre of intestine.

Papp X 10̂  (cm/sec) ± S.D., pH 6.5

Analysis method sCT sCT/NaGC

Total counts 1.52 ±0.22 0.78 ± 0.26

TCA precipitation 7.66+1.10 4.47 ± 0.26

ELISA 6.20 ± 0.96 6.04 ± 0.07

Table 8.1 - Papp determinations from the steady state drug levels during 
perfusion with sCT (1.0 ug/ml) and sCT (1.0 ug/ml) with NaGC (15 mM) in 
phosphate buffer, pH 6.5.

Papp X 10̂  (cm/sec) ± S.D., pH 4.0

Analysis method sCT sCT/NaGC

Total counts 0.96 ±0.21 1.01+0.29

TCA precipitation 3.51 ± 1.05 1.52 ±0.19

ELISA 3.97 ± 1.24 1.04 ±0.10

Table 8.2 - Papp determinations from the steady state drug levels during 
perfusion with sCT (1.0 ug/ml) and sCT (1.0 ug/ml) with NaGC (15 mM) in 
acetate buffer, pH 4.0.
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It was noted that a precipitate formed when perfusate fractions containing NaGC at 

low pH were refrigerated. This may have been because the pH used was very close to 

the pKa of the bile salt. Therefore, all samples were centrifuged before assaying and it 

was confirmed by gamma scintillation counting that there was no radioactivity (drug) 

associated with the precipitate.

ELISA results were comparable to results obtained using the TCA precipitation 

method. The TCA precipitation method gave faster results and was less expensive 

than the sCT ELISA. Therefore, the TCA precipitation method was used in the 

remainder of the present work to determine the percentage of intact drug in stability 

studies. TCA results were used to calculate the fraction of drug metabolised per 

centimetre of perfiised intestine according to Equation 8.1. Results in Table 8.3 show

that 1.54% of the drug was degraded per centimetre during perfusion with sCT (1.0 !
j:
n i

ug/ml) in phosphate buffer, pH 6.5. The degradation was reduced by approximately i

one-third when NaGC (15 mM) was included in the formulation. ‘

Formulation /met/cm ( X 10^)

sCT (1.0 ug/ml), pH 6.5 15.38 ± 2 .3 8

sCT (1.0 ug/ml), pH 4.0 7.38 + 2.28

sCT (1.0 ug/ml) and NaGC (15 mM), pH 6.5 10.75 ± 1.11

Table 8.3 - Fraction of drug metabolised per centimetre of intestine during 
perfusion with formulations containing sCT (1.0 ug/ml), at pH 6.5 and pH 
4.0, and sCT (1.0 ug/ml) with NaGC (15 mM), pH 6.5.

The percentage of drug metabolised per centimetre during perfusion with drug alone 

(1.54%) was then used to re-estimate the Papp for the perfusion study in Figure 8.1 

(although the amount of drug metabolised at pH 7.4 may have differed from that 

metabolised at pH 6.5). Outlet drug concentration at steady-state was corrected for 

metabolised drug (50.75% over a 33 cm. length of intestine) to give a true Papp 

estimate of -3.5 x 10'* ± 1.35 x lO"'* cm/sec. This resuh indicated that there was no
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drug absorption during intestinal perfusion with 100 ng/ml sCT in isotonic phosphate 

buffer, pH 7.4.

8.4 - Characterisation of sCT degradation in rat intestinal mucosal homogenate

Results from in situ perfusion studies showed that sCT was susceptible to degradation 

in the small intestine (Section 8.2, 8.3). Subsequently, to fully examine the extent of 

sCT proteolysis by intestinal hydrolases, in vitro experiments to study the stability of 

sCT were performed. Initially, in vitro studies using intestinal mucosal homogenate 

were undertaken to quantify the overall degradation of sCT in the small intestine. In 

subsequent sections, the relative contribution of each of the potential sites of 

degradation (luminal, brush-border and enterocytic) was considered.

Degradation was monitored by determining the amount of intact sCT over time using 

the TCA precipitation method (Chapter 7.5.2). Unless otherwise stated, all stability 

experiments were performed at 37*̂ C. In control experiments, drug stability as a 

function of time in phosphate buffer, pH 6.5, and in mucosal homogenate which had 

been pre-acidified with TCA was examined. Subsequently, an optimal concentration 

of sCT (which did not saturate the proteolytic enzymes in the homogenate) for 

stability studies was determined. The effect of temperature and pH on drug stability 

was investigated. Finally, the effect of protease inhibitors on sCT stability in mucosal 

homogenate was examined.

8.4.1.- sCT stability over time in phosphate buffer. pH 6.5

In control experiments, the stability of sCT (10 uM) during one hour incubation at 

37°C in phosphate buffer, pH 6.5, was examined. Figure 8.5 shows the stability of 

sCT alone and sCT with NaGC (15 mM) in phosphate buffer, pH 6.5. The drug 

remained intact over the time course of the experiment. The concentration units of the 

graph refer to the number of moles of calcitonin in each 1 ml reaction vessel (where 

lOuM initial = lOuMoles/litre = lOnMoles/ml).

99



Chapter 8 - Intestinal proteolysis of salmon calcitonin

10

Q
cc

I

+
ena>

H
Uce

6 - -

4  - -

2 -

0 -I---------------- 1---------------- 1---------------- 1---------------- 1----------------1---------------- 1
0 10 20  30 40  50 60

Time (min)

- ^ s C T
-■ -N aG C (15m M )

Figure 8.5 - Stability of sCT (10 uM) and sCT (10 uM) with NaGC (15 mM) 
as a function of time in phosphate buffer, pH 6.5 (n = 3).

8.4.2 - Effect of TCA enzvme inactivation on sCT stability in rat intestinal 

mucosal homoyenate

In other control experiments, TCA was added to the homogenate prior to the addition 

of sCT (10 uM), lowering the pH to 1.0 and thereby terminating the reaction. Figure 

8.6 shows that there was no degradation of sCT over 1 hour at 37°C. These results 

suggest that the degradation of sCT in intestinal mucosal homogenate is related to 

enzymatic reactions.
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Figure 8.6 - Stability of sCT in rat intestinal homogenate which had been 
acidified with TCA prior to drug addition (n = 3).

8.4.3 - Effect of sCT concentration on degradation in intestinal mucosal 

homogenate

For peptide degradation studies in intestinal homogenate, peptide concentrations 

ranging from 30 pM to 170 uM have been used (Bai and Chang, 1995; Fukuda et al., 

1995; Yamamoto et al., 1994; Ikesue et al., 1993). In order to determine the optimum 

concentration of sCT for stability studies, the effect of sCT concentration on 

degradation in intestinal mucosal homogenate (5.0 mg/ml) was investigated (Figure 

8.7). The degradation of sCT over the concentration range 0.1 - 10 uM was found to 

follow first-order kinetics, i.e. the half-life of the drug was independent of the drug 

concentration. The average half-life at these concentrations in 5.0 mg/ml homogenate 

was 7.66 ± 0.09 min. (Table 8.4). At concentrations of 50 - 500 uM sCT the half life 

of the drug increased, presumably because the enzymes involved in hydrolysis are 

saturated at these concentrations. Therefore, a concentration of 10 uM sCT was used 

for all further in vitro stability studies.

101



Chapter 8 - Intestinal proteolysis o f salmon calcitonin

(Mo

H
Ucn

5

4,5

4

3
0 3 6 9 12 15

Time (min)

+ sCT(500uM) 

♦  sCT(lOOuM) 

■ sCT (50 uM) 

AsCT(IOuM) 

X sCT (luM) 

xsCT(O.luM)

Figure 8.7 - The effect of sCT concentration on degradation in 5.0 mg/ml 
intestinal mucosal homogenate (n = 2).

sCT concentration (uM) i\a  (min)

500 34.3 ±2.37

100 18.9+1.73

50 9.7 ± 0.64

10 7.6 ± 0.49

1 7.7 ±0.32

0.1 7.7 ±0.56

Table 8.4 - Half-life determinations for sCT (0.1 - 500 uM) in rat intestinal 
mucosal homogenate (5.0 mg/ml), pH 6.5.

8.4.4.- Effect of temnerature and pH on sCT stability in rat intestinal mucosal 

homogenate

The nature and extent of sCT metabolism in intestinal homogenate’at 37° C and at 4° 

C was investigated (Figure 8.8). There was little degradation at 4° C, which is
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consistent with the profile of enzyme-mediated degradation. In contrast, at 37° C, over 

90% of the drug was degraded within 20 minutes.

The effect of pH on mucosal homogenate sCT degrading activity was determined 

using isotonic acetate buffer pH 4.0, phosphate buffer pH 6.5 and phosphate buffer pH 

7.4, at 37° C. Figure 8.9 shows that there was less degradation of the peptide at low 

pH. This is consistent with an enzyme mediated degradation since, in an acidic 

environment, activities of intestinal luminal enzymes, which usually have an optimum 

pH greater than 7.5, will be much lower or negligible (Lee et al., 1991a).
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Figure 8.8 - The effect of temperature on sCT stability in rat intestinal
mucosal homogenate, pH 6.5 (n = 3).
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Figure 8.9 - The effect of pH on sCT stability in rat intestinal mucosal
homogenate at 37° C (n = 3). I
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8.4.5 - Effect of protease inhibitors on sCT stability in rat intestinal mucosal 

homogenate

Co-administration of protease inhibitors with peptides has been shown to reduce 

peptide degradation and, in some cases, to increase peptide absorption from various 

routes of administration. Tozaki et al. (1998) examined the use of protease inhibitors 

to improve human calcitonin absorption from the small and large intestine in rats. In 

stability experiments, bacitracin was the most effective of the inhibitors tested in 

reducing the degradation of calcitonin in the different intestinal homogenates. Morita 

et al. (1994) found that the protease inhibitors NaGC, bacitracin and nafamostat 

mesilate were useful for improving the absorption of eel calcitonin from the lung by 

inhibiting its degradation in the lung. Protease inhibitors directed against lung 

homogenate membrane enzymes were also shown to enhance the pulmonary 

absorption o f sCT in rats (Kobayashi et al., 1994).

In order to determine which types of proteases were responsible for the degradation of 

sCT, the effect of various protease inhibitors on sCT degradation in rat intestinal
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mucosal homogenate was examined. The protease inhibitors examined and their 

substrate specificity are listed in Table 8.5.

Inhibitor Type

Trypsin/Chymotrypsin inhibitor serine protease

Aprotinin serine protease

pCPI carboxypeptidase

NaGC aminopeptidase

N-Ethylmaleimide cysteine protease

Tosyllysine chloromethylketone (TLCK) cysteine protease

Phosphoramidon metalloprotease

1,10 Phenanthroline chelator

Table 8.5 - Properties of the enzyme inhibitors used in stability studies.

The effects of these protease inhibitors on sCT stability in rat intestinal mucosal 

homogenate, pH 6.5, are shown in Figiare 8.10. Half-lives for each system, estimated 

by linear regression of the In concentration versus time curves from 0 to 20 minutes, 

are shown in Table 8.6. Of the inhibitors tested, NaGC (aminopeptidase inhibitor) and 

pCPI (carboxypeptidase inhibitor) were the most effective in reducing degradation, 

resulting in 4.29- and 2.87-fold increase in half-life, respectively, relative to drug 

alone. The degradation profile of the inhibitor 1.10-Phenanthroline did not follow 

first-order kinetics, therefore the half-life could not be determined. The serine protease 

inhibitor, aprotinin, appeared to afford some protection from degradation, however the 

half-life was not statistically different to control (p > 0.05). These results indicated 

that sCT degradation in rat intestinal mucosal homogenate was catalysed primarily by 

carboxy- and amino-exopeptidases.
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Figure 8.10 - Effect o f enzyme inhibitors on sCT stability in rat intestinal 
mucosal homogenate, pH 6.5 (n = 3).
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None 6.4 ±0.8 -

Phosphoramidon (200 uM) 6.4 ± 0.6 1
TLCK (200 uM) 5.9 ±0.6 0.93
NaGC(15mM) 27.4 ±4.1* 4.29
N-Ethylmaleimide (2 mM) 6.4 ± 0.2 1.01
Trypsin/Chymotrypsin (18.8 uM) 6.3 ±0.4 0.99
Aprotinin (76.8 uM) 8.6 ±1.3 1.34
pCPI (200 uM) 18.3 ±2.1* 2.87
1,10-Phenanthroline N/A -

Table 8.6 - Effect of protease inhibitors on the half-life of sCT in rat intestinal 
mucosal homogenate (n = 3)
* p < 0.05 relative to control

8.5 - Evaluation of sCT metabolism bv brush border membrane vesicles (BBMV') 

and cvtosol

To further characterise sCT intestinal metabolism, stability studies were undertaken to 

determine the degradation of sCT by brush-border and enterocyte cytosolic enzymes. 

Brush-border membrane vesicles (BBMV) and enterocyte cytosol were prepared from 

intestinal homogenate by differential centrifugation (Chapter 7.4.2). Preparations were 

characterised by measuring the activity of brush-border and cytosolic marker enzymes. 

Size and uniformity of brush-border membrane vesicles were evaluated by electron 

microscopy (EM) and Quasi-elastic light scattering (QELS) studies. Finally, the 

effects of protease inhibitors on sCT degradation were investigated to determine the 

types of enzymes involved.

8.5.1 - Characterisation of brush border membrane vesicles and cvtosol

BBMV and cytosol preparations from rat intestinal homogenate were assessed for 

purity by measuring the activity of marker en2ymes in the starting material (intestinal 

homogenate) and in the resultant BBMV and cytosol, in terms of Sigma Berger- 

Brodia (BB) units/ml. Activities of enzymes, alkaline phosphatase (a brush border 

membrane marker enzyme) and lactate dehydrogenase (LDH, a cytosol marker) were 

determined to ensure the quality of the preparations (Table 8.7). The purity of the 

BBMVs was confirmed by the enrichment factor (-fold increase corrected for protein 

concentration, relative to homogenate level) for alkaline phosphatase (24.9-fold). The
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activity ratio of BBMVs to homogenate for lactate dehydrogenase was low which 

indicates that contamination of BBMVs with cytosol was negligible. Similarly, the 

cytosol preparation was enriched for the cytosolic marker LDH, and there was little 

contamination of cytosol with BBMVs. The distribution of the enzymes LDH and 

alkaline phosphatase in the cytosolic and BBMV fractions were similar to literature 

values (Kessler et al., 1978; Bai, 1994).

Alkaline phosphatase

BB Units/ml Protein (mg/ml) BB Units/mg Enrichment

Homogenate 45.85 5.84 7.85

Cytosol 7.96 1.975 4.02 0.51 fold

BBMV 791 4.048 195.3 24.9 fold

Lactate dehydrogenase

BB Units/ml Protein (mg/ml) BB Units/mg Enrichment

Homogenate 16803 5.84 2877.2

Cytosol 16416 1.975 8290.9 2.9 fold

BBMV 461 4.05 113.8 0.04 fold

Table 8.7. Distribution of enzyme markers in cytosol and BBMV fractions.

The size and uniformity of the vesicles was evaluated by electron microscopy (EM) 

and Quasi-elastic light scattering (QELS) studies. EM studies revealed the presence of 

closed vesicles of varying size ranging from 100 - 300 nm in diameter (Figure 8.11). 

This finding was confirmed by QELS size analysis which revealed a polydisperse 

system with a mean vesicle diameter of 275 nm and a size range of 150-550 nm.
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Figure 8.11- Electron micrographs of brush border membrane vesicles.
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8.5.2 - The effects of nrotease inhibitors on sCT degradation half-life in brush 

border membrane vesicles (BBMVl and cvtosol

The effects of enzyme inhibitors on sCT stabiUty in rat enterocyte cytosol and 

BBMVs are presented in Figures 8.12 and 8.13, respectively. The initial velocity, k, 

was calculated by linear regression of the In concentration versus time curve from 0 to 

20 minutes. There were considerable differences between the drug degradation 

profiles in cytosol and BBMV, both in terms of the degradation rate of drug alone in 

each system and in terms of the effects of the various protease inhibitors (Table 8.8). 

The was a significant difference between the half-life of drug alone in cytosol and in 

BBMV (10.5 versus 5.2 minutes, respectively). This difference may have been related 

to the fact that the protein concentration of the BBMV was approximately twice that 

of the cytosol (Table 8.7).

In the cytosol studies, all of the protease inhibitors tested showed a decrease in 

degradation, relative to drug alone. The bile salts NaC and NaGC were most effective 

in reducing degradation The proteolytic enzymes of the cytosol have not been well 

characterised (Chapter 3.3) but the cytosol of colon mucosal cells and Caco-2 cells 

has been shovra to include proteosome activities (multicatalytic, including trypsin

like, chymotrypsin-like and cumusin-like activities, Woodley, 1995). The presence of 

these enzymes, which are serine proteases, would explain the inhibitory effect of 

aprotinin in these studies. The effectiveness of the other protease inhibitors used in the 

study would imply that other sCT-degrading enzymes are present in the cytosol, 

namely aminopeptidases, carboxypeptidases and cysteine proteases.

In contrast, only bile salts were effective in reducing drug degradation by BBMVs. 

This may be attributed to the fact there is a large compliment of aminopeptidases 

situated at the brush-border, including Aminopeptidases N, A, P and W (Chapter 3.3).
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Figure 8.12 - Effect o f enzyme inhibitors on sCT degradation in rat enterocyte 
cytosol (n > 3)
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Figure 8.13 - Effect o f enzyme inhibitors on sCT degradation by BBMVs (n > 
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Cytosol BBMV

Inhibitor Half-life

(min)

Fold

increase

Half-life

(min)

Fold

increase

none 10.5 ±0.7 - 5.2 ± 0.4 -

NaC(15mM ) 123.8 ± 13.3* 11.8 53.3 ±2.6* 10.3

NaGC (15 mM) 53.3 ± 2.4* 5.1 40.8 ± 0.7* 7.9

pCPI (200 uM) 57.8 + 4.6* 5.5 6.2 ± 0.9 1.2

N-Ethylmaleimide (2 mM) 33.0 ± 1.1* 3.1 4.7 ±0.9 0.9

1,10 Phenanthroline (200 uM) 33.0 ±2.6* 3.1 5.6 ±0.6 1.1

Aprotinin (76.8 uM) 19.8 + 2.1* 1.9 5.6 ±1.5 1.1

Table 8.8 - Effect of inhibitors on sCT half-live in rat cytosol and BBMV 
fractions (n > 3).
* p < 0.05 relative to control

8.6 - Evaluation of sCT degradation in rat intestinal perfusate in vitro

Rat intestinal perfusate was used to evaluate the contribution of luminal enzymes, 

which are mainly pancreatic enzymes, to the intestinal degradation of sCT The effect 

of luminal enzymes on the stability of sCT in the intestine was examined by 

estimation of drug half-life in vitro in rat intestinal perfusate fractions which had been 

sequentially collected in 20 minute firactions over two hours (Chapter 7.4.3). The 

protein concentration and the drug degradation was determined for each fraction. 

Finally, the effect of enzyme inhibitors on the stability of sCT in perfusate was 

determined.

8.6.1 - Estimation of protein concentration of sequential gut perfusate fractions.

The protein concentration was evaluated in sequential fractions of rat gut perfusate 

collected at 20 minute intervals over a two hour period using a modified Lowry assay 

(Section 7.4.4). Protein concentration varied considerably between rats (Table 8.9), 

however there was a consistent trend towards an increase in protein concentration 

with time which levelled after one hour. This may have been due to regeneration of
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enzymes and other proteins which had been flushed out of the intestine during the 

initial washing procedure.

Time (min) Fraction number Protein concentration (ug/ml)

20 1 41.0± 11.3

40 2 136.4 ±50.7

60 3 178.2 ±75.4

80 4 243.2 ± 107.7

100 5 240.0 ± 96.5

120 6 234.3 ± 128.9

Table 8.9 - Average protein concentration of sequential rat gut perfusate 
fractions collected at 20 minute intervals over two hours (n = 6).

8.6.2.- Evaluation of sCT stability in sequential gut perfusate fractions

Figure 8.14 shows the average in vitro stability of sCT in sequential gut perfusate 

fractions. Again, there was substantial variation between animals but a trend towards 

higher degradation in later perfusate fractions was observed.

12 T

Q

H
Use

6050403020100

♦ — Phosphate buffer 

U— Fraction 1 

■6— Fraction 2 

^ — Fraction 3 

— Fraction 4 

# — Fraction 5 

H—  Fraction 6

Tune (min)

Figure 8.14 - Stability of sCT in sequential rat gut perfusate fractions collected 
at 20 minute intervals over two hours (n = 6).
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8.6.3 - The relationshin between perfusate protein concentration and sCT 

degradation

Results in Figure 8.15 show that the relationship between perfusate protein 

concentration and sCT degradation after one hour incubation in perfusate is sigmoidal. 

It was noted that the amount of degradation in sequential perfusate samples increased 

with fraction number, although the protein concentration of the perfusate fractions had 

levelled off after one hour. The reason for this is not clear but might be explained if 

enzyme secretion increased with time while secretion of non-enzyme proteinaceous 

material decreased, resulting in no net increase of protein concentration. More detailed 

study of enzyme/non-enzyme intestinal protein secretion would be required to answer 

this question.
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Figure 8.15 - The relationship between perfusate protein concentration and 
sCT degradation following one hour incubation in perfusate.

114



Chapter 8 - Intestinal proteolysis of salmon calcitonin

8.6.4 - The effect of enzvme inhibitors on sCT degradation in intestinal perfusate

The in vitro degradation of sCT by intestinal perfusate was further investigated by 

examining the effects of protease inhibitors on drug stability. Perfusates from six rats 

collected between 80 and 120 minutes (fractions 5 and 6) were pooled for enzyme 

inhibitor studies as these fractions had the highest protein concentration and the 

highest rate of degradation for sCT alone. Figure 8.16 shows the effects of inhibitors 

on sCT stability in rat gut perfusate. Average half-lives for each system are given in 

Table 8.10. The bile salts NaGC and NaC significantly reduced degradation relative to 

drug alone. However, the greatest effect was observed with the inhibitors pCPI and 

aprotinin. The proteases found in the lumen of the small intestine are serine proteases 

(trypsin, chymotrypsin) which are inhibited by the action of aprotinin, and 

carboxypeptidases (carboxypeptidase A and carboxypeptidase B) which are inhibited 

by the action of pCPI. These findings suggest that sCT was subject to luminal 

degradation by serine proteases and carboxypeptidases.
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Figure 8.16 - The effect of enzyme inhibitors on sCT stability in rat gut 
perfusate

115



Chapter 8 - Intestinal proteolysis o f salmon calcitonin

none 13.311.2 -

NaC(15mM) 49.5 ± 7.9* 3.7

NaGC (15 mM) 27.6 + 0.1* 2.0

pCPI (200 uM) 277.3 ± 64* 20.9

N-Ethylmaleimide (2 mM ) 14.7 ±1.1 1.1

1,10 Phenanthroline (200 uM) 14.7+1.1 1.1

Aprotinin (76.8 uM) 216.6135* 16.3

Table 8.9 - Effect of inhibitors on sCT half-live in rat intestinal perfusate (n = 
3).
* p < 0.05 relative to control 

8.7 - Discussion

In situ perfusion studies showed that sCT was extensively degraded in the small 

intestine. Using a model for simultaneous transport and metabolism (Langguth et al., 

1994), the extent of degradation during in situ perfusion studies was estimated to be 

1.54% per centimetre of perfused intestine. Langguth at al. (1994) found that the 

degradation of metkephamid was dependent on the intestinal segment studied. 

Metabolic loss averaged 14.9, 8.14 and 3.08 %.cm‘’ perfused in the duodenum, 

proximal jejunum and middle jejunum, respectively. The degradation of 

metkephamid (8 amino acids) was higher that that of sCT (32 amino acids), since 

small peptides are more readily degraded than larger ones (Ikesue et al., 1993; Lowe 

and Temple, 1994).

Metabolism can occur at different sites in the intestine; at the brush border, in the 

cytosol of the enterocyte and in the luminal fluid of the small intestine. Therefore, in 

vitro studies to determine the relative contribution of each site to the overall 

degradation of the peptide were carried out. In vitro degradation studies in intestinal 

mucosal homogenate were undertaken to examine the overall degradation of sCT in 

the small intestine. BBMVs and cytosol were prepared from crude mucosal 

homogenate and intestinal perfusate fractions were used to assess degradation by 

luminal enzymes.
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The en2ymatic degradation in intestinal homogenate was strongly pH dependent. This 

is in agreement with results of Langguth et al. (1994) who found that in vitro 

degradation of metkephamid was maximal at pH 7-8 and significantly reduced at 

lower pH. Degradation of sCT (0.01 - 10 uM) in intestinal mucosal homogenate ( 5 

mg/ml) was rapid, with a half-life of 7.7 ± 0.09 min. Tozaki et al. (1998) reported 

half-lives of human calcitonin in homogenates from the rat jejunum and ileum as 4.08 

± 0.93 min. and 5.59 ± 0.92 min, respectively. This higher degradation rate may be 

due to the higher concentration of mucosal homogenate used by Tozaki et al. (10 

mg/ml). In the present studies, the protease inhibitors NaGC, pCPI and, to a lesser 

extent, aprotinin were most effective in reducing sCT hydrolysis. These inhibitors 

have differing substrate specificities as shown in Table 8.5, which indicates that there 

were a variety of different enzymes present in intestinal mucosal homogenate which 

were capable of metabolising sCT.

The rate of degradation of sCT alone in BBMVs, cytosol and intestinal perfusate 

showed significant differences. These differences were not related to the protein 

concentration of the systems investigated as shown in Table 8.10, which lists average 

half-lives normalised for protein concentration. The highest rate of degradation was 

observed in the BBMV preparation with a half-live, normalised for protein 

concentration, of 1.3 minutes. Lu et al (1999) reported half-lives of 239 and 20 

minutes for human calcitonin in rabbit small intestinal preparations of BBMVs and 

luminal supernatant, respectively. These results are in contrast to those obtained in the 

current study, which showed higher rates of degradation overall and degradation by 

BBMVs to be greater than that induced by intestinal perfiisate. The difference may 

have been related to the differences in the species used (rat versus rabbit). Another 

possible explanation for the difference in overall degradation rate is related to the 

experimental conditions used Lu et al. (1999). The concentrations used were 1 mg/ml 

human calcitonin and 0.075 mg/ml BBMV or luminal supernatant. According to the 

drug concentration dependent degradation studies in the present work (Section 8.4.3), 

these conditions would result in a saturating quantity of drug, relative to the amount of 

enzyme in the degradation studies. This situation would account for the higher drug 

half-lives reported by Lu et al (1999).
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The difference in the degradation of human versus salmon calcitonin in luminal 

supernatant and BBMVs is most likely related to the substrate specificity of the 

enzymes involved (Chapter 3.3) and structural differences between human and salmon 

calcitonin (human calcitonin is approximately 50% homologous to salmon calcitonin. 

Chapter 4.1). Bai (1994) demonstrated this difference in the degradation profiles of 

structurally related compounds with the finding that growth hormone releasing factor 

(GRF(1-29)NH2) was degraded most rapidly by BBMVs, while an analog, 

desNHiTyr^ D-Ala^, Ala'^)-GRF(1-29)NH2, was more rapidly degraded by cytosol.

It should be noted that protein concentration may not correlate directly with the 

concentration of degradative enzymes in these systems, since non-enzyme 

proteinaceous compounds are likely to be present. It should also be noted that the 

relative quantities of degrading enzymes found in vivo may not be reflected in the 

enzyme concentrations used in this study. It is common practice to compare protein 

normalised degradation rates from various intestinal enzyme preparations (Bai and 

Chang, 1995; Ikesue et al., 1993; Stratford and Lee, 1986; Bai, 1994). However, the 

method of preparation (differential centrifugation) results in a change in the 

concentration of the enzymes present. Therefore these results cannot be extrapolated 

to the in vivo situation since the enzymes in each system (homogenate, BBMV and 

cytosol) are not likely to be present in vivo in equal quantities. Conflicting data have 

been published on the ratio of individual enzymes secreted (Woodley, 1995).

BBMV 5.2 4.05 1.3

Cytosol 10.5 1.98 5.3

Intestinal 13.3 0.24 56.1

perfusate

Table 8.10 - Average half-lives for sCT normalized for protein concentration 
o f rat intestinal BBMVs, cytosol and intestinal perfusate
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The effects of protease inhibitors on sCT degradation varied considerably between 

BBMVs, cytosol and intestinal perfusate. Aminopeptidases account for four out of the 

nine major brush-border peptidases (Bai, 1994). Accordingly, degradation by BBMVs 

was significantly reduced in the presence of bile salts NaGC and NaC which have 

been shown to inhibit aminopeptidase activity (Hirai, 1981b). NaGC and NaC also 

reduced peptide degradation in the cytosol fraction which contains aminopeptidases in 

the form of trypsin-like and chymotrypsin-like enzymes. sCT proteolysis in the 

cytosol was significantly reduced in the presence of N-Ethylmaleimide, a sulfahydral 

agent, and 1,10-Phenanthroline, a chelator. These effects were specific to cytosolic 

enzymes. Overall these results suggest that calcitonin is extensively degraded by 

aminopeptidases located at both the brush border membrane and the cytosol. The drug 

proteolysis in the cytosol of the enterocyte has important implications if the peptide is 

transported transcellularly, as has been suggested for insulin (Bendayan, 1990). 

However, to date there has been no evidence of a transcellular transport mechanism 

for sCT.

Yamamoto et al. (1994) found that coadministration of insulin with a variety of 

protease inhibitors was more effective in improving insulin absorption in the rat large 

intestine than in the small intestine, a finding which was inconsistent with previous 

reports. They postulated that this difference may be due to the absence of luminal 

enzymes in previous studies, which, in contrast to their procedure, employed a 

washing step prior to drug administration. This theory would seem to be supported by 

our findings that, following an initial washing step, there was a low level of protein in 

the perfusate which increased with time and that the metabolism of sCT increased in 

sequential perfusate fractions.

The rate o f metabolism of sCT in gut perfusate was significantly lower than that 

observed in BBMVs and cytosol. The enzyme inhibitors which were most effective in 

reducing sCT metabolism in perfusate, NaGC, NaC, pCPI and aprotinin were directed 

against luminal (pancreatic) exopeptidases, namely aminopeptidases, 

carboxypeptidases and serine proteases. These enzymes are responsible for the partial 

digestion of large proteins which are then hydrolysed to di- and tri-peptides and amino 

acids by brush-border enzymes (Abidi and Kim, 1981). The lack of brush-border 

enzymes in the intestinal perfusate explains the low metabolism of sCT in this
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medium, since both pancreatic and brush-border enzymes are required to complete 

hydrolysis.

Overall, NaGC and NaC were the most potent of the inhibitors tested. Addition of 

these bile salts resulted in significant inhibition of sCT degradation in all of the 

enzyme systems investigated. Hirai et al (1981b) reported that bile salts, including 

NaC, NaGC and NaTC, inhibited leucine aminopeptidase activity in studies with nasal 

mucosal homogenate and a specific leucine aminopeptidase substrate. Our results 

would suggest that bile salt-induced inhibition of degradation is not specific for or 

limited to leucine aminopeptidases, since sCT degradation was reduced with bile salts 

in systems which are not known to contain this enzyme i.e. in intestinal perfusate 

(luminal pancreatic enzjones) and cell cytosol.

Many investigators have shown a positive correlation between inhibition of 

degradation in vitro and absorption enhancement in situ/in vivo (Yamamoto et al., 

1994; Fukuda et al., 1995; Morita et al., 1994; Kobayashi et al., 1994). Therefore, 

these compounds may be effective in promoting drug absorption.
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Chapter 9 - Salmon calcitonin pharmacodynamics

9.1 - Introduction

Evaluation of pharmacokinetic parameters following intestinal administration of sCT 

is complicated by low plasma concentrations, rapid elimination and problems 

associated with plasma assay sensitivity. Alternatively, pharmacodynamic (PD) 

response can be used to estimate bioavailability by measuring the area above the 

calcium intensity curve following sCT administration. Regulation of the calcium 

concentration in body fluids is achieved through the action of a complex feedback 

control system that includes several subsystems and regulating hormones (Hurwitz, 

1996). Peptide hormones, parathyroid hormone (PTH) and calcitonin (CT) respond to 

acute perturbations in calcium levels by transient actions in the time range of minutes 

to hours. The action of CT involves receptor binding and activation which has been 

demonstrated in the kidney and in the osteoclasts.

Due to the mechanism of action of sCT, a PD model which describes the action of 

drugs that specifically and reversibly interact with biological receptors and induce 

measurable pharmacological effects is applicable. Sinko et al. (1995), used the 

sigmoidal Emax model to show that the PD effect versus dose relationship following 

subcutaneous administration of sCT is non-linear and saturable. The Emax model 

describes the relationship between the dose of drug administered and the 

pharmacodynamic effect for drugs whose actions are reversible.

Since the PD response is saturable, the whole range of the dose/response profile must 

be investigated. In this section the determinants of the dose/response profile for sCT 

were examined in detail. PD drug properties were evaluated by studying the 

dose/response relationship following bolus IV administration in the rat using various 

PK/PD modelling approaches. PD parameters were used to determine sCT 

bioavailability following intestinal bolus administration and intestinal perfusion 

studies. Finally, the effect of intestinal administration site on sCT absorption was 

examined.

9.2 - Salmon calcitonin Dharmacokinetics

The aim of pharmacokinetic/pharmacodynamic modelling is to link plasma drug 

concentrations with a measurable physiological effect. Sinko et al. (1995) estimated
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pharmacokinetic parameters for IV administration o f sCT in the rat using 

noncompartmental methodology and found that sCT demonstrated linear 

pharmacokinetics. Therefore, in this work, the pharmacokinetic parameters following 

a single dose by IV administration to rats was examined. Figure 9.1 shows rat plasma 

sCT concentration as a function o f time following an IV bolus o f  10 ug/kg. The 

experimental data points are represented by symbols while the solid line is the least 

squares fit to a biexponential equation. The corresponding least squares regression 

analysis program is given in Appendix 2a.
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Figure 9.1 - Salmon calcitonin plasma concentrations following IV 
administration o f  10 ug/kg fitted to a biexponential equation (n = 5).

The plasma concentrations were again fitted to a biexponential equation using values 

o f A, B, a  and P, estimated in the original fit, and the dose as constants and estimating 

the volume o f the central compartment (V), the first-order rate transfer constants for 

the movement o f  drug from the central compartment to the peripheral compartment 

(ki2) and from the peripheral compartment to the central compartment (k2 i) and the 

first-order elimination rate constant, ke. The corresponding least squares regression 

analysis program is given in Appendix 2b. To facilitate analysis o f  zero-order 

absorption during intestinal perfusion studies, plasma levels following IV
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administration were also generated using an IV infusion model with zero-order input 

and an infusion time (tiv) o f  0.01 minute (Equations 6.7, 6.8). With both o f  these 

models, the fit was virtually identical to that shown in Figure 9.1. Estimated 

pharmacokinetic parameters following IV bolus administration o f  10 ug/kg sCT were 

AUC = 860 ng min/ml, ke = 0.083 m in '\ ki2 = 0.99 min'*, k2 i = 0.29 min"' and V = 

140.7 ml/kg.

9.3 - Evaluation of baseline calcium levels

PD effects are measured as a drug-induced change from a baseline value o f  the 

variable o f interest as a function o f time. In most cases, baseline is established by 

performing several predose measurements o f the physiological variable o f  interest. 

However, this approach assumes that the baseline remains reasonably constant 

throughout the observation period. Since this is not always the case, baseline changes 

in rat plasma calcium were assessed by monitoring plasma calcium levels as a 

function o f  time following administration o f physiologic saline or phosphate buffer, 

pH 6.5.

The routes o f administration investigated were IV bolus, intrajejunal (IJ) bolus, and 

intestinal perfusion. Normal saline was used for IV studies and isotonic phosphate 

buffer, pH 6.5, was used for intestinal administration, as this pH approximates 

physiological conditions in the fasted state in humans (Dressman, 1998).

The average pre-dosing (t = 0) plasma calcium level in rats was 10.44 ±0 . 11  mg/dl 

and varied from 8.30 mg/dl to 12.21 mg/dl. To normalise results from different rats, a 

baseline calcium concentration was obtained prior to administration and data are 

expressed as a percentage o f this initial value.

Figure 9.2 shows rat plasma calcium levels as a function o f time following IV 

administration o f  physiological saline (0.4 ml), intrajejunal bolus administration o f  

phosphate buffer, pH 6.5, and during intestinal perfusion o f phosphate buffer, pH, 6.5.
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Figure 9.2 - Rat plasma calcium levels as a function of time following IV 
bolus administration of physiological saline, IJ bolus administration of 
phosphate buffer, pH 6.5, and during intestinal perfusion of phosphate buffer, 
pH 6.5, at a flow rate of 0.2 ml/min (n = 4).

The area above the intensity curve from 0 to 180 minutes (AAIC o -> iso) was used to 

quantitate PD response. Average AAIC values following IV and IJ administration and 

during intestinal perfusion are given in Table 9.1. Although there was no significant 

change in plasma calcium from baseline over the time course of the experiment 

(Anova, single factor) there was a trend toward a slight increase in plasma calcium 

concentration with time, resulting in negative AAIC values. This may be due to 

temporal oscillations corresponding to circadian rhythms which have been reported 

for plasma calcium and some of its controlling systems in growing rats (Staub, 1988) 

and in humans (Halloran, 1985).

Route of administration AAIC (%.min) ± SE

IV -317 + 228

IJ -141+615

Intestinal perfusion -567+ 161

Table 9.1 - AAIC values following IV bolus administration of physiological saline, 
intrajejunal (IJ) bolus administration of phosphate buffer, pH 6.5, and intestinal 
perfusion of phosphate buffer, pH 6.5, at 0.2 ml/min.
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9.4 - Rat plasma calcium levels as a function of time following IV bolus 

administration of salmon calcitonin

An examination of the dose/response relationship is a requisite for bioavailability 

determinations. Therefore the effect of drug concentration on rat plasma calcium 

following rv bolus administration in rats was investigated. In initial experiments, the 

effect of sCT over the concentration range 100-25000 ng/kg on rat plasma calcium 

levels was examined and appeared to produce the maximum pharmacological 

response. Evaluation of plasma calcium following IV bolus administration of drug 

over the concentration range 10-45 ng/kg showed that these doses were below that 

which elicited the maximum pharmacological response. Plasma calcium levels at 

these doses returned to baseline by 270 minutes. It was also noted that the time of 

occurrence of the maximum effect increased with dose. Rat plasma calcium levels as a 

function of time following IV administration of sCT over the concentration range 10- 

45 ng/kg and 100-25000 ng/kg are shown in Figures 9.3 and 9.4, respectively.
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120 150 180 210  240  270

Time (min)

-10 ng/kg 

■ 20 ng/kg

- 27.5 ng/kg
- 35 ng/kg
- 45 ng/kg

Figure 9.3 - Rat plasma calcium levels as a function of time following IV 
bolus administration of sCT over the concentration range 10-45 ng/kg (n = 4)
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Figure 9.4 - Rat plasma calcium levels as a function o f time following IV 
bolus administration o f sCT over the concentration range 100-25000 ng/kg (n 
= 4).

9.5 - Pharmacodynamic modelling 

9.5.1 - AAIC and the Emax Model

The area above the hypocalcemic intensity curve (AAIC) is commonly used as a 

cumulative measure o f  overall drug activity. Morimoto et al. (1992) used AAIC 

between 0 and 150 minutes (AAIC o^iso) to evaluate transdermal iontophoretic 

delivery o f  calcitonin to rats. Pharmacological bioavailability o f human calcitonin 

from the rat intestine was estimated by Tozaki et al. (1998) using the AAIC o->24o- 

In order to examine the dose/response relationship in greater detail the AAICo->i8o for 

each dose was estimated (Table 9.2). The sigmoidal Emax model (Equation 6.9) was 

used to estimate PD parameters.

AAIC values following IV administration presented in Table 9.2 were used to 

estimate PD parameters using the sigmoidal Emax model. AAIC values corresponding 

to doses o f  0 and 10 ng/kg were not used in the fit, as the negative values obtained 

indicated that there was no effect. Figure 9.5 shows a semi logarithmic plot of AAIC 

data as a function o f sCT concentration for the remaining doses. The experimental
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data points are represented by the symbols, while the solid line represents the line of 

best fit obtained using the Emax model.

s* Adiniliistered dose (ng/kg) ' AAlCf%min) + SD
0 -317 + 228
10 -192 + 319
20 714 + 374

27.5 1081 ±368
35 2289 ± 228
45 21991474
100 2111 ±323
500 2791 ± 829

4000 3145 ±460
25000 2507 ±313

Table 9.2 - AAIC o ->i8o values following IV bolus administration of sCT over 
the concentration range 0-25000 ng/kg.
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Figure 9.5 - Dose/response relationship following IV bolus administration of 
sCT over the concentration range 20 - 25000 ng/kg

127



Chapter 9 - Salmon calcitonin pharmacodynamics

PD parameters, calculated by fitting AAIC data to the Emax model are listed in Table 

9.3.

2648 ± 199 %.min 27.1 ± 3.1 ng/kg 3.9 ±1.8

Table 9.3 - PD parameters following IV administration of sCT, using AAIC as 
a measure of drug activity.

Another parameter, Dmin/max, can be estimated from the dose/response relationship 

following IV administration. Dmin/max, defined as the minimum dose required to elicit 

95% of the maximum pharmacological response, was found to be 57.3 ng/kg.

9.5.2 - Depletion of calcium levels and the Emax Model

Other investigators have used maximum depletion of calcium level (ACa %) as a 

measure of total drug activity (Morita et al., 1994). Pharmacodynamic response data 

were again evaluated by fitting maximal depletion of calcium levels at each dose 

(Table 9.4) to the Emax model (Figure 9.6).

' Administered dose (ng/kg) ifc ACa:f%)±Sl3
20 9.5+ 2.9

27.5 9.5 ±3.2
35 17.1 ±1.3
45 21.3 ±1.8
100 26.3 ± 4.9
500 22.6 ±6.1

4000 23.4 ±4.4
25000 21.8 ±3.5

Table 9.4 - Maximum depletion of calcium values following IV bolus 
administration of sCT over the concentration range 20-25000 ng/kg
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Figure 9.6 - Dose/response relationship following IV bolus administration of 
sCT over the concentration range 0 - 25000 ng/kg.

PD parameters, calculated by fitting maximum depletion of calcium data to the Emax 

model are listed in Table 9.3. Using this method, Dmin/max was estimated to be 6 8  

ng/kg.

23.7 ± 1 . 3 %  26.3 ± 2.5 ng/kg 3.1 ±1.1

Table 9.6 - PD parameters following IV administration o f sCT, using 
maximum depletion o f calcium as a measure o f drug activity.

The values of the parameters C50 and n, obtained using AAIC or depletion o f calcium 

levels as a measure of drug activity, were comparable. Model selection criterion 

(MSC) for each method is listed in Table 9.7. Although the MSC for the depletion of 

calcium method was higher, values o f C50 using AAIC and ACa methods (27.1 and 

26.3 ng/kg, respectively) were virtually identical. It was noted that the response 

following administration of 1 0 0  ng/kg showed significant deviation from the fitted 

dose/response curve, using either AAICo->io8 or maximum depletion o f calcium as 

measures o f activity. Therefore, the response corresponding to this dose was omitted 

from further modelling investigations.
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Measure of drug activity MSG

AAIC 1.04

ACa 1.60

Table 9.7 - Model selection criterion for the Emax model with AAIC or ACa 
data as measures of total drug activity.

9.6 - Pharmacokinetic/Pharmacodynamic modelliny

The models examined in section 9.5 describe the relationship between the dose of 

drug administered and pharmacological effect, with the estimated parameters 

applicable only to single dose IV administration. Pharmacokinetic/pharmacodynamic 

(PK/PD) modelling links the dose-concentration relationships (PK) and concentration 

effect relationships (PD), thereby facilitating the description and prediction of the time 

course of drug effects resulting from alternative dosing regimens. Therefore, the use 

of a PK/PD model to describe response data following IV drug administration was 

investigated.

9.6.1 - Direct link model

The PK/PD model relates drug concentration, as described by a pharmacokinetic 

model, to the observed effect. In the simplest case the plasma concentration serves as 

input for the concentration effect relationship which can be described by the inhibitory 

Emax model (Equation 6.10). To investigate the concentration/effect relationship 

following rV bolus administration of sCT to rats, the effect data was modelled using 

the inhibitory sigmoidal Emax equation linked to the central compartment of a two- 

compartment pharmacokinetic model (Appendix 2c). Plasma drug profiles were 

simulated using an IV bolus pharmacokinetic model and the parameters listed in 

Section 9.2. Simulated plasma drug profiles are shown in Figure 9.7. For clarity, low, 

medium and high doses, corresponding to 45, 500 and 4000 ng/kg are shown. Plasma 

drug levels were used as input for modelling of experimental response data using the 

inhibitory Emax model. The value of Emax was fixed at 23.7% (the maximum 

response from section 9.5.2) for estimation of model parameters for each dose. These 

parameter estimates were then averaged for model simulations. Results using the 

direct-link approach are given in Figure 9.8. With this model, the onset of the
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predicted response mirrors the appearance of drug in the central compartment. Clearly 

this does not accurately describe the experimental response data, which show a 

maximum response occurring much later than the peak plasma drug concentration.

14 -■

12 -

a  1 0 -
"WD
S  8 -

U  6 'se

0 50 100 150 200 250 300

45 ng/kg

500 ng/kg

4000 ng/kg

Time (min)

Figure 9.7 - Simulated plasma drug profiles corresponding to doses of 45, 500 
and 4000 ng/kg sCT
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-4 5  ng/kg

-5 0 0  ng/kg

-4 0 0 0  ng/kg

Figure 9.8 - Predicted rat plasma calcium levels as a fimction of time using the 
direct link model (solid lines) and experimental data points (symbols).
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9.6.2 - Indirect link mnHels

To determine if the disequilibrium between plasma drug concentration and effect 

could be attributed to distributional delays, the experimental response data were fitted 

to two indirect link models; i) a tissue compartment link and ii) a theoretical effect 

compartment model. 

i.) Tissue compartment link:

The effect data were modelled using the inhibitory Emax equation linked to the 

peripheral (tissue) compartment of a two-compartment pharmacokinetic model 

(Equation 6.8). The corresponding least squares regression analysis program is given 

in Appendix 2d.

Representative simulated tissue drug profiles, corresponding to doses of 45, 500 and 

4000 ng/kg are shown in Figure 9.9. Tissue drug levels were used as input for fitting 

of experimental response data using the inhibitory Emax model. The value of Emax 

was fixed at 23.8% for estimation of model parameters for each dose and parameter 

estimates were then averaged for model simulations. Fitted response curves as a 

function of time using a tissue compartment (indirect) link are shown in Figure 9.10. 

Low, medium and high doses, corresponding to 45, 500 and 4000 ng/kg, are shown. 

Simulated response profiles obtained using a plasma compartment link and tissue 

compartment link were similar. The onset of the predicted response using a tissue 

compartment link was slightly delayed, with a maximum response occurring at 

approximately three minutes. As was observed with the direct link model, the time of 

occurrence of the predicted maximum response mirrored that of drug concentration in 

the tissue. Therefore, this model did not accurately describe the experimental response 

data.
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Figure 9.9 - Simulated tissue drug profiles corresponding to doses o f 45, 500 
and 4000 ng/kg
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Figure 9.10 - Indirect (tissue) link effect model. Experimental data points are 
represented by symbols, while the solid lines represent the theoretical curves.
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ii.) Effect compartment model

The experimental effect data were then fitted to a theoretical effect compartment 

model (Sheiner et a l, 1979). The effect compartment was linked to the plasma 

compartment by a first order process according to Equation 6.11. The hypothetical 

amount o f drug in the effect compartment was then linked to the observed effect using 

the inhibitory Emax equation (Appendix 2e). Experimental response data for each 

dose was used to estimate the first-order rate transfer constant (keo) and the effect 

compartment concentration required to produce 50% of the maximal response, C5 0 . 

Parameters were estimated for each individual dose and then averaged. Theoretical 

effect compartment drug concentration as a function of time following IV bolus 

administration o f 45, 500 and 4000 ng/kg sCT are shown in Figure 9.11. Figure 9.12 

shows fitted response data corresponding to doses o f 45, 500 and 4000 ng/kg. Solid 

lines represent fitted response curves with parameters keo = 0.0017 ± 0.0001 min’* 

and C50 = 0.22 ± 0.50 ng/ml, while the experimental response values are represented 

by symbols.

The predicted time to reach maximum response (48 min) corresponded with the time 

of occurrence of predicted maximal theoretical effect compartment concentrations for 

all doses. There was also an increase in the duration of the predicted response with 

this model, relative to the time course of the predicted response using a plasma or 

tissue compartment link. However, the experimental data, which showed a slower 

onset and shorter duration of response, was not adequately described using this model.
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Figure 9.11 - Simulated theoretical effect compartment drug profiles
corresponding to doses of 45, 500 and 4000 ng/kg
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Figure 9.12 - Indirect (eflfect compartment) link effect model. Experimental 
data points are represented by symbols, while the solid lines represent the 
theoretical curves.
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9.6.3 Indirect response models

The direct and indirect Hnks used in sections 9.6.1 and 9.6.2 are all examples of direct 

response models which describe effects that are produced by drugs that act 

immediately on measured response variables. The failure o f these models to describe 

the experimental effect data indicates that the temporal dissociation between plasma 

or biophase drug concentration and the time course of response cannot be attributed to 

distributional processes. This may indicate an indirect response mechanism, where a 

response may take time to develop once the drug has reached the biophase.

For this reason, indirect response models 1 and 4 (Dayneka et al., 1993), whose 

pharmacodynamic response patterns occur downward, were used to model the 

experimental response data (Chapter 6.3.2).

9.6.3.1 Model 1

Indirect response model 1 which describes an inhibition of the factors controlling the 

production of the response variable (Equations 6.13 and 6.14) was used to estimate 

PD parameters, ki„, IC50 and Imax, following IV drug administration. The central 

compartment o f a two-compartment IV bolus model was used as input for plasma 

drug levels (Appendix It). Model parameters, obtained by fitting experimental 

response data for each dose to equations 6.13 and 6.14, are listed in Table 9.8. Figure 

9.13 shows simulated curves for doses in the range 20 - 25 x 10 ng/kg, using the 

averaged parameter values.

20 0.707 0.035 0.293 0.71

27.5 1.913 0.035 0.296 1.43

35 1.595 0.031 0.292 1.15

45 1.597 0.027 0.287 0.51

500 1.654 0.024 0.240 1.92

4000 3.736 0.063 0.250 1.65

25000 3.131 0.004 0.289 2.31

Average ± S.E. 2.048 ± 0.42 0.031 + 0.007 0.278 ± 0.009 1.38 ± 0.26

Table 9.8 - Estimated parameter values for each dose using Model 1
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« 4000 ng/kg

-  20 nglcg

-3 5  ngOcg

-4000  ng/kg
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♦ 25000 ng/kg

-27 .5  ngOcg

-  45 ngOcg

-5 0 0  ng/kg

-25000  ng/kg

Figure 9.13 - Indirect response Model 1. Simulated curves were obtained by 
substituting fitted values for the parameters in equations 6.13 and 6.14 over the 
range 20-25 x 10̂  ng/kg (solid lines) Experimental data points are represented 
by symbols.
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9.6.3.2 Model 4

Model 4, which describes drug response that results from stimulation o f the factors 

controlling the dissipation o f the response variable (Equations 6.16 and 6.18) was 

used to estimate parameters kout, IC50 and Smax, following IV drug administration. 

The central compartment o f a two-compartment IV bolus model was used as input for 

plasma drug levels (Appendix 2g). Model parameters, obtained by fitting 

experimental response data for each dose to equations 6.16 and 6.18, are listed in 

Table 9.9. Figure 9.14 shows simulated curves for doses in the range 20 - 25 x 10  ̂

ng/kg, using the averaged parameter values.

20 0.00703 0.035 0.293 0.73

27.5 0.0194 0.032 0.291 1.38

35 0.0170 0.029 0.289 1.14

45 0.0168 0.025 0.281 0.56

500 0.0160 0.016 0.241 1.70

4000 0.0292 0.082 0.258 1.57

25000 0.0213 0.031 0.256 2.49

Average ± S.E. 0.018 + 0.003 0.036 ± 0.009 0.273 ± 0.008 1.37 ± 0.26

Table 9.9 - Estimated parameter values for each dose using Model 4
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Figure 9.14 - Indirect response Model 4. Simulated curves were obtained by 
substituting fitted values for the parameters in equations 6.16 and 6.18 over the 
range 20-25 x 10̂  ng/kg (solid lines). Experimental data points are represented 
by symbols.

To compare Models 1 and 4, response parameters calculated fi-om experimental data 

were used to estimate the maximum response occurring at large doses (Rmax) 3-s 

described in Chapter 6.3.2 (Sharma and Jusko, 1996; Krzyzanski and Jusko, 1998).
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Experimental R^ax values were then compared with estimated Rmax values to 

determine which model best described the experimental response data. Estimated Rmax 

values for Model 1 and Model 4 are shown in Table 9.10. The estimated Rmax values 

for Models 1 and 4 differed from the experimental Emax value (76.31%, section 

9.5.2) by 4.11 and 2.24%, respectively. The estimated Rmax value for Model 4 more 

closely approximated the experimental Rmax value and was therefore selected as the 

model which best described the experimental response data.

ted Rmax (%)

Table 9.10 - Maximum response occurring at large doses

Many investigators have evaluated the dose/response relationship for various routes of 

calcitonin administration using the Emax model. AAIC is a routinely used measure of 

drug activity, and area calculations with time scales ranging from 150 minutes 300 

minutes have been reported (Morimoto et al., 1991; Sinko et al., 1995; Tozaki et al., 

1998). To examine the effect of this parameter on the dose/response relationship, the 

area above the Model 4 simulated intensity curve (AAIC) for each dose was 

determined and fitted to the Emax model. The area was calculated i) from 0 to 180 

minutes and ii) fi'om 0 to 1000 minutes to observe the full response profile. Parameter 

estimates are given in Table 9.11. Figure 9.15 shows model 4 predicted AAIC as a 

function of dose. Doses greater than 500 ng/kg were omitted from the graph for 

clarity. The Emax model parameters obtained with response data simulated from 0 to 

1000 minutes were dramatically higher than those obtained with response data 

simulated from 1 to 180 minutes. This divergence may be explained by the fact that, at 

higher doses, plasma calcium levels had not returned to baseline after 180 minutes. 

These results show that for accurate prediction of Emax model parameters, the 

response must be measured until a retum to baseline is observed. For the highest dose 

used in the present study (25 ug/kg), the minimum time for the predicted response to 

retum to baseline was 1000 minutes. Thus, while AAICo^igo and maximum depletion 

of calcium measures of drug activity may accurately describe the magnitude of the
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observed effect, they may not account for the duration of the effect, particularly at 

high doses, resulting in underestimation of PD parameters.

In many published studies, incomplete response profiles have been fitted to the Emax 

model. For example, Morita et al. (1994) investigated the dose/response relationship 

following pulmonary and IV administration of (Asu*’̂ )-eel calcitonin to rats. Of the 

seven intrapulmonary doses used, four had not returned to baseline over the 

timecourse of the experiment (300 minutes). IV response data were not shown. Tozaki 

et al (1998) also used incomplete response curves to characterise absorption following 

intestinal administration of calcitonin to rats. Our results suggest that Emax model 

parameters estimated with incomplete response profiles may not be accurate.

E max (%.min) 2969 10,475

cso (ng/kg) 74 1,255

n 0.88 0.54

Table 9.11 - Emax model parameter estimates from Model 4 simulated 
response data
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Figure 9 .1 5  - Model 4  simulated AAICo-^iso and AAICo->iooo fitted to the Emax 
model

9.7 - Estimation of intestinal bioavailability

As mention previously, PK/PD modelling can be used to facilitate the description and 

prediction of the time course of drug effects resulting fi'om alternative dosing 

regimens. In this section bolus intrajejunal (IJ) and intestinal perfusion dosing regimens 

were examined. Bioavailability estimates for each method of administration were 

determined by using experimental response data, averaged model 4 parameter 

estimates fi’om Table 9.9 and an appropriate PK model incorporating a term for 

bioavailability.

9.7.1 Bioavailability of sCT following intrajejunal bolus administration

The dose/response profile following IJ administration was examined ia detail to 

determine sCT bioavailability fi-om the small intestine. Figure 9.16 shows the effect of 

sCT dose on rat plasma calcium levels as a function of time following intrajejunal (IJ) 

administration of sCT over the concentration range 3.6-105 ug/kg. A dose dependent 

lowering of plasma calcium was observed.
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Figure 9.16 - Rat plasma calcium levels as a function of time following bolus 
IJ administration of sCT over the concentration range 3.6 -105 ug/kg (n = 4).

IDR Model 4 was used to investigate the effect of drug concentration on sCT 

pharmacodynamics following intrajejunal bolus administration. Plasma concentrations 

were generated using a two compartment open model with first-order absorption 

according to Equation 6.2. The corresponding least squares regression analysis 

program is given in Appendix 2h. Bioavailability estimates were obtained by fitting 

experimental response data for each dose to Model 4 using the parameters listed in 

Table 9.9. Sinko et al. (1995) reported ka values of 2.88 and 1.69 min’  ̂ following rat 

duodenal sCT administration of 1 and 2 mg, respectively. The average of these values 

(2.28 min'*) was substituted for ka in equations 6.3 - 6.5. Equations 6.3 -6.5 were used 

to determine the fraction of drug absorbed, F, since all other parameter values were 

known. The fi*action of drug absorbed for each dose following IJ bolus administration 

is shown in Table 9.12. The average fraction absorbed was 0.013 ± 0.006. Model 4 

simulated response profiles using the average fraction absorbed are shown in Figure 

9.17 (solid lines) with experimental data points represented by symbols.
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Dose (ug/kg) Fraction absorbed

3.6 0.001

33.8 0.001

50 0.002

65.7 0.035

100 0.033

105 0.013

Table 9.12 - Fraction of drug absorbed following IJ bolus administration of 
sCT
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Figure 9.17 - Model 4 fitted response curves (solid lines) and experimental data 
points (symbols) following IJ bolus drug administration

9.7.2 Bioavailabilitv of sCT during intestinal perfusion

PD response during intestinal perfusion of sCT was determined to allow comparison of 

bioavailability following bolus IJ administration and during intestinal perfiision. Figure 

9.18 shows rat plasma calcium levels as a fimction of time during 3 hours in situ 

perfusion of a 20 cm. length of intestine at a flow rate of 0.2 ml/min. The sCT
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concentrations administered were 0.1, 0.5 and 1.0 ug/ml. A dose dependent lowering 

of plasma calcium levels was observed. Plasma calcium levels during perfusion with 

0.1 ug/ml sCT were not significantly different to those obtained following perfusion 

of buffer alone.
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sCT (100 ng/ml) 

sCT(500 ng/ml) 

-^ sC T (1 0 0 0 n g /it il)

Figure 9.18 - Rat plasma calcium levels as a function of time during intestinal 
perfusion of sCT over the concentration range 100 - 1000 ng/ml (n = 4).

For bioavailability estimates, response data were fitted to Model 4. Plasma 

concentrations were generated using a two compartment open model with zero-order 

input according to Equations 6.6 and 6.7. The corresponding least squares regression 

analysis program is given in Appendix 2i. The average fraction absorbed for each dose 

is shown in Table 9.13. A negative fraction absorbed was obtained for perfusions with 

100 ng/ml sCT, indicating no drug absorption at this dose. The fraction of drug 

absorbed for the remaining two doses was averaged (0.00076) and used to simulate 

the response profiles in Figure 9.19.
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Dose (ng/ml) Fraction absorbed (± S.D.)

100 -0.00054 ± 0.0002

500 0.00068 ± 0.0002

1000 0.00087 + 0.0001

Table 9.13 - Model 4 estimated fraction of drug absorbed during in situ 
intestinal perfusion

no

105

^  100 IK
A

• m
.tS  95  -a
•P N

O 90  ~

85

80

75  - -

60 90 120 150 180

Time (min)

sCT(1000ng/m l) 

sCT (500ng/ml) 

sCT(100ng/tnl)

Figure 9.19 - Model 4 fitted response curves (solid lines) and experimental data 
points (symbols) following in situ intestinal perfiision

A comparison of the bioavailability of sCT following intrajejunal bolus administration 

and during intestinal perfiision (1.34% and 0.08%, respectively) showed that drug 

absorption was higher following bolus drug administration. This may have been due to 

higher local concentrations of drug using the bolus method of drug administration, 

resulting in saturation of the degradative enzyme systems present. The difference in 

bioavailability may also have related to differences in the region of the intestine 

involved in the two studies, since the perfiision study incorporated portions of the 

duodenum and jejimum, while the bolus administration study involved the jejunum 

only.
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9.7.3 - Effect of intestinal administration site on sCT absorption

Little is known about the local absorption characteristics along the gastrointestinal 

tract for most drugs, and, to date, there has been no investigation of the absorption 

characteristics of sCT along the intestine. Therefore, the effect of intestinal 

administration site on sCT absorption was examined. The intestinal sites investigated 

were the duodenum, jejunum, ileum and colon. The first 8 cm of rat small intestine 

was designated as the duodenum, the next 35 cm as the jejunum and the last 25 cm 

proximal to the ileocecal junction as the ileum. The caecum was anatomically 

different from the small intestine and the colon was clearly identified (Bai, 1994). 

Figure 9.20 shows rat plasma calcium levels as a function of time following bolus 

administration of 50 ug/kg sCT to each site.
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120 150 1809060
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Jejunum

Colon

Figure 9.20 - Rat plasma calciiim levels as a function of time following 
intestinal bolus administration of 50 ug/kg sCT (n = 4).

Bioavailability estimates were obtained by fitting experimental response data for each 

dose to Model 4 as per Section 9.7.1. Equations 6.3 - 6.5 were used to determine the 

fi-action of drug absorbed, F, since all other parameter values were known. The 

fraction of drug absorbed for each site of administration is shown in Table 9.14.
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Simulated response curves for each intestinal site, obtained by substituting the 

appropriate F value from Table 9.14 into Model 4, are shown in Figure 9.21.

Administration Site F + S.D.
Duodenum -0.0001 ± 0.00002

Jejunum 0.0021 ± 0.0004
Ileum 0.0021 + 0.0009
Colon 0.00035 ± 0.0001

Table 9.14 - Model 4 estimated fraction of drug absorbed and model selection 
criteria for bolus administration of sCT to various intestinal sites (n = 4)
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Figure 9.21 - Model 4 fitted response curves (solid lines) and experimental data 
points (symbols) following bolus administration of sCT to various intestinal 
sites

Analysis of sCT absorption from various regions of the intestine showed that the rank 

order of absorption was jejunum = ileum > colon > duodenum. The fraction of drug 

absorbed from the jejunum and ileum was significantly different to that of the colon 

and duodenum (p < 0.05), but not significantly different to each other (p > 0.05). 

There was no drug absorption from the duodenum which may have been due to the
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high levels of pancreatic enzymes which are present in this region (Woodley, 1995). 

Lower absorption from the colon may be explained by high levels of micro-organisms 

which have been shown to cause extensive degradation of sCT (Tozaki et al., 1995) 

and low absorbing surface area. Drug absorption was highest in the jejunum and ileimi 

which have the greatest absorbing surface area and less degradative enzymes than the 

jejunum, indicating that these sites may be a possible target for enhanced drug 

absorption.

9.8 - Discussion

The pharmacokinetic parameters obtained in section 9.2, which describe sCT 

distribution following IV bolus administration of 10 ug/kg, are summarised in Table 

9.17.

860 ±21 0.083 + 0.005 0.99 + 0.02 0.29 ±0.01 140.7 ±0.81 12.8

Table 9.17 - Summary of pharmacokinetic parameters following IV bolus 
administration of 10 ug/kg sCT

To date, there has been little investigation of the pharmacokinetics following IV 

administration of sCT to rats. PK parameters following IV bolus administration have 

been reported by Sinko et al. (1995) using non-compartmental methodology for 

parameter determinations. A plot of this data, i.e. linear regression (through the origin) 

of a plot of AUC as a function of the three doses administered, yields the equation y = 

318.06X (r  ̂= 0.99). Substituting the dose used in the present study (10 ug/kg) into this 

equation results in an AUC value of 795.2 ug.min/L, which is in good agreement with 

our results. In the same study, Sinko et al (1995) reported a volume of distribution 

(Vss) of 140 ± 10 ml. Vss can be calculated from the parameters in Table 9.17 

according to:

Vss = V +  ((ki2/k2i)*V) Equation 9.1
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where V is the volume o f the central compartment.

Using equation 9.1, Vss for the present study was estimated to be 620.78 ml/kg or 

155.2 ml (using an average weight o f 250 g/rat), which is in good agreement with 

Sinko’s result.

The elimination rate constant, ke, reported by Sinko et al. (1995) was 4.15 fold lower 

than our estimate. Beveridge et al. (1976) reported that elimination o f sCT following 

IV administration to humans was biphasic, with an initial half-life of 12 minutes and a 

terminal half-life o f 60-90 minutes. In the present study, a  and (3 were estimated to be 

1.35 and 0.017, corresponding to initial and terminal half-lives o f 0.51 and 40.8 

minutes, respectively. The shorter half-lives in the rat model are to be expected, since 

smaller animals have higher metabolic rates.

Using the Emax model, the concentration of drug required to produce half of the 

maximum effect (cso) was estimated to be 27.1 ± 3.1 ng/kg using A A IC o -^ iso m in  as a 

measure o f drug activity. Sinko et al. (1995) found that C50 following subcutaneous 

administration of sCT to rats, which weighed between 100 and 250g, was 4.7 ng or 

26.9 ng/kg (using an average weight o f 175g). Using pharmacokinetic parameters they 

estimated that the absolute bioavailability o f subcutaneous doses was 16.1%. By 

extrapolation, the C50 following IV administration would be 4.3 ng/kg, which is 6 -fold 

lower than our estimate. However, in Sinko’s study, there were only two doses which 

were in the linear region of the dose/response curve and the results were highly 

variable, possibly due to the fact that dosing was not weight normalised, and therefore 

these results may not be acciarate. The dose/response relationship following IV 

administration of eel calcitonin was investigated by Morita et al. (1994) who used 

maximum depletion o f calcium as a measure of drug activity. In this study, C50 was 

estimated to be 15 ng using rats which weighed between 230 and 250g (approximately 

62.5 ng/kg). Since salmon and eel calcitonin are reported to have the same potency 

(Chapter 4.2), this value can be directly compared with our corresponding C50 estimate 

(using maximum depletion of calcium of calcium as a measure o f drug activity) o f 

26.3 ± 3 . 3  ng/kg. The value obtained by Morita et al. (1994) is 2.4-fold higher than 

our estimate.
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The preceding studies (Sinko et al, 1995; Morita et al, 1994) highlight the divergence 

which exists in the current literature regarding pharmacodynamic parameters 

following administration o f sCT. The C50 estimate obtained by Sinko et al (1995) was 

14.5-fold lower than the estimate obtained by Morita et al. (1994), with our estimate 

falling between the two. These differences may be explained by our finding that Emax 

model parameters may vary if  incomplete response profiles are used in the 

determination of area above the intensity curve (Section 9.3.6.2). The use o f maximal 

depletion of calcium as a measure of drug activity should be avoided, since this does 

not account for the duration o f the effect, which increases with dose even when the 

maximum depletion of calcium is saturated.

IV response data were re-analysed using PK/PD modelling. This type o f analysis 

differs to simple PD modelling (e.g. Emax model), in that it uses plasma drug levels 

as input to describe the observed response. If the administered dose is used as input in 

the Emax model, the resultant PD parameters should only be used to compare similar 

types o f input, due to the potential non-linearity o f the dose/response relationship. On 

the other hand, if  the pharmacokinetic parameters are known, PK/PD modelling can 

be used to describe and/or predict the response for any given mode o f input (e.g. IV 

bolus, zero- or first-order) and the resultant PD parameters can be compared directly. 

Bioavailability is determined by the incorporation o f a bioavailability term into the 

PK portion of the appropriate PK/PD model.

In the selection of a PK/PD model, it is desirable to use the simplest model which 

accurately describes the response data. Ideally, the parameters will describe 

physiologically relevant events (mechanism-based versus descriptive modelling, Levy, 

1994). For this reason, a direct link model using plasma drug levels as input in the 

Emax model was examined. However this, and other direct response models (tissue 

and effect compartment links) did not accurately describe the observed response over 

a range o f doses. Thus, distribution delays alone could not account for the temporal 

dissociation between concentration and effect. Temporal dissociation between the 

time courses o f concentration and effect might also be caused by an indirect response 

mechanism (e.g. a signal transduction or protein synthesis event). Therefore the IV 

response data were re-evaluated using an indirect modelling approach. Parameters
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obtained using indirect response models 1 and 4 were similar. Model 1 is 

characterised by an inhibition of factors which control the input of the response 

variable while Model 4 describes a stimulation of the factors controlling the 

dissipation of the response variable. Since homeostasis of plasma calcium is achieved 

by counter regulation between calcitonin (lowering of calcium levels) and parathyroid 

hormone (increase in calcium levels), either model could be considered 

physiologically relevant (Chapter 4.4). However, since the Model 4-estimated Rmax 

value more closely agreed with the observed Rmax value, this model was chosen as 

that which best described the response data.

Bioavailability following subcutaneous and intraduodenal (Sinko et al., 1995) and 

following intrapulmonary (Morita et al., 1994) administration of sCT were determined 

using the equation:

BA == AAICoth/AAICiv x Div/Doth EquatkMft 9.2

Where AAICqth and Doth are the area above the intensity curve and dose following 

subcutaneous, intraduodenal or intrapulmonary drug administration. These routes of 

administration are described by first-order absorption processes. It has been shown 

that with certain values of ka, the relationship between dose and effect may not be 

linear (Hochhaus and Derendorf, 1995). To investigate the linearity of the dose/effect 

relationship for first-order absorption of sCT, Model 4 response profiles were 

simulated over a range of ka values using an arbitrary dose of 500 ng/kg (Appendix 

2h, F = 1). Response profiles corresponding to ka values over the range 0.005 - 10 

min’*, and the response profile following IV bolus administration of the same dose 

(Appendix 2g) are shown in Figure 9.22. First-order response profiles with ka values 

< 0.05 were markedly different to that obtained for IV bolus administration of the 

same dose. AAIC estimates for response curves in Figure 9.22 suggest that for ka 

values > 2.0, IV bolus and first-order response profiles are not significantly different 

(4092 %.min versus 4102 %.min, respectively). However at lower ka values, such as 

that reported by Sinko et al (1995) for subcutaneous administration of sCT to rats 

(0.20 min*, range 0.05 - 0.35 m in '), the first-order and bolus IV response profiles 

begin to diverge, resulting in an AAIC estimate of 4193% min'^ for ka = 0.2 min'*. In
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this situation, bioavailability determinations based on equivalence, such as Equation 

9.2, are not appropriate
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Time (min)

ka = 0.005 

ka = 0.01 

ka = 0.05 

ka = 0.2 

ka = 0.5 

ka = 2.0 

IV bolus

Figure 9.22 - Model 4 simulated response curves for IV bolus and first-order 
absorption of sCT (500 ng/kg) over a ka range 0.005 - 2.0 min *

Model 4 estimated drug bioavailability following intrajejunal bolus administration and 

during intestinal perfusion revealed that overall absorption was low, with relatively 

higher absorption following bolus drug administration. Tozaki et al. (1998) used a rat 

in situ closed loop method to investigate human calcitonin absorption fi-om the 

jejunum. The absolute bioavailability of a 100 ug/2 ml.kg ' dose was 0.15%, which was 

of the same order of magnitude as our results for salmon calcitonin using an in situ 

perfiision method (0.08%, Section 9.7.2).

Estimates of bioavailability following administration of 50 ug/kg sCT to various 

intestinal sites listed in Table 9.15 showed that intestinal absorption was very low. The 

rank order of absorption was jejunum = ileum > colon > duodenum. Hastewell et al. 

(1992) reported that the absolute bioavailability of human calcitonin after intracolonic 

administration in rats was 0.5, 0.9 and 0.2% for doses of 5.0, 1.0 and 0.1 mg/kg, 

respectively. This was much higher than the result obtained in the current study 

(0.034%). Tozaki et al. (1998) investigated absorption of human calcitonin (100
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ug/kg) in a rat closed-loop model and reported bioavailabilities o f 0.15, 0.40 and 

0.08% for jejunal, ileal and colonic administration, respectively. These values are in 

good agreement with our results (0.21, 0.21 and 0.035% bioavailability following 

jejunal, ileal and colonic administration, respectively). One possible explanation for 

the higher bioavailability obtained by Hastewell et al. (1992) is the amount of drug 

used in the study (mg range), which would have resulted in higher local 

concentrations of drug. This is supported by our finding that the bioavailability 

following bolus drug administration was higher than that obtained during intestinal 

perfusion. This explanation could also be applied to the study by Sinko et al. (1995), 

who found that sCT bioavailabilty following duodenal administration of 1.0 and 2.0 

mg/rat doses was 0.040 and 0.029%, while we saw no drug absorption following 

intraduodenal administration of 50 ug/kg.

Drug absorption from the intestine is influenced by physiological factors, such as 

gastrointestinal transit time, regional pH, surface area, enzymatic activity and colonic 

microflora, some of which may be exploited to effect site-specific drug delivery. 

Therefore a knowledge of the intestinal absorption profile is an important 

consideration for oral peptide delivery. Our results suggest that drug targeting to the 

jejunum or ileum may result in increased absorption.
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Chapter 10 - The effect o f simple and mixed micelles on the intestinal degradation and absorption of sCT

10.1 - Tntroduction

Several studies have shown that bile salts are able to improve the bioavailability of 

poorly absorbed peptides at various sites of administration, such as the nasal mucosa, 

upper gastrointestinal tract or rectum (Gordon et al., 1985; Hirai et al., 1985a; Scott- 

Moncrieff et al., 1994; van Hoogdalem et al., 1990). The exact mechanism of peptide 

permeation enhancement by bile salts is poorly understood but has been postulated to 

involve increased paracellular transport by an opening of intercellular tight junctions, 

inhibition of metabolism, decrease in the viscosity of mucous, changes in the 

thermodjoiamic activity of the drug and, in the case of hydrophobic peptides, 

increased drug solubility (Schilling and Mitra, 1991; Shao and Mitra, 1994). These 

effects appear to be dependent on the properties of the drug being investigated and the 

structure of the bile salt used, as bile salts have also been shown to reduce the 

intestinal permeation of drugs (Li et al., 1992).

Lipid-bile salt mixed micelles have been shown to promote the intestinal absorption 

of peptides to a greater extent and with less damage to the mucosa than bile salts alone 

(Muranishi, 1990). Tengamnuay and Mitra (1990a) foimd that mixed micelle potency 

was dependent on ionic strength, adjuvant composition and lipid structure, with 

linoleic acid being the most effective of the 18-carbon unsaturated fatty acids tested.

In Chapter 8, the bile salt sodiimi glycocholate (NaGC) was shown to reduce the in 

vitro degradation of sCT. In this section, the investigation was extended to include 

the endogenous trihydroxy bile salts, sodium cholate (NaC) and sodium taurocholate 

(NaTC), and to examine in detail the effects of these bile salts on the in vitro stability 

of sCT in rat intestinal mucosal homogenate. The stability enhancement of mixed 

micellar systems of bile salt/linoleic acid and the effect of linoleic acid loading was 

also examined.

In situ drug absorption in the presence of simple and mixed micellar systems was 

assessed using in situ rat intestinal perfusion. Plasma calcium levels were monitored 

as an indication of drug absorption. PK/PD modelling using model 4 and a zero-order 

PK model was used to estimate sCT bioavailability following intestinal perfusion 

(Chapter 6).
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10.2 - Effect of simnle micelles of trihvdroxv bile salts on the degradation half- 

life of sCT in intestinal mucosal homogenate

The effect of simple micellar systems of sodium cholate (NaC, 15 mM), sodium 

glycocholate (NaGC, 15 mM) and sodium taurocholate (NaTC, 15 mM) on sCT 

degradation in intestinal mucosal homogenate was examined. All of the in vitro 

degradation experiments were performed at 37° C with an initial sCT concentration of 
10 uM.
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Figure 10.1 - The effect of simple micellar systems on sCT stability in rat 
intestinal mucosal homogenate, pH 6.5 (n > 4)

Figure 10.1 shows that sCT degradation was reduced in the presence of NaC, NaGC 

and NaTC simple micelles, relative to control. Degradation half-lives for sCT in rat 

intestinal mucosal homogenate in the presence of simple micellar systems are 

presented in Table 10.1. There was a significant difference between the half-life of 

drug alone, and in the presence of simple micellar systems of NaC and NaGC (p < 

0.05). The effect of the bile salts on increasing the half-life of the drug was seen to 

correlate with increasing hydrophobicity, where NaC > NaGC > NaTC > control.
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sCT alone 7.3 ± 0.3 
144.4+16.5 
30.4 ±3.6 
13.59 ±2.1

NaC(15mM)
NaGC(15mM)
NaTC(15mM)

Table 10.1 - The effect of simple micellar systems on sCT half-life in rat 
intestinal mucosal homogenate, pH 6.5 (n > 4).

10.3 - The effect of bile salt concentration on the degradation half-life of sCT in 

intestinal mucosal homogenate

In the preceding section, equimolar concentrations of trihydroxy bile salts exhibited 

differential effects on sCT stability in intestinal mucosal homogenate, with NaTC 

showing the least protection. Therefore, the effect of bile salt concentration on sCT 

stability was investigated. The bile salts NaC and NaGC were examined since they 

provided the greatest stability enhancement (Section 10.2).

10.3.1 - The effect of NaC concentration on the degradation half-life of sCT in 

intestinal mucosal homogenate

The hydrophobic properties of bile salts are related to micelle formation. The CMC of 

NaC in phosphate buffer systems has been reported to be between 10 and 14 mM, 

depending on the analytical technique used (Coello et al., 1996). Figure 10.2 shows 

the effect of NaC concentration on sCT stability in rat intestinal mucosal homogenate. 

The stability enhancing effect of NaC was eliminated at concentrations below the 

critical micellar concentration (CMC).
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Figure 10.2 - The effect of NaC concentration on sCT stability in rat intestinal 
mucosal homogenate (n > 4).

Half-lives, determined from the first order degradation profiles of sCT in the presence 

of varying concentrations of NaC, are presented in Table 10.2.

Q
sCT alone 

NaC(15mM) 
NaC(lOmM) 
NaC (5 mM) 
NaC (1 mM)

5.7 ±1.3 
144.4+16.5 
128.4 + 19.3 
10.5 ± 1.53 
6.5 + 0.4

Table 10.2 - The effect of NaC concentration on sCT half-life in rat intestinal 
mucosal homogenate pH 6.5 (n > 4).
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10.3.2 - The effect of NaGC concentration on the degradation half-life of sCT in 

intestinal mucosal homopenate

Figure 10.3 shows the effect of NaGC concentration on sCT stabiUty in rat intestinal 

mucosal homogenate. As was observed for NaC, the stability enhancing effect of 

NaGC was reduced at concentrations below the CMC (9 mM, Li et al., 1992).
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Figure 10.3 - The effect of NaGC concentration on sCT stability in rat 
intestinal mucosal homogenate, pH 6.5 (n > 4).

Half-lives, determined from the first order degradation profiles of sCT in the presence 

of varying concentrations of NaGC, are presented in Table 10.3.

sCT alone 
NaGC (20 mM) 
NaGC (15 mM) 
NaGC (2 mM)

5.7 ± 1.3 
42.0 + 9.4 
30.4 + 3.6 
11.2 + 0.4

Table 10.3 - The effect of NaC concentration on sCT half-life in rat intestinal 
mucosal homogenate pH 6.5 (n > 4).
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10.4 - The effect of NaCr with orotease inhibitors on the degradation half-life of 

sCT in intestinal mucosal homogenate

In general, more polar (more hydroxylated) bile acids have been observed to be less 

acutely damaging to the intestinal mucosa (Teem and Phillips, 1972; Low-Beer et al., 

1970). However, while reversibility of bile acid-induced mucosal damage suggests 

that acute dosing may be relatively harmless, it does not provide strong guidance with 

respect to chronic dosing. Therefore, although NaC provided the best protection from 

degradation in vitro, NaGC was the focus of fiirther studies since it was less polar 

(potentially less damaging to the intestinal mucosa) than NaC. A concentration of 15 

mM NaGC was used since this was the lowest concentration which afforded a 

significant degree of protection against degradation in vitro (Section 10.3.2). 

Combinations of NaGC and protease inhibitors were examined for potential additive 

effects. The protease inhibitors pCPI and Aprotinin were used in the study since they 

were the most effective of the inhibitors tested in Chapter 8.4.5. Figure 10.4 shows 

that the most effective combinations were NaGC/pCPI and NaGC/pCPI/Aprotinin. 

Degradation half-lives for each system are shown in Table 10.4. A synergistic effect 

was observed for NaGC/pCPI and NaGC/pCPI/Aprotinin systems i.e. the half-lives 

for these combinations were greater than the sum of the half-lives of each individual 

component. With the exception of aprotinin, all of the combinations of inhibitor and 

bile salt tested resulted in significant inhibition of sCT degradation, relative to drug 

alone (p < 0.05).
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Figure 10.4 - The effect of NaGC (15 mM) and combinations of protease 
inhibitors, aprotinin and potato carboxypeptidase inhibitor on sCT stability in 
rat intestinal mucosal homogenate, pH 6.5 (n > 3).

sCT alone 

NaGC (15 mM) 

Aprotinin (76.8 uM) 

pCPI (200 uM) 

NaGC/Aprotinin 

NaGC/pCPI 

pCPI/Aprotinin 

NaGC/pCPI/Aprotinin

5.6+ 0.9 

31.7±3.8

6.7 ± 0.4

22.7 + 2.6

47.2 ± 5.5 

147.5 ± 6.3

25.3 + 0.8

187.3 + 6.2

Table 10.4 - The effect of combinations of NaGC and protease inhibitors 
(pCPI and Aprotinin) on sCT half-life in rat intestinal mucosal homogenate pH 
6.5 (n > 3).
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10.5 - In situ absorption of sCT with bile salt simnle micellar systems

Formulations which reduced sCT degradation in vitro were examined for potential 

enhancement of drug absorption in situ using a rat gut perfusion model. Previously, 

the absorption of sCT alone during rat intestinal perfusion was investigated using a 

zero-order PK model linked to an indirect response model (Chapter 9.7.2). In this 

section, formulations of NaGC simple micelles, NaC simple micelles and NaGC with 

the protease inhibitor, pCPI, were evaluated and compared to results obtained 

following perfusion of drug alone. Response data were fitted to the PK/PD model 

described in Chapter 9.7.2 for bioavailability determinations.

10.5.1 - Effect of NaGC concentration on sCT absorption duriny intestinal 

perfusion

The effect of NaGC simple micelles on in situ sCT intestinal absorption was 

investigated. Rat plasma calcium levels during intestinal perfusion of NaGC (15 mM) 

with 1000 ng/ml sCT, NaGC (15 mM) with 500 ng/ml sCT and NaGC (30 mM) with 

100 ng/ml sCT are presented in Figure 10.5. Any sCT dose which produces a 

measurable effect can be fitted to Model 4 for bioavailability determinations. 

However, since the plasma concentrations were monitored only for the duration of the 

input (3 hours), the response profiles did not return to baseline. Therefore, for more 

accurate bioavailability determinations, sCT concentrations which resulted in 

discemable decrement of plasma calcium (i.e. below Rmax) were used.
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110 T
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95 -
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Buffer control
sCT (1000 ng/ml)/NaGC (15 mM) 

sCT (500 ng/ml)/NaGC (15 mM) 

sCT (100 ng/ml)/NaGC (30 mM)

75 -

0 90
Time (min)

30 60 120 150 180

Figure 10.5 - Rat plasma calcium levels as a function of time during intestinal 
perfusion of sCT with NaGC simple micellar systems (n = 4).

Response data for each system were fitted to indirect response model 4, linked to a 

zero-order PK model. Fitted response curves, corresponding to formulations 

containing sCT (100 ng/ml)/NaGC (15 mM), sCT (500 ng/ml)/NaGC (15 mM) and 

sCT (100 ng/ml)/NaOC (30 mM), are shovra in Figures 11.6 - 11.8. The 

corresponding fitted response curves for formulations containing sCT alone (Chapter 

9.7.2) are also shown. Bioavailability estimates for each system and fold increase in 

absorption relative to the average fraction of drug absorbed during perfusion with drug 

alone (0.76 x 10'^) are given in Table 10.5.
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105 T
sCT alone (1000 n^m l)

100
 sCT (1000 ng/ml)/NaGC (15 mM)

95

90 -

85 -

80

75

0 9030 60 120 150 180

Time (min)

Figure 10.6 - Model 4 fitted response curves (solid lines) and experimental data 
points (symbols) following intestinal perfusion of sCT alone (1000 ng/ml) and 
sCT (1000 ng/ml) withNaGC (15 mM)

sCr alone (500 ng/ml)105 T

sCr (500 ng'mO/NaGC (15 mM)100

95

90
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80
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70 ^  
0 150 18012030 9060

Time (min)

Figure 10.7 - Model 4 fitted response curves (solid lines) and experimental data 
points (symbols) following intestinal perfusion of sCT alone (500 ng/ml) and 
sCT (500 ng/ml) with NaGC (15 mM)
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105 T
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o

sCT alone (100 ng/ml)

80 - sCT (100 ng'ml)/NaGC (30 mM)

90 120 1800 60 15030
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Figure 10.8 - Model 4 fitted response curves (solid lines) and experimental data 
points (symbols) following intestinal perfusion of sCT alone (100 ng/ml) and 
sCT (100 ng/ml) with NaGC (30 mM)

Formulation F (x 10 )̂ ± S.D. Fold increase

sCT alone 0.76 -

sCT (1000 ng/ml)/NaGC (15 1.86 ±0.44 2.45

mM)

sCT (500 ng/ml)/NaGC (15 mM) 1.54 ±0.32 2.03

sCT (100 ng/ml)/NaGC (30 mM) 4.04 ± 0.82 5.32

Table 10.5 - Fraction of drug absorbed during intestinal perfusion with sCT 
alone or sCT with NaGC simple micelles (n = 4)

Drug absorption was enhanced in the presence of NaGC (15 mM) simple micellar 

systems. The fi'action of drug absorbed fi'om formulations contaming NaGC (15 mM) 

with 1000 ng/ml was virtually identical to that observed for formulations containing 

NaGC (15 mM) with 500 ng/ml sCT. The bile salt-induced absorption enhancement 

appeared to be dependent on the concentration of bile salt, since absorption was 

increased in the presence of NaGC (30 mM) relative to NaGC (15 mM) simple
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micellar systems. The fraction of drug absorbed from all three simple micelle 

formulations was significantly different to control (p < 0.05).

10.5.2 - Effect of coadministration of NaGC and nCPT on sCT absorption during 

intestinal perfusion

A combination of NaGC (15 mM) and pCPI (200 uM) was shown to significantly 

reduce sCT metabolism in intestinal mucosal homogenate (Section 10.4). Therefore, 

the effect of coadministration of NaGC and pCPI on sCT absorption in situ was 

investigated. Figure 10.9 shows rat plasma calcium levels as a function of time during 

intestinal perfusion with sCT (1000 ng/ml)/NaGC (15 mM)/pCPI (200uM).

Response data was fitted to indirect response model 4, linked to a zero-order PK 

model. The fitted response curve is shown in Figure 10.10 with the corresponding 

fitted response curve for 1000 ng/ml sCT alone (Chapter 9.7.2). Estimated fraction 

absorbed is given in Table 10.6. Inclusion of a protease inhibitor, pCPI, resulted in a 

slight enhancement sCT absorption when coadministered with NaGC (15 mM) which 

was significantly higher then control (p < 0.05). However, absorption from 

formulations containing NaGC (15 mM)/pCPI (200 uM) was not significantly 

different to absorption from formulations containing NaGC (15 mM) alone.

110 T

105

95 -

90

85

Buffer control
75 sCT (1000 ng/ml)/NaGC (15 mM)/pCPl (200 uM)

120 150 18090
Time (min)

60300

Figure 10.9 - Rat plasma calcium levels as a function of time during perfusion 
with sCT (1000 ng/ml)/NaGC (15 mM)/pCPI (200 uM), n = 4)
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105
sCT alone (1000 n^ml)

100
sCT (1000 ng/ml)/NaGC (15 mM)/pCPI (200 uM)

95

a

A
U

0 30 60 90 120 150 180

Time (min)

Figure 10.10 - Model 4 fitted response curves (solid lines) and experimental 
data points (symbols) following intestinal perfiasion of sCT alone (1000 ng/ml) 
and sCT (1000 ng/ml) withNaGC (15 mM) and pCPI (200 uM)

Formulation F(xlO^)±S.D. Fold increase

sCT alone 0.76 -

sCT (1000 ng/ml)/ 2.78 ±0.50 3.66

NaGC (15 mM)/pCPI (200 uM)

Table 10.6 - Fraction of drug absorbed during intestinal perfiision with sCT 
alone (1000 ng/ml) or sCT with NaGC (15 mM) and pCPI (200 uM), n = 4

10.5.3- Effect of NaC on plasma calcium levels during intestinal perfusion.

The effect of a simple micellar system of NaC (15 mM) on rat plasma calciimi levels 

during intestinal perfusion with sCT (500 ng/ml) is shown in Figure 10.11. Response 

data was fitted to indirect response model 4, linked to a zero-order PK model. The 

fitted response curve is shown in Figure 10.12, with the corresponding fitted response 

curve for 500 ng/ml sCT alone (Chapter 9.7.2). Estimated fi-action absorbed is given
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in Table 10.7. Drug absorption from formulations containing NaC (15 mM) and 500 

ng/ml sCT was not significantly different to absorption fi-om formulations containing 

sCT alone (p > 0.05). These results were in contrast to in vitro stability results 

(Section 10.3.1), which showed significant reduction of sCT degradation in the 

presence of NaC (15 mM).

110 T

105 --

Q
100 

S  90--

Buffer control

sCT (500 ng/ml)/NaC (15 mM)
75 -

0 60 120 150 18030 90
Time (min)

Figure 10.11 - Rat plasma calcium levels as a function of time during intestinal 
perfusion with NaC (15 mM) and sCT ( 500 ng/ml), n = 4.
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105 T sCr alone (500 ng/ml)

sCT(500 ng/ml)/NaC (15 mM)100
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Figure 10.12 - Model 4 fitted response curves (solid lines) and experimental 
data points (symbols) following intestinal perfusion of sCT alone (500 ng/ml) 
and sCT (500ng/ml) withNaC (15 mM)

Formulation F (X  10 )̂ ± S.D. Fold increase

sCT alone 0.76 -

sCT (500 ng/ml)/NaC (15 mM) 0.59 ±0.15 0.77

Table 10.7 - Fraction of drug absorbed during intestinal perfusion with sCT 
alone (500 ng/ml) or sCT (500 ng/ml) withNaC (15 mM), n = 4

10.6 - In vitro stability of sCT with bile salt /linoleic acid mixed miceilar systems.

Mixed micelles of naturally occurring unsaturated long chain fatty acids and their 

monoglicerides with bile salts have been shown to exhibit absorption enhancing 

abilities which are basically harmless to the intestinal mucosa (Muranishi, 1990). The 

promoting effect of NaGC/linoleic acid mixed micelles on nasal absorption of [D- 

Arg^Jkytorphin, a dipeptide, was shown to be synergistic, i.e., greater than that 

produced by bile salt or fatty acid alone, with nasal membrane permeability returning to 

its original state within 20-40 minutes following removal of the mbced micelles 

(Tengamnuay and Mitra, 1990a). In vivo nasal absorption of larger peptides, such as
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insulin, in the presence of NaGC/linoleic acid mixed micelles has also been reported 

(Tengamnuay and Mitra, 1990b) as has the intestinal uptake of insulin in the presence 

of NaC/linoleic acid micelles (Lane, 1998).

In preceding sections, simple micelles of bile salts were shown to improve in vitro 

stability and in situ absorption of sCT. Therefore studies were undertaken to 

determine the effects of mixed micellar systems on intestinal drug stability. The in 

vitro stability enhancement of mixed micellar systems of bile salt/linoleic acid and the 

effect of linoleic acid loading was examined.

10.6.1 - Effect of mixed micellar systems of trihvdroxv bile salts and linoleic acid 

(15:7.5 mM') on the degradation half-life of sCT in intestinal mucosal 

homogenate

The effect of mixed micellar systems of trihydroxy bile salts and linoleic acid on sCT 

stability in intestinal mucosal homogenate was examined. Three different bile salts 

were investigated as follows; NaC/LA, NaGC/LA and NaTC/LA (15:7.5mM, Figure 

10.13).
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Figure 10.13 - The effect of bile salt:linoleic acid mixed micelles on sCT 
stability in rat intestinal mucosal homogenate (n > 3)
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Table 10.8 shows the half-life values obtained from the first-order degradation 

profiles for each system. Corresponding half-lives for simple micellar systems and for 

drug alone are included for comparison. Mixed micelles of NaC/LA and NaGC/LA 

increased the half-life of the drug 50-fold and 28-fold respectively, relative to drug 

alone. Systems containing NaTC/LA were less effective. The half-life of the drug in 

the presence of mixed micelles of NaTC/LA was similar to that observed in the 

presence of NaTC or drug alone

Table 10.8 - The effect of mixed micellar systems on sCT half-life in rat 
intestinal mucosal homogenate pH 6.5 (n > 3)
*p < 0.05, relative to drug alone

10.6.2 - The effect of linolcic acid loading in NaC mixed micelllar systems on sCT 

stability in rat intestinal mucosal homoyenate.

The effect of linoleic acid loading on sCT stability was further investigated. Systems 

containing NaC/LA and NaGC/LA were examined since they demonstrated significant 

reduction of sCT degradation using a bile saltiLA molar ratio of 2:1 (Sectionl0.6.1). 

At a constant bile salt concentration of 15 mM, increasing the linoleic acid loading 

over the range 15:0.9 mM to 15:15 mM NaC/LA resulted in enhanced drug stability in 

vitro (Figure 10.14). Mixed micelles of NaC/LA demonstrated almost complete 

inhibition of sCT degradation at every concentration tested. Table 10.9 shows the 

half-life values obtained from the first-order degradation profiles for each system.

sCT alone 
NaC(15mM) 

NaGC (15 mM) 
NaTC (15 mM) 

NaC/LA (15:7.5 mM) 
NaGC/LA (15:7.5 mM) 
NaTC/LA (15:7.5 mM)

7.3 + 0.3 
144.4+16.5*
30.4 + 3.6* 
13.59 ±2.1

364.8 ±29.2*
203.9 ±19.7*

12.4 ±0.7
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0 30 4010 20 50 60

-sCT alone 

-NaC 15 mM 

-NaC/LA 15:15 mM 

-NaC/LA 15:7.5 mM 

-NaC/LA 15:1.25 mM 

■NaC/LA 15:0.94 mM

Time (min)

Figure 10.14 - The effect of linoleic acid loading in mixed micellar systems of 
NaC/LA on sCT stability in intestinal mucosal homogenate pH 6.5 (n > 3).

s.i>.
sCT alone 7.3 ± 0.3

NaC(15mM) 144.4+16.5*
NaC/LA (15:15 mM) 433.2 ±36.0*
NaC/LA (15:7.5 mM) 364.8 ± 29.2*
NaC/LA (15:1.25mM) 346.5 ± 19.2*
NaC/LA (15:0.94mM) 346.5 + 16.7*

Table 10.9 - The effect of NaC/LA mixed micellar systems on sCT half-life in 
rat intestinal mucosal homogenate pH 6.5 (n > 3)
*p < 0.05, relative to drug alone

10.6.3 - The effect of linoleic acid loading in NaGC mixed micelllar systems on 

sCT stability in rat intestinal mucosal homogenate.

The effect of linoleic acid loading on sCT stability with NaGC/LA mixed micelles 

was investigated. At a constant bile saU concentration of 15 mM, increasing the 

linoleic acid loading over the range 15:1.89 mM to 15:15 mM resulted in enhanced
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drug stability in vitro (Figure 10.15). Table 10.10 shows the half-life values obtained 

from the first-order degradation profiles for each system. Mixed micelles o f NaGC/LA 

demonstrated almost complete inhibition of sCT degradation at ratios o f 15:15 mM 

and 15:7.5 mM. NaGC/LA mixed micelles at these concentrations were 8.8-fold and 

6.7-fold more effective than the corresponding simple micellar system (NaGC 15 

mM).

10 50 600 20 30 40

-sCT alone 

-NaGC 15 mM 

-NaGC/LA 15:15mM 

-NaGC/LA 15:7.5 mM 

-NaGC/LA 15:3.75 mM 

-NaGC/LA 15:1.875 mM

Time (min)

Figure 10.15 - The effect o f linoleic acid loading in mixed micellar systems o f 
NaGC/LA on sCT stability in intestinal mucosal homogenate pH 6.5 (n > 4).

t  finiii)' ' ■ 1
sCT alone 7.3 + 0.3

NaGC (15 mM) 30.4 + 3.6*
NaGC/LA (15:15 mM) 266.6 ±19.9*
NaGC/LA (15:7.5 mM) 203.9 ± 19.7*
NaGC/LA (15:1.25mM) 55.5 ±6.2*
NaGC/LA (15:0.94mM) 51.3 ±4.5*

Table 10.10 - The effect o f NaGC/LA mixed micellar systems on sCT half-life 
in rat intestinal mucosal homogenate pH 6.5 (n > 3)
*p < 0.05, relative to drug alone
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10.7 - In situ absorption of sCT with bile salt mixed micellar systems

Mixed micellar systems of NaGC/LA (15:7.5 mM) demonstrated almost complete 

inhibition of sCT degradation in gut homogenate. To investigate the effect o f mixed 

micellar systems on sCT absorption in situ a series of rat intestinal perfusions was 

carried using different ratios and concentrations of NaGC:LA. The mixed micellar 

systems investigated were NaGC/LA (15:7.5mM), with 500 ng/ml sCT and wdth 100 

ng/ml sCT, NaGC/LA (30:15 mM) with 100 ng/ml sCT and NaGC/LA (30:30mM) 

with 100 ng/ml sCT. Rat plasma calcium levels during intestinal perfusion were 

monitored as an indication of absorption.

10.7.1 - Effect of NaGC/LA (15:7.5 mM't mixed micelles on sCT absorption 

during intestinal perfusion

Rat plasma calcium levels during perfusion with NaGC/LA (15:7.5 mM) are 

presented in Figure 10.16. The sCT concentrations evaluated were 500 ng/ml and 100 

ng/ml. Response data were fitted to indirect response model 4, linked to a zero-order 

PK model. The fitted response curves are shown in Figure 10.17 and 10.18 with the 

corresponding fitted response curves for 500 ng/ml and 100 ng/ml sCT alone (Chapter 

9.7.2). Estimated fi-action absorbed is given in Table 10.11. There was no significant 

difference between the fraction of drug absorbed from NaGC/LA (15:7.5 mM) mixed 

micelles containing 500 ng/ml sCT or 100 ng/ml (p > 0.05). Drug absorption fi-om 

NaGC/LA (15:7.5 mM) mixed micelles was significantly higher than drug absorption 

from NaGC (15 mM) simple micelles or drug alone (p < 0.05).
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105 -

80 Buffer control

NaGC/LA (15:7.5 mM), 500 ng'ml sCT 

NaGCTLA (15:7.5 mM), 100 ng'ml sCT

rr- 9 0 . . X 120Time (mm)0 30 60 150 180

Figure 10.16 - Rat plasma calcium levels as a fimction of time during perfusion 
of NaGC/LA (15:7.5 mM) mixed micelles at sCT concentrations of 500 ng/ml 
and 100 ng/ml.

sCT alone (500 ng/ml)105 T

NaGC/LA (15:7.5)100

95

90 -

85

75

1801501209030 600
Time (min)

Figure 10.17 - Model 4 fitted response curves (solid lines) and experimental 
data points (symbols) following intestinal perfiision of sCT alone (500 ng/ml) 
and sCT (500 ng/ml) with NaGC/LA (15:7.5 mM)
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105 T

100 Ji-

n

.S  90-
Ch
O

^  85
sCr alone (100 ng/ml)

NaGC/LA (15:7.5)

75

0 9030 60 120 150 180
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Figure 10.18 - Model 4 fitted response curves (solid lines) and experimental 
data points (symbols) following intestinal perfusion of sCT alone (100 ng/ml) 
and sCT (100 ng/ml) withNaGC/LA (15:7.5 mM)

Formulation F (X  10 )̂ ± S.D. Fold increase

sCT alone 0.76 -

NaGC/LA (15:7.5 mM), 
500 ng/ml sCT

4.04 ± 1.3 5.3

NaGC/LA (15:7.5 mM), 
100 ng/ml sCT

4.67+1.5 6.1

Table 10.11 - Fraction o f drug absorbed during intestinal perfusion with sCT 
alone or sCT with NaGC/LA (15:7.5) mixed micelles (n = 4)

10.7.2 - Effect of NaGC/LA (30; 15 mM) mixed micelles on sCT absorDtion 

during intestinal perfusion

The effect o f an increase in the bile salt/LA concentration on plasma calcium levels 

during gut perfusion was investigated. The bile salt/linoleic acid concentration was 

increased from 15:7.5 mM to 30:15 mM. Rat plasma calcium levels during perfusion
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with NaGC/LA (30:15 mM) and 100 ng/ml sCT are presented in Figure 10.19. 

Response data was fitted to indirect response model 4, linked to a zero-order PK 

model. The fitted response ciirve is shown in Figure 10.20 with the corresponding 

fitted response curve fori 00 ng/ml sCT alone (Chapter 9.7.2). Estimated fraction 

absorbed is given in Table 10.12. Drug absorption from NaGC/LA (30:15) mixed 

micelles increased 6.5-fold, relative to absorption of drug alone, but was not 

significantly different to the amount absorbed from NaGC/LA (15:7.5 mM) mixed 

micelles (p > 0.05).

110 T

105 -

O
I

+ 95 -

90 -

Cm

® 85 -

«  80 -
U Buffer control

75 -- NaGC/LA (30:15 mM), 100 ng/ml sCT

150 1801209030 600
Time (min)

Figure 10.19 - Rat plasma calcium levels as a function of time during 
perfusion of NaGC/LA (30:15 mM) with 100 ng/ml sCT
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Figure 10.20 - Model 4 fitted response curves (solid lines) and experimental 
data points (symbols) following intestinal perfiision of sCT alone (100 ng/ml) 
and sCT (100 ng/ml) with NaGC/LA (30:15 mM)

Formulation F (x 10 )̂ ± S.D. Fold increase

sCT alone 0.76 -

NaGC/LA (30:15mM), 
100 ng/ml sCT

4.97 + 1.3 6.5

Table 10.12 - Fraction of drug absorbed during intestinal perfusion with sCT 
alone or sCT with NaGC/LA (30:15) simple micelles (n = 4)

10.7.3 - Effect of NaGC/LA f30;30 mM) mixed micelles on sCT absorption 

during intestinal perfusion

In the preceding sections (10.7.2 and 10.7.3) it was shown that an increase in the 

concentration of NaGC/LA fi"om 15:7.5 mM to 30:15 mM resulted in levels of 

absorption which were not statistically different. Therefore, the effect of an equimolar 

ratio of bile salt to linoleic acid on drug absorption was investigated. The bile 

salt/linoleic acid molar ratio was decreased from 2:1 to 1:1, i.e. from NaGC/LA 

(30:15 or 15:7.5 mM) to NaGC/LA (30:30 mM). Rat plasma calcium levels during
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perfusion with NaGC/LA (30:30 mM) and 100 ng/ml sCT are presented in Figure 

10.21. Response data was fitted to indirect response model 4, linked to a zero-order 

PK model. The fitted response curve is shown in Figure 10.22 with the corresponding 

fitted response curve for 100 ng/ml sCT alone (Chapter 9.7.2). Estimated fraction 

absorbed is given in Table 10.13. Absorption from NaGC/LA (30:30 mM) mixed 

micelles was over 12-fold higher than absorption of drug alone. There was a 

statistically significant increase in absorption of NaGC/LA (30:30) mixed micelles, 

relative to NaGC/LA (30:15 mM) and NaGC/LA (15:7.5 mM) formulations (p < 

0.05).

110 T

105 -

0
100 i t

1 -
•S
• a  9 0  - -

® 85 -

«  80 --u Buffer control

75 - NaGGLA (30:30 mM), 100 ng/ml sCT

150120 1809060300
Time (min)

Figure 10.21 - Rat plasma calcium levels as a function of time during 
perfusion o f NaGC/LA (30:30 mM) with 100 ng/ml sCT (n = 4)
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Figure 10.22 - Model 4 fitted response curves (solid lines) and experimental 
data points (symbols) following intestinal perfiision of sCT alone (100 ng/ml) 
and sCT (100 ng/ml) withNaGC/LA (30:30 mM)

Formulation F (x l# )± S .D . Fold increase

sCT alone 0.76 -

NaGC/LA (30:30 mM), 
100 ng/ml sCT

9.21 ±3.6 12.1

Table 10.13 - Fraction of drug absorbed during intestinal perfusion with sCT 
alone or sCT with NaGC/LA (30:30) simple micelles (n = 4)

11.8 - Discussion

When bile salts are conjugated with glycine or taurine, the overall hydrophobicity of 

the molecule decreases because of the highly charged amino acid side chains (Gordon 

et al., 1985). The effect of the simple micellar systems of trihydroxy bile salts on 

increasing the half-life of the drug was seen to correlate with increasing 

hydrophobicity, with NaC > NaGC > NaTC > control. The stability enhancing effect of 

NaGC was previously demonstrated when Morita et al. (1994) reported that the 

stability of [Asul,7]-eel calcitonin in rat lung homogenate supernatants was enhanced
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in the presence of 2 mM NaGC. Contrasting results were reported by Nakada et al 

(1989), who carried out studies of oral mucosal degradation and absorption of human 

calcitonin (hCT). They found that dihydroxy bile salts promoted oral mucosal 

absorption of hCT and showed inhibition of degradation in oral mucosal 

homogenates. Trihydroxy bile salts promoted oral absorption but prompted the 

degradation of hCT in the oral mucosal preparations. This is in contrast with our 

present finding that sCT degradation was reduced in the presence of trihydroxy bile 

salts. This contrast may be related to the fact that human calcitonin, unlike salmon 

calcitonin, is known to undergo self-association in aqueous solution (Baudys et a l, 

1996; Lu et al., 1999). Thus the enhancement of human calcitonin degradation in the 

presence of these trihydroxy bile salts could be related to dissociation to monomeric 

units with subsequent increase in hydrolysis, as has been shown with a-chymotrypsin 

mediated degradation of insulin (Li et al., 1992).

Hirai et al (1981) foimd that NaC, NaGC and NaTC were equally effective in 

inhibiting leucine aminopeptidase activity in rat nasal mucosa. The concentration used 

in the study was 0.27%, which corresponds to molar concentrations of 6.3 mM, 5.5 

mM and 5.0 mM for NaC, NaGC and NaTC, respectively. The equal effects of the 

bile salts reported by Hirai et al. (1981) may have been related to the fact that the 

concentrations were below the CMC. In the present study, with equal concentrations 

of these bile salts a differential effect in reducing sCT degradation in vitro was 

observed. Our dose/response studies with NaC and NaGC revealed that inhibition of 

degradation was significantly reduced at concentrations below the CMC of the bile 

salt. Gordon et al. (1985) also found that to exhibit optimal nasal insulin absorption 

enhancement, bile salts must be well above their aqueous CMC values.

Salmon calcitonin absorption was increased, relative to control, in the presence of 

NaGC simple micellar systems. Absorption from NaC micellar systems, however, was 

not significantly different to control. The reasons for this were not clear, since the 

mechanism of action of bile salts as permeation enhancers and in reducing proteolytic 

degradation is not known. Proposed mechanisms for bile salt enhancement of nasal 

insulin absorption include a) the production of high juxtamembrane concentrations of 

insulin monomers by the formation of mixed bile salt/insulin micelles and b) the 

formation of reversed micelles which span nasal membranes and through which 

insulin monomers can diffuse (Gordon et al., 1985). Other putative mechanisms
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involve the effects of calcivim chelation on paracellular drug transport via the tight 

junction (Junjinger and Coos Verhoef, 1998).

Degradation of sCT was further reduced, relative to simple micellar systems, in the 

presence of mixed micellar systems of bile salt and linoleic acid. Salmon calcitonin 

stability in intestinal mucosal homogenate was enhanced in the presence of mixed 

micellar systems of NaC/LA and NaGC/LA, relative to simple micellar systems or 

drug alone. The half-life of the drug of the drug was correlated with linoleic acid 

load, with drug stability enhanced as the linoleic acid load of the mixed micelles was 

increased. This effect may also be related to micelle formation, since lowering of the 

CMC and a decrease in micellar molecular weight have been reported for bile salt- 

lecithin systems (Nakada et al., 1989). In contrast, the incorporation of linoleic acid 

was reported to greatly accelerate insulin degradation in aqueous solution, with the 

degradation rate constant being linearly related to the concentration of linoleic acid (Li 

et al., 1993). This may have been related to dissociation of insulin aggregates to 

monomers, as occurs with simple micelle systems.

Possible mechanisms for enhanced drug absorption in the presence of mixed micelles, 

relative to simple micelles, may involve the linoleic acid component. Solubilised 

linoleic acid may facilitate the interaction of mixed micelles with nasal membrane 

components, resulting in increased membrane fluidity and permeability. The enhanced 

permeability caused by fatty acids on intestinal epithelium has been attributed to 

disorder in the hydrophobic region of the membrane interior and interaction with the 

polar head groups of phospholipids (Muranishi, 1990). Additionally, mixed micellar 

systems of sodium oleate and NaTC have been shown to increase the intestinal 

equivalent pore radius from 8-9 A (control) to 14-16A, thus potentially enhancing 

paracellular absorption (Tomita et al., 1988).

182



CHAPTER 11________________________________
Effects of micellar systems on membrane integrity



Chapter 11 - Effects o f  micellar systems on membrane integrity

11.1 - Introduction

The use of permeabiUty enhancers for oral, nasal, rectal and transdermal delivery of polar 

and high molecular weight drugs has been widely investigated. While the mechanisms 

and efficacy of permeability enhancers have been extensively studied, this approach has 

not progressed into general therapeutic use since a great deal of uncertainty exists about 

the safety of agents which are effective permeability enhancers (Curatolo 1991). Possible 

mechanisms for bile salt induced absorption enhancement have included direct membrane 

effects, ranging from dilation of the paracellular junction to extensive bilayer destruction 

(Shao and Mitra, 1994).

In the previous section (Chapter 10) NaGC sah simple micelles and NaGC/LA mixed 

micelles were shown to increase drug absorption. In this section, toxicity of simple and 

mixed micellar systems was examined. Absorption of uncharged hydrophilic probes, 

polyethylene glycol 4000 (PEG 4000) and mannitol (m.w. 180 da), was used to assess 

membrane integrity during perfusion with simple and mixed micellar systems. Recovery 

experiments were undertaken to determine if the effects of these systems were reversible. 

Damage was also assessed by histological examination of intestinal tissue samples 

following perfusion with various formulations.

11.2 - Permeability of PEG 4000 from simple and mixed micellar systems

To facilitate analysis of absorption mechanisms and assess intestinal membrane integrity, 

the hydrophilic macromolecule PEG 4000 was included in formulations for intestinal 

perfusion. The apparent permeability coefficient (Papp, cm sec'*) was determined using 

the percentage of probe unabsorbed at steady-state, according to Equation 2.7.

Figure 11.1 shows the percentage of PEG 4000 unabsorbed as a function of time during 

three hours perfusion with sCT alone (1.0 ug/ml). The percentage of PEG 400 unabsorbed 

from simple micelle formulations consisting of i) NaGC (15 mM)/sCT (1.0 ug/ml), ii) 

NaGC (15 mM)/sCT (1.0 ug/ml) coadministered with pCPI (200 uM) and iii) NaGC (30 

mM)/sCT (100 ng/ml), is shown in Figure 11.2.
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Figure 11.1 - Percentage of PEG 4000 unabsorbed during intestinal perfusion with 
sCT alone (1.0 ug/ml) in phosphate buffer pH 6.5 (n = 4).

120 T

100

60 NaGC (15 mM), sCT (1.0 ug/ml)

NaGC (15 mM), pCPI (200 uM), sCT (1.0 ug/ml)40

NaGC (30 mM), sCT (100 ng/ml)

60 150 18030 90
Time (min)

1200

Figure 11.2 - Percentage of PEG 4000 unabsorbed during intestinal perfusion with 
simple micellar systems of i) NaGC (15 mM)/sCT (1.0 ug/ml), ii) NaGC (15 
mM)/sCT (1.0 ug/ml) coadministered with pCPI (200 uM), and iii) NaGC (30 
mM)/sCT (100 ng/ml), in phosphate buffer pH 6.5 (n = 4).
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Figvire 11.3 shows the percentage of PEG 4000 tmabsorbed during, perfusion with 

formulations containing mixed micellar systems of NaGC:LA (15:7.5 mM), NaGC:LA 

(30:15 mM) and NaGC:LA (30:30 mM). The sCT concentration in each formulation was 

100 ng/ml.

120
d
 ̂ 100

oo

os . /y
u NaGC/LA (15:7.5 mM) 

NaGC/LA (30:15 mM) 

NaGQLA (30:30 mM)

ooo

1800 30 60 90
Time (min)

120 150

Figure 11.3 - Percentage of PEG 4000 unabsorbed during intestinal perfusion 
with sCT (100 ng/ml) in mixed micelle formulations of NaGC:LA (15:7.5 mM), 
NaGC:LA (30:15 mM) andNaGC:LA (30:30 mM) in phosphate buffer pH 6.5 (n 
= 4).

Permeability coefficients for PEG 4000 in the presence of simple and mixed micellar 

systems, calculated using steady-state PEG 4000 levels in equation 2.7, are shown in 

Table 11.1. There was no absorption of PEG 4000 from formulations containing drug 

alone, sCT with NaGC (15 mM) or sCT with NaGC (15 mM) coadministered with pCPl 

(200 uM). This was in contrast to the Papp value of 0.6 x 10’® cm sec’* reported by Lane 

(1998) for PEG 4000 permeability during perfusion with phosphate buffer, pH 7.4. This 

discrepancy may have been related to differences in the length of the intestinal segment 

perfused, i.e. 33 cm. versus 20 cm. used in the present study. Ho et al (1980) used PEG
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4000 to assess water fluxes at steady-state during intestinal perfusion of a 22 cm jejunal 

segment with pH 6.0 buffered solutions. With this system, which approximates that used 

in the present study, there was no absorption of PEG 4000. In contrast, the Papp values 

for PEG 4000 in simple micelles of NaGC (30 mM) and in all of the NaGC/LA mixed 

micellar systems were significantly different from the Papp value for PEG 4000 in simple 

micelles of NaGC (15mM) and in phosphate buffer (p< 0.05). The Papp values for PEG 

4000 in simple micelles of NaGC (30 mM) and in NaGC/LA mixed micellar systems 

were not significantly different from each other.

sCT (1.0 ug/ml)

NaGC (15 mM), sCT (500 ng/ml)

NaGC (15 mM), pCPI (100 uM), sCT (1.0 ug/ml) 

NaGC (30 mM), sCT (100 ng/ml)

NaGC/LA (15:7.5 mM), sCT (100 ng/ml) 

NaGC/LA (30:15 mM), sCT (100 ng/ml) 

NaGC/LA (30:30 mM), sCT (100 ng/ml)

no absorption 

no absorption 

no absorption 

5.84 + 0.31 

5.37 ±0.81 

3.89 ±0.88 

5.83 ±0.98

Table 11.1 - Permeability coefficients for PEG 4000 in the presence of simple and 
mixed micellar systems

-1

11.3 - Permeability of H-Mannitol from simple and mixed micellar systems

Since absorption of PEG 4000 was not observed from formulations containing drug alone 

or simple micellar systems of NaGC (15 mM), the effect of these systems on the 

absorption of the lower molecular weight probe, ^H-Mannitol, was examined. Figure 11.4 

shows the percentage of Mannitol unabsorbed during perfusion with formulations 

containing sCT alone (100 ng/ml). The percentage of mannitol unabsorbed from simple 

micelles of i) NaGC (15 mM)/sCT(500 ng/ml), ii) NaGC (15 mM)/sCT (1.0 ug/ml) 

coadministered with pCPI (200 uM) and iii) NaGC (30 mM)/sCT (100 ng/ml) is shown in 

Figure 11.5.
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Figure 11.4 - Percentage of mannitol unabsorbed during intestinal perfusion with 
sCT alone (1.0 ug/ml) in phosphate buffer pH 6.5 (n = 4).
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Figure 11.5- Percentage of mannitol unabsorbed during intestinal perfusion with 
simple micellar systems of i) NaGC (15 mM)/sCT (500 ng/ml), ii) NaGC (15 
mM)/sCT (1.0 u^m l) coadministered with pCPI (200 uM), and iii) NaGC (30 
mM)/sCT (100 ng/ml), in phosphate buffer pH 6.5 (n = 4).

NaGC (15 mM), sCT (500 ng/ml)

NaGC(15 mM), pCPI (100 uM), sCT (1.0 ug/ml 

NaGC (30 mM), sCT (100 ng/ml)
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Figure 11.6 shows the percentage of mannitol unabsorbed during perfusion with mixed 

micellar systems of NaGC:LA (15:7.5 mM), NaGC:LA (30:15 mM) and NaGC:LA 

(30:30 mM). The sCT concentration in each formulation was 100 ng/ml.

100 j

Q 90 --(/)
:p 80 -

f  70
♦ - N a C a i A  (15:7.5 mM)

o
O

NaGCVLA (30:15 mM)
Q
r  3 0 -

a 20 -

I  1 0 -

0 ft
0

NaGCVLA (30:30 mM)

18030 60 120 15090

Time (min)

Figure 11.6 - Percentage of Mannitol unabsorbed during intestinal perfusion with 
sCT (100 ng/ml) in mixed micellar systems of NaGC:LA (15:7.5 mM), 
NaGC:LA (30:15 mM) and NaGC:LA (30:30 mM), in phosphate buffer pH 6.5 (n 
- 4).

Permeability coefficients for mannitol in the presence of simple and mixed micellar 

systems, calculated using steady-state mannitol levels in Equation 2.7, are shown in Table 

11.2. In contrast to PEG 4000, mannitol was absorbed from buffer formulations 

containing drug alone. This may be due to differences in the molecular weight of the
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probes (182 versus 4000 da for maiinitol and PEG 4000, respectively). Our result was 

lower than the Papp value of 8.2 ± 0.5 x 10'^ reported by Lane (1998) for absorption of 

mannitol from phosphate buffer, pH 7.4. This difference may have been attributable to 

the reason outlined previously for absorption of PEG 4000 (Section 11.2) i.e. a difference 

in gut length. Papp values for mannitol absorption from simple micellar systems 

consisting of NaGC (15 mM) alone or coadministered with pCPI were not significantly 

different to that obtained for mannitol absorption from drug alone in phosphate buffer, pH 

6.5 (p > 0.05). Absorption of mannitol from mixed micellar systems of NaGC/LA in a 

molar ratio of 2:1, i.e. NaGC/LA (15:7.5) or NaGC/LA (30:15), and from simple micelles 

of NaGC (30mM) was significantly enhanced, relative to control (p < 0.05), and resulted 

in a 5-fold increase in Papp. These systems were not significantly different from each 

other (p > 0.05). The highest absorption was obtained using an equimolar mixed micelle 

system of NaGC/LA (30:30 mM), which resulted in a 9.5-fold increase in mannitol Papp, 

relative to control. The Papp for this formulation was significantly different to all of the 

other systems tested (p < 0.05).

sCT (100 ng/ml)

NaGC (15 mM), sCT (500 ng/ml)

NaGC (15 mM), pCPI (100 uM), sCT (1.0 ug/ml) 

NaGC (30 mM), sCT (100 ng/ml)

NaGC/LA (15:7.5 mM), sCT (100 ng/ml) 

NaGC/LA (30:15 mM), sCT (100 ng/ml) 

NaGC/LA (30:30 mM), sCT (100 ng/ml)

2.4 ± 1.3 

1.3 ±0.4 

1.7+ 0.4

13.9 ±3.7 

14.2 ±3.8

13.9 ±2.1

22.9 ± 1.8

Table 11.2 - Permeability coefficients for mannitol in the presence of simple and 
mixed micellar systems
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11.4 - Recovery of the intestinal epithelium from the effects of mixed micelles

Experiments were carried out to determine if the effects of intestinal perftision with 

mixed micellar systems of NaGC/LA (30:30 mM), which resulted in a significant 

increase in absorption of hydrophilic probes, were reversible. Rats were sequentially 

perfiised with NaGC/LA (30:30 mM) for three hours and thereafter for three hours with 

phosphate buffer, pH 6.5. Hydrophilic probes, PEG 4000 and maimitol, were added to 

each solution. Figure 11.7 shows the percentage PEG 4000 unabsorbed as a ftmction of 

time over the six hour experiment, with the buffer change indicated by the arrow. The 

corresponding profile for mannitol is shown in Figure 11.8.
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Figure 11.7 - Percentage of PEG 4000 unabsorbed as a function of time during 
three hours perftision with NaGC/LA (30:30 mM), followed by three hours 
perftision with phosphate buffer, pH 6.5 (n = 4)

190



Chapter 11 - Effects o f  micellar systems on membrane integrity

100 j

S 9 0 - -  

80 --
oo 70

I  5 0 -

®  40 -
O
'W '

30 -
o
a

10

2000 100 300 400

Time (min)

Figure 11.8 - Percentage of mannitol unabsorbed as a fimction of time during 
three hours perfusion with NaGC/LA (30:30 mM), followed by three hours 
perfiision with phosphate buffer, pH 6.5 (n = 4)

The apparent permeability coefficients of PEG 4000 and mannitol were calculated for the 

initial three hours perfusion with NaGC/LA (30:30 mM) and for the three hours perfusion 

after switching from the mixed micelle formulation to phosphate buffer. These values 

were then compared to the Papp values obtained for PEG 4000 and maimitol during three 

hours perfusion of drug in phosphate buffer, pH 6.5 (Sections 11.2 and 11.3). Figure 11.9 

shows that the permeability of the intestinal epithelium to both PEG 4000 and mannitol in 

NaGC/LA mixed micellar systems had returned to control levels after a three hour 

recovery period. Using an identical experimental system to examine intestinal recovery. 

Lane (1998) demonstrated that the absorbing enhancing effect of NaC/LA (40:40 mM) 

mixed micelles was only partially reversed at the end of the experiment. This result 

suggested that NaGC/LA mixed micelles produced a transient increase in probe 

permeability, which was reversed within three hours. However, the reversibility of 

penetration enhancement follov^ng acute administration has yet to be demonstrated.
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Figure 11.9 - Apparent permeability coefficients of PEG 4000 and mannitol after 
a three hovir exposure to a mixed micellar system of NaGC and linoleic acid 
(30:30 mM) and following a three hour recovery period (n = 4).

11.5 - Histological evaluation

In addition to evaluation of the absorption of hydrophilic probes as an indication of 

formulation induced damage to the intestine, histological evaluation of perfiased intestines 

was carried out to assess morphological changes following perfiision with simple and 

mixed micelle formulations. Various measures of histological abnormality were 

quantified on an arbitrary scale of 0-3, with zero indicating no effect and 3 indicating an 

extensive effect. The parameters evaluated were the presence of debris in the lumen, 

retraction of villi and villi erosion (Chapter 7.3.3).

11.5.1 Effect of sCT (1.0 ug/ml) in phosphate buffer pH 6.5

In control experiments, the effect of perfusion of sCT (1.0 ug/ml) in phosphate buffer on 

the morphology of intestinal tissue was examined. Figure 11.10 shows light micrographs 

of intestinal tissue samples from two rats following perfusion with phosphate buffer pH

6.5 for 3 hours. Histological evaluation is presented in Table 11.3. The evaluation scores 

of 1 and 2 revealed that little or no damage was caused by intestinal perfusion v^th 

phosphate buffer, pH 6.5.
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fV t.,

Figure 11.10 - Light micrograph of rat intestinal villi after 3 hr perfiision with 
phosphate buffer pH 6.5 ( x 600 magnification)

Damige marker Score |R 1) Score
Villous shortening and swelling 0 0

Villi erosion 0 0
Degenerate cells in lumen 1 2

Total score 1 2

Table 11.3 - Histological evaluation of rat small intestinal mucosa after 3 hours 
perfiision with phosphate buffer pH 6.5.

11.5.2 - Effect of NaGC simple micelles

The effect of perfiision with NaGC (30 mM) on tissue morphology was examined. Figure 

11.11 shows light micrographs of intestinal tissue obtained fi-om two rats following 3 

hours perfiision of NaGC (30 mM) with sCT (100 ng/ml). Histological evaluation is 

presented in Table 11.4. Histological scoring of 8 and 9 indicted that this formulation 

caused considerable damage to the intestinal epithelium.
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Figure 11.11- Light micrograph of rat intestinal viUi after 3 hr perfiision with 
NaGC (30 mM) and sCT (100 ng/ml, 600 x magnification).

Damige marker Score (ill)  Score
Villous shortening and swelling 2 3

Villi erosion 3 3
Degenerate cells in lumen 3 3

Total score 8 9

Table 11.4 Histological evaluation of rat small intestinal mucosa after 3 hours 
perfusion with NaGC (30 mM)

11.5.3 - Effect of NaGC/LA mixed micelles

The effect of perfusion with mixed micelles of NaGC/LA (30:30 mM) on tissue 

morphology was examined. Figure 11.12 shows light micrographs of intestinal tissue 

obtained fi’om two rats following 3 hours perfusion of NaGC/LA (30:30 mM) with sCT 

(100 ng/ml). Histological evaluation is presented in Table 11.5. Histological scoring of 9 

and 9 indicted that this formulation caused a similar degree of damage to the intestinal 

epithelium as the corresponding simple micellar system of NaGC (30 mM).
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Figure 11.12- Light micrograph of rat intestinal villi after 3 hr perfusion with 
NaGC/LA (30:30 mM) and sCT (100 ng/ml, 600 x magnification).

Damage marker
Villous shortening and swelling 

ViUi erosion 
Degenerate cells in lumen 

Total score

Score i(El) 
3 
3 
3 
9

Score CM)
3
3
3
9

Table 11.5 - Histological evaluation of rat small intestinal mucosa after 3 hours 
perfusion with NaGC/LA (30:30 mM)

11.5.4 - Recovery following exposure to NaGC/LA mixed micelles

Potential reversibility of the effect of mixed micellar systems on intestinal epithelium was 

examined in recovery experiments. Figure 11.13 shows light micrographs of intestinal 

tissue obtained from two rats following 3 hours perfiision of NaGC/LA (30:30 mM) with 

sCT (100 ng/ml), followed by 3 hours perfiision with phosphate buffer, pH 6.5. 

Histological evaluation is presented in Table 11.6. Histological scoring of 4 and 6 

indicated that the epithelium showed signs of recovery fi-om the effects of NaGC/LA 

(30:30 mM) mixed micelles (scored 9 and 9), but was still higher than control perfusions 

with drug in phosphate buffer (scored 1 and 2), indicating that the morphological damage 

to the epithelium was partially reversed.
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Figure 11.13- Light micrograph of rat intestinal villi after 3 hrs perfusion with 
NaGC/LA (30:30 mM) and sCT (100 ng/ml) followed by 3 hrs perfusion with 
phosphate buffer, pH 6.5 (x 600 magnification).

Daini^e marker Score Score
Villous shortening and swelling 2 3

Villi erosion 0 0
Degenerate cells in lumen 2 3

Total score 4 6

Table 11.6 - Histological evaluation of rat small intestinal mucosa at 6 hours i.e. 
after 3 hours perfiision with NaGC/LA (30:30 mM), followed by 3 hours perfusion 
with phosphate buffer, pH 6.5.

11.6 -  Discussion

Although bile salts have been shown to be effective permeability enhancers, considerable 

evidence exists that this enhancement may be related to membrane damaging effects. 

Intestinal absorption studies with bile salt simple and mixed micelles showed a correlation 

between the absorption of a model drug (phenol red), and local toxicity, as assessed by 

protein and phospholipid release from the intestinal membrane (Yamamoto et al., 1996). 

A correlation between bile salt hydrophobicity and nasal protein solubilising activity 

(protein concentration in perfiisate) was also reported by Shao and Mitra (1992). A 

comparison of enzyme markers for damage, 5’-ND a membrane bound enzyme, and 

LDH, an intracellular enzyme, in perfusates showed that while both NaDC and NaGC
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caused comparable 5’-ND release from nasal membrane, intracellular LDH release was 

significantly higher with NaDC (dihydroxy bile salt). They concluded that the dihydroxy 

bile salt NaDC caused intracellular damage and cell lysis, whereas the trihydroxy bile salt 

NaGC appeared to produce primarily mucosal membrane pertvirbations.

PEG 4000 absorption was not detected from buffer or simple micelle systems of NaGC 

(15 mM). However, intestinal perfusion with simple micellar systems of NaGC (15 mM) 

resulted in increased permeability of the hydrophilic probe mannitol, relative to control. 

Mannitol was more responsive than PEG 4000 to subtle membrane perturbations due to 

differences in the molecular dimensions of these two compounds. One possible 

mechanism for the permeability enhancement of bile salts is their effect on the tight 

junction. Passage through the tight junction is restricted by size, with an inverse 

relationship between cross-sectional diameter and apparent permeability (Lane, 1998).

Simple micelles of NaGC (30 mM) and mixed micelles of NaGC/LA (15:7.5 mM and 

30:15 mM) were equally effective in enhancing PEG 4000 absorption. Similarly, 

mannitol absorption was enhanced to the same extent with each of these formulations. 

Mixed micellar formulations of NaGC/LA (30:30 mM) showed the highest enhancement 

for absorption of mannitol. This resulted in a rank order of membrane absorption 

enhancement of NaGC/LA (30:30 mM) > NaGC/LA (30:15mM) = NaGC/LA (15:7.5) -  

NaGC (30 mM) > NaGC (15 mM) = control. From this it was concluded that there was a 

concentration dependent increase in membrane permeability with bile salt simple micellar 

formulations. Mannitol permeability from mixed micelles consisting of 2:1 molar ratio 

bile salt/fatty acid was similar, whereas eqimolar bile salt/fatty acid formulations caused 

greater absorption. This result may be due to higher concentrations of free fatty acid in 

the equimolar NaGC/LA system. Unsaturated long chain fatty acids can form closed 

vesicles with bilayer-like structures, so called ufasomes, which can enhance intestinal 

absorption (Muranishi, 1990). In addition, intestinal perftision studies have suggested that 

fatty acids in general are secretogogues (induce luminal water secretion) and are locally 

damaging to the intestinal epithelium (Curaltolo, 1991).
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Recovery experiments revealed that the effects of the NaGC/LA (30:30 mM) formulation 

were transient. The facile reversibility of NaGC/LA (30:30 mM) induced intestinal 

damage suggested that acute dosing may be relatively harmless. However, the toxicity of 

chronically dosed intestinal permeation enhancers can only be evaluated in chronic oral 

toxicology studies in appropriate species (Swenson et al., 1994).
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Chapter 12 - Oral delivery o f  salmon calcitonin

12.1 - Introduction

In the development of a protein therapeutic it is essential to design a formulation that is 

stable during long-term storage. An aqueous liquid formulation is the easiest and most 

economical to handle during manufacturing. However, many proteins are susceptible to 

chemical and/or physical degradation in liquid formulations (Chapter 3.5). These 

difficulties theoretically can be avoided with a properly prepared lyophilized formulation 

(Li et al., 1995). In the dried solid, degradative reactions can be avoided or slowed 

sufficiently, such that the product remains stable for months or years at ambient 

temperatures. Stabilization of labile proteins during lyophilisation requires protection of 

the protein against both freezing and dehydration stresses (Wang, 1999).

In this section preformulation studies were undertaken to examine the effect of excipients 

on the recovery of sCT following freeze/thawing and recovery following subsequent 

lyophilisation. Residual water content and bioactivity of selected lyophilized samples 

were determined.

Salmon calcitonin formulations containing NaGC/linoleic acid mixed micelles were 

effective in promoting drug absorption from the small intestine of the rat (Chapter 10.7). 

In this chapter, the effect of these enhancers on the absorption of orally administered sCT 

formulations in beagle dogs was examined. For bioavailability determinations, 

pharmacokinetic parameters following intravenous administration of sCT to dogs were 

determined. Finally, a three-way crossover design was used to assess the oral absorption 

of sCT formulations consisting of a commercial aqueous product, a lyophilized 

formulation containing sCT alone and a lyophilized formulation containing sCT and 

absorption enhancers (NaGC/linoleic acid).

12.2 - Preformulation studies

Preformulation studies were undertaken to optimize sCT recovery following 

lyophilisation since formulation often has a dramatic effect on the degradation of proteins 

during the freeze-drying process. The effect of freeze thawing, lyoprotectant, water 

content and protein concentration on the recovery of sCT was examined.
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12.2.1 - Effect of freeze-thawing on sCT stability

Freeze/thawing experiments were undertaken in order to determine the effect of freezing 

on sCT stability. In these experiments, sCT solutions were prepared and then frozen in a 

propylene glycol bath (Chapter 7.7). The buffer used in all formulations was sodium 

citrate, pH 6.5, which has minimal pH change upon freezing (Carpenter et al., 1997). 

Attempts to use a lower pH (maximum stability of sCT is achieved at pH 3.3; Lee et al., 

1992) were unsuccessfiil due to linoleic acid insolubility. The sample was then allowed to 

thaw at room temperature and immediately analyzed using a gradient HPLC method 

(Chapter 7.4.3). The peak area of the frozen sample was then compared to the peak area 

of an identical sample which had not undergone the freezing procedure, but was stored at 

4® C. Table 12.1 shows the percentage recovery following freeze/thawing of sCT 

formulations containing i) Tween-20 (0.002% v/v) and ii) Tween-20 (0.002% v/v), NaGC 

(15 mM) and Linoleic acid (15 mM). Recovery of sCT from both formulations was quite 

high (>90%), indicating that freeze-thaw stress does not significantly affect sCT stability 

and that the presence of absorption enhancers had no adverse effect on stability following 

freeze-thawing. Previous unpublished results from this laboratory have shown that 

recoveries of between 70 and 80% were obtained when either of the cryoprotectants, PEG 

4000 and PEG 6000, were included in the formulation. Since these values were lower 

than the recovery in the present study it was considered unlikely that the recovery of sCT 

following freeze-thawing would be significantly improved by the addition of a 

cryoprotectant.

Formulation a: 4° C 7.18 + 0.21 -

Formulation a: freeze/thawed 6.58 ± 0.32 91.6

Formulation b: 4° C 6.94 ± 0.26 -

Formulation b: freeze/thawed 6.28 + 0.51 90.5

® Formulation a: sCT, Tween-20 (0.002% v/v)
Formulation b; sCT, Tween-20 (0.002% v/v), NaGC (15 mM) and linoleic acid 

(15 mM).
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12.2.2- Lvophilisation studies
Peptide denatxiration during dehydration can be minimized with the addition of an 

appropriate stabilizer (lyoprotectant). The most effective stabilizers during lyophilisation 

are disaccharides, however reducing sugars (glucose, maltose, lactose and maltodextrins) 

should be avoided as they can cause proteins/peptides to degrade during storage. The 

main choices are sucrose or trehalose. Trehalose has a higher glass transition temperature 

(Tg) and is more resistant than sucrose to acid hydrolysis and was therefore chosen as the 

lyoprotectant for these studies (Carpenter et al, 1997). A crystalline bulking agent, 

mannitol, was used to form a mechanically strong cake.

Table 12.2 lists the recovery of sCT following lyophilisation in the absence of absorption 

enhancers (NaGC, linoleic acid) or lyoprotectant (trehalose) as a percentage of sCT 

remaining following freeze-thawing.

Freeze-thawed 12.64 ± 0.67

Freeze dried 4.83 ±0.31 38.2

Table 12.2 - Recovery of sCT following lyophilisation from a formulation of sCT 
with 0.002% Tween-20 (n = 3)

The effect of concentration of cryoprotectant on sCT recovery following 18 hours 

lyophilisation was examined. The percentage of drug remaining following lyophilisation 

of sCT from a formulation containing Tween-20 (0.002%), NaGC (15 mM), linoleic acid 

(15 mM), Mannitol (5% w/v) and Trehalose is shown in Table 12.3. A lyophilized 

preparation containing excipients alone (i.e. without sCT) was also prepared for 

chromatographic analysis. There was no peak corresponding to the retention time of sCT 

(7.16 ± 0.02 min.) in this sample. The trehalose concentration was varied from 5:1 (w/w 

sugar:drug ratio) to 20:1 (w/w sugar:drug ratio). For each preparation, reconstitution in 

water following lyophilisation yielded a clear solution. Lyophilized formulations were 

compared with identical freeze/thawed preparations and samples which had been stored at 

4° C during the time period of the lyophilisation. These results showed that the stability of
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sCT was inversely related to the sugar:drug ratio. Trehalose concentrations higher than a 

sugar:drug ratio of 5:1 had an adverse effect on drug recovery. Maximtam recovery 

(31.1%) was obtained using a sugar:drug ratio of 5:1 (w/w). This was similar to the 

percentage recovery following lyophilisation of the drug alone (38.2%). Analysis of 

recovery following free/thawing of these formulations (90.5 - 93.9%) revealed that 

minimal drug loss occurred during this process, indicating that the drug loss occurred 

during the subsequent drying process.

4°C 20:1 10.43 ±0.82 -

Freeze-thawed 20:1 9.8 ±0.48 93.9

Freeze dried 20:1 none detected 0

4°C 10:1 9.37 ± 0.99 -

Freeze-thawed 10:1 8.48 ± 0.98 90.5

Freeze dried 10:1 0.59 ±0.41 8.2

4°C 5:1 11.78 ± 1.54 -

Freeze-thawed 5:1 11.02 ± 1.57 93.5

Freeze dried 5:1 7.66 ± 1.02 31.1

Table 12.3 - Effect of trehalose:drug w/w ratio on sCT recovery from 
formulations containing Tween-20 (0.002%), NaGC (15 mM), linoleic acid (15 
mM), mannitol (5% w/v) and trehalose ( ± SD, n = 2-3).

The effect of the concentration of mannitol on sCT recovery from lyophilized 

preparations was also examined. When the concentration of mannitol in lyophilized 

preparations of sCT (10 ug/ml), Tween-20 (0.002%), NaGC (15 mM), linoleic acid (15 

mM) and trehalose (5:1 w/w sugar:drug ratio) was reduced from 5% (w/v) to 2% (w/v), 

the recovery of sCT was increased from 31.1% to 82.6%. Unfortunately, the cake-
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forming properties with the lower mannitol concentration were very poor, with the 

resultant powder being very hygoscopic and difficult to manipulate.

Karl Fischer analysis of selected samples was performed to determine if there were any 

differences in the water content of the formulations containing 2% and 5% (w/v) 

mannitol. Karl Fischer titration revealed that the residual moisture content was low, with 

similar water content values for the two formulations. Estimates of water content were 

3.98 ± 0.16% and 3.90 ± 0.12% for formulations containing 2% (w/v) and 5% (w/v) 

mannitol, respectively. Therefore, although the sCT recovery from formulations 

containing 5% (w/v) marmitol was lower than that of formulations containing 2% (w/v) 

mannitol, a concentration of 5% (w/v) was used in subsequent studies, due to superior 

cake-forming properties.

The concentration of protein in a formulation is known to have a profound effect on drug 

stability (Wang, 1999). On the one hand, accelerated aggregation of proteins at high 

concentrations has been reported. It has been suggested that increasing protein 

concentration to higher then 0.02 mg/ml may facilitate potential protein aggregation. On 

the other hand, concentrated protein solutions can be more resistant to loss of activity. 

The amount of protein accumulated at the ice-water interface is finite and therefore, 

interface-induced protein denaturation during freezing is limited in concentrated protein 

solutions. Also, protein unfolding may be inhibited by steric repulsion of neighboring 

protein molecules.

The concentration of sCT in lyophilized formulations was increased from 10 ug/ml to 50 

ug/ml and 100 ug/ml in order to determine the effect of drug concentration on recovery. 

The percentage of drug remaining following lyophilisation of 50 ug/ml sCT from 

formulations containing either a) Tween-20 (0.002%), NaGC (15 mM) and linoleic acid 

(15 mM); b) Tween-20 (0.002%), NaGC (15 mM), linoleic acid (15 mM), mannitol (5% 

w/v) and trehalose 5:1 (w/w sugar:drug ratio) or; c) Tween-20 (0.002%), marmitol (5% 

w/v) and trehalose 5:1 (w/w sugar:drug ratio) is shown in Table 12.4. These results show 

that there was a positive relationship between drug concentration and recovery. The 

percentage of drug remaining follov^ng lyophilisation from formulations containing both 

absorption enhancers and lyoprotectants (formulation b), corresponding to sCT
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concentrations of 10, 50 and 100 ug/ml, was 31.1, 69 and 77.5%, respectively. It was 

also noted that the recovery of sCT from formulations which did not contain absorption 

enhancers (formulation c, 48%) was significantly lower than recovery from formulations 

containing all of the excipients (formulation b, 77.5%), suggesting that NaGC and/or 

linoleic acid may afford some degree of protection during the lyophilisation process.

Formulation a: freeze dried 50 25.8 ± 1.4 57.0

Formulation b: freeze 50 34.5 ± 1.8 69

dried

Formulation b; freeze dried 100 77.514.8 77.5

Formulation c: freeze dried 100 48.0 ±3.5 48.0

Table 12.4 - Effect of sCT concentration on drug recovery following 
lyophilisation
“ Formulation a: sCT, Tween-20 (0.002% v/v), NaGC (15 mM) and linoleic acid 
(15 mM).

Formulation b: sCT, Tween-20 (0.002% v/v), NaGC (15 mM), linoleic acid (15 
mM), mannitol (5% w/v) and trehalose 5:1 (w/w sugaridrug ratio)
Formulation c: sCT, Tween-20 (0.002% v/v) mannitol (5% w/v) and trehalose 5:1 
(w/w sugar: drug ratio)

Altogether, these results suggested that, of the combinations and concentrations of 

excipients examined, the optimum formulation for the lyophilisation of sCT was sCT 

(100 ug/ml), Tween-20 (0.002% v/v), NaGC (15 mM), linoleic acid (15 mM), mannitol 

(5% w/v) and trehalose 5:1 (w/w sugar:drug ratio).

12.2.3 - Disintegration tests

Enteric coated capsules were prepared by coating gelatin capsules with cellulose acetate 

pthalate (0.9% w/w in acetone. Chapter 7.9). Capsule robustness was assessed using the

204



Chapter 12 - Oral delivery o f  salmon calcitonin

disintegration test for enteric-coated tablets. A disintegration apparatus containing enteric 

coated capsules in 0.1 M hydrochloric acid was operated for two hours. The acid was then 

replaced with mixed phosphate buffer, pH 6.8 and operated for a further 60 minutes The 

capsules were deemed to have passed the test since there were no signs of cracks or 

escape of contents following incubation in the HCl medium, with subsequent complete 

dissolution in the phosphate buffer medium (n = 6).

12.2.4 - Bioassav of lyophilized sCT

The bioactivity of sCT following lyophilisation was assessed by measuring hypocalemic 

effect in rats following IV drug administration. Figure 12.1 shows rat plasma calcivim 

levels as a function of time following IV administration of reconstituted lyophilized sCT 

containing 0.002% Tween-20 (35 ng/kg after correction to losses during freeze-drying, n 

= 3), compared to sCT which had not undergone the lyophilisation process (35 ng/kg. 

Chapter 9.4). There was no significant difference between the two forms (p > 0.05), 

indicating that the drug which was recovered following lyophilisation was equal in 

activity to drug which had not undergone lyophilisation.
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Figure 12.1 - Rat plasma calcium levels as a function of time following IV 
administration of 35 ng/kg lyophilized or non-lyophilized (control) sCT (n = 3-4).
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12.3.1 - Pharmacokinetics of intravenously administered sCT in dogs

For bioavailability determinations, pharmacokinetic parameters followdng intravenous 

administration of sCT to dogs were determined. The dose administered was 100 ng/kg. 

Blood samples were withdrawn at specified intervals over 24 hours and plasma was 

stored at -20° C until subsequent analysis by ELISA (Chapter 7.4.1). Dog plasma sCT 

levels (pg/ml) following IV bolus administration are shown in Table 12.5.

Figure 12.2 shows dog plasma sCT concentration as a ftmction of time following an IV 

bolus of 100 ng/kg. For clarity, plasma concentrations occurring after 240 minutes are 

omitted from the graph. Pharmacokinetic parameters were determined for each animal 

and then averaged. The experimental data points are represented by symbols while the 

solid line is the least squares fit to a biexponential equation (Appendix 2a). Plasma 

concentrations were again fitted to a biexponential equation (Appendix 2b) using values 

of A, B, alpha and beta, estimated in the original fit, and the dose as constants and 

estimating the area under the curve (AUC) for bioavailability determinations. The 

elimination half-life was 69.9 ± 25.5 minutes, the area under the curve (AUC) was 156.8 

±53.1 ng min/ml, the volume of the central compartment was 35.6 + 4.4 ml/kg and the 

model selection criteria was 2.54 ±0.17.
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0 0 0
Dog 3 11

0 0
0.017 2698 2261 2164 1679
0.033 3086 2188 - -

0.05 2576 - 1922 1679
0.083 1364 1000 1752 758
0.167 367 1009 548 548
0.33 548 645 148 609
0.50 585 1106 403 355

1 767 1033 124 355
2 621 294 173 197
4 682 64 64 0
6 851 379 294 112

24 0 149 0 0

Table 12.5 - Dog plasma sCT levels (pg/ml) following IV bolus administration of 
100 ng/kg
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Figure 12.2 - Dog plasma sCT levels as a function of time following IV 
administration of 100 ng/kg fitted to a biexponential equation (n = 4).
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12.3.2 - Oral administration of salmon calcitonin to dogs

The design of the dog trial was a randomized three-way crossover with six animals. 

Animals were fasted overnight before dosing. The average weight of the dogs was 17.04 

± 1.63 kg and ranged from 15.4 to 19.8 kg. The formulations tested were;

1) a commercially available salmon calcitonin solution (Calsynar, 0.05 mg/ml)

2) an enteric coated capsule containing lyophilized salmon calctonin (formulation c, 

Table 12.4)

3) an enteric coated capsule containing lyophilized salmon calctonin with NaGC and 

linoleic acid (formulation b, Table 12.4).

The quantity of sCT in each formulation was adjusted to compensate for losses during 

freeze drying. The administered dose for each formulation was 140 ug. This was based on 

several factors, including the assumption of an approximate bioavailability of 1.3% 

(based on rat intrajejunal bioavailability studies, Chapter 9.7.1), the elimination half-life 

(69.9 ± 25.5 min), the volume of the central compartment (35.6 ± 4.4 ml/kg, or 

approximately 605 ml/dog) and the lower limit of detection of the salmon calcitonin 

ELISA kit (20 pg/ml). With these parameter values the drug would theoretically be 

detected in plasma samples until six half-lives had elapsed.

Rat intestinal perfusion studies (Chapter 10.7) showed that formulations containing bile 

salt/fatty acid mixed micelles significantly enhanced drug absorption. In rat studies, the 

greatest absorption occurred when sCT was administered in a mixed micellar solution 

consisting of NaGC/LA (30:30 mM). In the dog trial, sCT was administered as a dry 

powder. The amount of NaGC administered was 10 mg/kg (177 mg/dog), since this dose 

of the endogenous bile salts, ursodeoxycholate and chenodeoxycholate, has been used 

clinically in the treatment of gallstone disease in man without adverse affect (Weis et al., 

1979; Danzinger and Kurtas, 1979). Capsules were coadministered with 13 ml of water to 

give a final concentration of 30 mM bile salt. The amount of linoleic acid administered, 

corresponding to a concentration of 30 mM/13 ml, was 119 mg/dog. An appropriate
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amount of co-lyophilized NaGC/linoleic acid was added to the sCT powders prior to 

administration to achieve the desired final concentration.

Table 12.6 shows the design of the dog trial. The elimination half-life of sCT in dogs was 

determined to be 69.9 ± 25.5 minutes (Section 12.3.1), therefore formulations were 

administered every second day to allow sufficient wash-out between dosings.

Form. 2 

Form. 3 

Form. 1

Form. 3 

Form. 1 

Form. 2

Form .3 

Form. 2 

Form. 1

Form. 1 

Form. 2 

Form. 3

Form. 2 

Form. 1 

Form. 3

Form. 1 

Form. 3 

Form. 2

Table 12.6 - Design of randomized 3-way crossover dog trial

Salmon calcitonin could not be detected in the plasma of dogs who received formulation 

1 (Calsynar aqueous solution) or formulation 2 (lyophilized sCT). In the case of 

formulation 3 (lyophilized sCT with NaGC/linoleic acid), sCT was only detected in the 

plasma of one of the six animals (dog 5). Plasma sCT levels for this animal are shown in 

Table 12.7. Due to the high cost of the sCT ELISA kit, the samples were analyzed in 

singlicate. The AUC was estimated to be 282.5 ng hr/ml.
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Table 12.7 - Plasma sCT levels of dog 5 following oral administration of 
Formulation 3.

Bioavailability (BA) after oral (PO) administration was calculated as follows:

BA = (AUCpo/AUCiv) * (Dosejv/Dosepo) * 100 Equation 12.1

The bioavailability of sCT for the one animal which showed plasma drug levels following 

oral administration of formulation 3 was 0.68%.

12.4 - Discussion

While a free-dried solid is generally much more stable than the corresponding aqueous 

solution, some proteins are inactivated during the freeze-drying process and the extent of 

inactivation is extremely sensitive to formulation. Mechanistic interpretations have been 

offered for the effect of lyoprotectants such as sugars on the stability of freeze dried 

proteins. However, a considerable degree of empiricism exists in the formulation of a 

protein product (Pikal, 1994).

210



Chapter 12 - Oral delivery o f salmon calcitonin

Carpenter et al. (1993) suggested that the freezing and drying stresses to a protein, arising 

during the lyophilisation process, should be treated separately. Thus, in the present 

preformulation studies, recovery following freeze-thawing was considered separately. In 

all of the formulations examined, loss of sCT following freeze-thawing was found to be 

less than 10%. Whether a given protein is susceptible to freezing damage depends on 

many factors including; protein concentration, buffer choice and freezing protocol. As 

mentioned earlier, interface-induced protein denaturation during , freezing is limited in 

concentrated protein solutions. However, even at sCT concentrations as low as 10 ug/ml 

there was little loss of drug following freeze-thawing. The choice of buffer and fi-eezing 

protocol in the present study may explain the high recovery of freeze-thawed drug. Buffer 

systems containing sodium phosphate or potassium phosphate can undergo drastic 

changes in pH during freezing which may damage proteins. On the other hand, citrate 

buffer, used in the present study, exhibits minimal pH change upon freezing. Also, rapid 

freezing, such as that employed in the current study, limits the length of exposure of 

proteins to denaturing conditions in the frozen state (Carpenter et al., 1997).

Even if the entire population of drug molecules survives the freezing step, there will be 

denaturation during subsequent dehydration, unless the appropriate stabilizers are added 

(Prestrelski et al., 1993). Table 12.2 shows this clearly, with recovery of sCT following 

lyophilisation in the absence of cryoprotectant, expressed as a percentage of the recovery 

following freeze-thawing, equal to 38.2%. Correcting for loss of drug due to freeze- 

thawing (8.4%), this becomes 35% of the initial drug concentration. Stabilizing additives 

such as disaccharides will hydrogen bond to the polar groups on the protein, thus serving 

as water substitutes in the dried state which should protect the protein (Carpenter et al., 

1993). The addition of a lyoprotectant, trehalose (5:1 sugar/drug ratio), did not improve 

sCT recovery from lyophilized preparations. Furthermore, the addition of frehalose at 

concentrations of 10:1 and 20:1 sugar/drug ratio resulted in reduced drug recovery, 

relative to sCT alone. However, when the concentration of the bulking agent mannitol 

was decreased from 5% to 2% (w/v), the recovery of sCT from lyophilized preparations 

containing trehalose (5:1 sugar/drug ratio) was markedly increased. Unfortunately, the
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poor cake-forming properties of the 2% mannitol preparations precluded their use in 

further studies.

Increasing the drug concentration was found to greatly improve recovery following 

lyophilisation. Two mechanisms have been proposed to account for this; i) the amount of 

protein accumulated at the ice-water interface is finite and therefore protein denaturation 

during freezing is limited in concentrated protein solutions and ii) inhibition of protein 

unfolding by steric repulsion of neighboring molecules (Wang, 1999). Since freezing- 

induced denaturation of sCT is minimal, it is likely that the latter mechanism is 

responsible for the enhanced stability of sCT in concentrated solutions.

For labile proteins, preservation of the native structure during lyophilisation is a requisite 

for recovery of activity following rehydration (Prestrelski et al., 1993). To determine if 

activity of sCT following lyophilisation was maintained, reconstituted drug was examined 

for activity by using a standard bioassay for sCT. Results showed that the activity of sCT 

was not adversely affected by the lyophilisation procedure, indicating that the drug 

maintained its native conformation.

Pharmacokinetic parameters following IV administration of calcitonin to dogs were 

determined to facilitate estimation of drug bioavailability following oral administration. 

Limited pharmacokinetic studies of salmon calcitonin have been performed in dogs. In 

two recent studies of sCT absorption in beagle dogs, pharmacokinetic parameters 

following IV administration, which were used for bioavailability determinations, were not 

shown (Sinko et al., 1999; Y. H. Lee et al., 1999). In the latter study, when sCT alone was 

administered in enteric coated capsules, plasma concentrations of sCT were not observed. 

This is in good agreement with our results which showed no drug absorption fi'om 

formulations containing sCT alone, in liquid or lyophilized form. Lee et al (1999) 

reported bioavailabilities of between 0.15 ± 0.09% and 0.86 ± 0.15% when sCT 

formulations containing citric acid were administered in enteric coated capsules. The 

proposed mechanism of enhancement was inhibition of enzymatic degradation through
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citric acid-induced transient lowering of local pH. In the current study, it was supposed 

that increased absorption would be effected through the enzyme inhibition and 

penetration enhancement actions of bile salt/fatty acid mixed micelles. However, despite 

the demonstrated efficacy of mixed micellar systems in the rat model, only one dog 

showed plasma drug levels following oral administration of sCT in formulations 

containing NaCG/linoleic acid. Bioavailability of sCT in this animal was 0.68%, which 

was within in the range of bioavailabilities for citric acid containing formulations. Lee et 

al (1999) observed plasma drug levels for all four of the animals tested. A radiotelemetric 

device (Heidelberg capsule) tethered to orally administered capsules was used to measure 

pH, GI location and time of capsule dissolution. Using this device, blood-sampling 

regimens were optimized. The authors noted that there were large intraindividual 

variations in gastric emptying (0 to 150 minutes), pH and plasma concentration profiles, 

even with the same formulation. They proposed that intraindividual variations of plasma 

sCT concentration profiles were possibly due to variation in proteolytic activity/capacity 

between dogs.

Differences between the efficacy of mixed micellar formulations in rat and dog models 

has been observed previously. Scott-Moncrieff et al. (1994) reported that the 

bioavailability of insulin following direct jejunal administration in dogs of a 

NaGC/linoleic acid (30:40 mM) mixed micelle formulation was 1.8%. The same 

formulation elicited 41% insulin bioavailability in a rat loop model and the authors 

proposed that the much reduced effect in dogs was possibly due to dilution and spreading 

of the formulation resulting in a reduced concentration of insulin at the barrier membrane 

and increased exposure of insulin to proteolytic enzymes.

Thus, it is probable that the lack of detectable plasma drug levels in five of the six dogs 

who received sCT in mixed micellar formulations, and the difference in results in the rat 

and dog model was due to a combination of factors; i) variation in gastric emptying 

between dogs may have resulted in a blood sampling protocol that was less than optimal, 

resulting in the absorption phase of the plasma level versus time curve being missed, ii) 

the use of in situ intestinal loop models, as used in the rat studies, has been proposed as a 

“best-case” scenario, affording high localized drug concentrations which may be in
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contrast to the in vivo situation (Fix, 1996) and iii) there may be variations in the 

proteolytic activity between dogs, a point which is supported by our finding that there was 

a significant variation in proteolytic activity between rats, as evidenced by differences in 

the rate of sCT degradation in intestinal perfusate ftom different animals (Chapter 8.6.2).
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Chapter 13 - Discussion

The aim of this work was to investigate the intestinal degradation and absorption of a 

hydrophilic peptide, salmon calcitonin, and to evaluate the use of bile salt simple and 

mixed micellar systems as potential absorption enhancers.

The enzymatic barrier is considered to be a rate limiting obstacle to the absorption of 

peptide and protein drugs (Wang et al., 1996). There are also size considerations, as the 

transport of large hydrophilic molecules occurs mainly via the paracellular route, which is 

limited by the size of the tight junctional charmel (Fasano, 1998).

Salmon calcitonin was found to be extensively degraded in the small intestine during 

intestinal perfusion, hi detailed analysis, the rate of degradation of sCT alone in BBMVs, 

cytosol and intestinal perfusate showed significant differences. Likewise, the effects of 

most of the protease inhibitors on sCT degradation varied considerably between BBMVs, 

cytosol and intestinal perfusate. An exception to this were the bile salts, NaGC and NaC, 

which resulted in significant inhibition of sCT degradation in all of the intestinal 

preparations investigated. Hirai et al (1981b) found that NaC, NaGC and NaTC, at 

concentrations below the CMC, were equally effective in inhibiting leucine 

aminopeptidase activity in studies with nasal mucosal homogenate and a specific leucine 

aminopeptidase substrate. As a result, NaGC is often cited as a specific aminopeptidease 

inhibitor (Junginger and Coos Verhoef, 1998; Yamamoto et al., 1994; Okagawa et al., 

1994; Fukuda et al., 1995). To date, no mechanistic theories for this inhibition have been 

proposed. Our results, which showed differential effects of the bile salts above their 

CMC, and efficacy of NaGC inhibition of degradation in intestinal preparations which are 

not known to contain aminopeptidase enzymes, question the specificity of 

aminopeptidase inhibition by these bile salts.

Many specific protease inhibitors act as substrate analogs, preferentially binding to the 

enzyme to prevent degradation of another substrate. However, it would not be possible 

for a bile salt to interact with enzymes of differing specificity. Alternatively, inhibitors 

may prevent degradation through chelation of metal ions which are required for enzyme 

activity (Ravra, 1989). It has been demonstrated that poly(acrylic) acid derivatives can 

inhibit the activity of pancreatic enzymes present in the gut lumen - such as trypsin, 

chymotrypsin and carboxypeptidases (Junginger and Coos Verhoef, 1998). The tertiary
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structure of these enzymes is stabilized by divalent cations such as Ca"^ (trypsin, 

chymotrypsin) and Z n ^  (carboxypeptidases). It is believed that these cations are 

removed from the enzyme molecule and bound to the polyacrylates because of their 

higher affinity for the polyacrylates than for the enzyme. Bile salts are also known to have 

chelating properties. Thus, it is possible that the action of bile salts in inhibiting 

degradation is achieved through a similar mechanism. To investigate this, the inhibition 

of sCT degradation by NaGC was compared to that observed in the presence of 1,10 

Phenanthroline, an enzyme inhibitor which acts through chelation of divalent cations 

(Chapter 8.4.5). Table 13.1 shows the sCT half life for each system in the presence of 

NaGC or 1,10 Phenanthroline, and the fold increase in half life, relative to control. 

Although NaGC and 1,10 Phenanthroline may have differing affinity for divalent ions, 

their relative effectiveness in the various intestinal preparations would be comparable if 

the mechanism of inhibition of the bile salt were through chelation alone. The ratio of 

relative enhancement of NaGC: 1,10 Phenanthroline was 7.2, 1.6 and 1.9 for sCT 

degradation in BBMVs, cytosol and intestinal perfusate, respectively, indicating that this 

was not the case. These results suggested that bile salt-mediated inhibition of degradation 

was not entirely attributable to chelation of divalent cations. This finding was supported 

by the calcium ion sequestration capacity of the bile salts, which followed the rank order 

NaGC > NaTC > NaC (Murakami, 1984), while the rank order of inhibition of 

degradation in the present study was NaC > NaGC > NaTC. The observation that the bile 

salts NaGC and NaC showed optimal inhibition of degradation at concentrations above 

their CMC suggested that formation of a bile salt micelle was required for optimal 

inhibition of degradation. It is possible that the micelle may interact with the drug 

molecule or, alternatively, with the enzyme/s responsible for drug proteolysis.
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NaGC 1,10 Phenanthroline

Enzyme system tl/2 Fold enhancement tl/2 Fold enhancement

(min) (min)

BBMVs 40.8 7.9 5.6 1.1

Cytosol 53.3 5.1 33 3.1

Perfusate 27.6 2.0 14.7 1.1

Table 13.1 - Effect of NaGC and 1,10-Phenanthroline on the degradation half-life 
of sCT (10 uM) in various intestinal enzyme-containing preparations.

In vitro stability experiments revealed that at sCT concentrations > 1 0  uM, there was a 

concentration dependent increase in the half-life of the drug in 5.0 ug/ml intestinal 

mucosal homogenate. This was due to saturation of the proteolytic enzymes at higher 

drug concentrations. To examine the possibility of concentration dependent absorption, 

the effect of drug concentration on the fraction of sCT absorbed following bolus intestinal 

administration and intestinal perfusion was examined. Figure 13.1 shows fraction of sCT 

absorbed following bolus intrajejunal administration and during intestinal perfusion, as a 

fxmction of administered dose. The fraction of drug absorbed was not correlated with 

administered dose. When the bolus intestinal data were considered separately, the 

correlation was still low (r  ̂= 0.49), indicating that there was no concentration-dependent 

intestinal absorption of sCT over the dose range used in the present work (0 - 144ug/kg). 

However, it is possible that dose-dependent absorption occurs at higher doses. Without 

consideration of the in situ experimental method, method of calculating bioavailability, 

intestinal region or type of calcitonin used, our bioavailability results were comparable to 

those of Tozaki et al (1998), who used microgram doses in their study, but were lower 

than those obtained by Sinko et al. (1995) and Hastewell et al. (1992), who used doses in 

the milligram range. Within these studies, however, no dose dependent absorption was 

apparent. These results suggest that an investigation of sCT absorption over a microgram- 

milligram dose range is warranted to determine the exact effect of drug concentration on 

sCT absorption.

217



Chapter 13 - Discussion

0.05 T

0.04
u
u
M 0.03.on
0

•.C 0.02 u A u
0.01

50 100

Administered dose (ug/kg)

150

Figure 13.1 - Fraction of sCT absorbed as a function of dose following bolus IJ 
and intestinal perfusion.

Many investigators have shown a positive correlation between inhibition of 

protein/peptide degradation in vitro and absorption enhancement in situ/in vivo 

(Yamamoto et al., 1994; Fukuda et al., 1995; Morita et al., 1994; Kobayashi et al., 1994). 

To determine if this extended to sCT, the relationship between inhibition of intestinal 

sCT degradation and absorption enhancement was examined. Results obtained from 

degradation studies (Chapter 8) and intestinal perfusion studies with drug alone (Chapter 

9) and with simple and mixed micellar systems (Chapter 10), are shown in Table 13.2. A 

plot of degradation half-life in intestinal mucosal homogenate versus fraction of drug 

absorbed during in situ rat intestinal perfusion is shown in Figure 13.2. When the NaC 

system was excluded from the data points in Figure 13.2, the best linear fit of the 

remaining data points resulted in r̂  = 0.94, indicating there was a good in vitro/in vivo 

correlation between sCT stability enhancement and absorption, for NaGC systems. When 

the NaC system was included in the fit, the r̂  value decreased to 0.45. This indicated that 

the NaC system deviated significantly from this trend. The reason for this was not clear,
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due to the complexity of the effects of bile salts in inhibition of degradation and their role 

as absorption enhancers.

Drug alone 5.6 0.00076

NaGC (15 mM) 30.4 0.00170

NaC(15mM) 144.4 0.00059

NaGC (15 mM)/pCPI (200 uM) 147.5 0.00278

NaGC/LA (15:7.5 mM) 203.9 0.00435

Table 13.2 - Half-live of sCT in intestinal mucosal homogenate and corresponding 
fraction of drug absorbed from various micellar experimental systems following 
intestinal perfusion
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Figure 13.2 - Relationship between sCT degradation half-life in intestinal mucosal 
homogenate and fraction of drug absorbed during in situ rat intestinal perfusion 
with NaC and NaGC micellar systems
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As mentioned above, a mechanistic basis for bile salt-induced inhibition of degradation 

has not been definitively established, but our results suggest that the formation of a 

micelle is an important factor. In terms of penetration enhancement, bile salts and fatty 

acids influence both the transcellular and paracellular routes of absorption (Junginger and 

Coos Verhoef, 1998). Bile salt-induced permeability increases have been correlated with 

tissue protein and phospholipid release from the intestinal mucosa (Yamamoto et al., 

1996), with more polar bile salts exerting stronger effects on the membrane. However, 

since NaC is more polar than NaGC, this would not explain the observed differences in 

sCT permeability from the two systems in the present work. Other possible mechanisms 

include the effects of calcium chelation on paracellular drug transport via the tight 

junction (Junjinger and Coos Verhoef, 1998) and the solubilisation of peptide drugs by 

bile micelles (Gordon et al., 1985). Absorption enhancement in the presence bile salts 

may be the result of a combination of these factors.

Calcium ions play an important role as crosslinking agents in mucus structure and in the 

cellular junctions between epithelial cells. The primary barrier of the paracellular route is 

a structure known as the tight junction (TJ) complex, which exists at the apical neck 

where adjacent intestinal epithelial ceils are observed to be very closely opposed 

(Daugherty and Mrsny, 1999). TJ structures are closely associated with another cell-cell 

contact system, the adherins junction (AJ). Multiple AJ contacts can be observed along 

the lateral border of intestinal epithelial cells, holding adjacent cells in close, but not tight 

approximation. The AJ is composed of a , P and y catenins complexed to the 

transmembrane protein E-cadherin. E-cadherin forms divalent cation-dependent 

associations between adjacent epithelial cells. Results wdth cultured cell lines have led to 

the belief that chelator induced permeability increases are not due to direct action on 

extracellular tight junction protein-protein interactions. Rather, disruption of extracellular 

divalent cation associations at AJ structures between E-cadherins may be an initial and 

indirect action of chelators, which induce a destabilization of the TJ complex. Thus, the 

decrease in sCT absorption in the presence of NaC, may be a result of its lower calcium 

ion sequestration capacity, relative to NaGC. However, bile salt-induced permeability 

enhancement, resulting from chelation of calcium alone, is unlikely. Although the actions
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of chelators can be readily demonstrated on intestinal epithelial cell lines in vitro, the 

application of a chelator in vivo would not so easily overcome the very large reservoir of 

divalent cations unless it was applied at a particular site at exceptionally high levels 

(Daugherty and Mrsny, 1999). Also, Murakami et al. (1984) have shown that the calcium 

ion sequestration capacity of bile salts was lower than that of EDTA, while the promoting 

effect of EDTA on rectal absorption of sodium ampicillin was lower than that of the bile 

salts.

Gordon et al (1985) correlated the hydrophobic-hydrophilic balance of the bile salt wdth 

intranasal porcine insulin absorption. Results from this study were similar to ours, in that 

absorption from NaC simple micellar systems was lower than that observed from NaGC 

simple micelles. As determined by quasielastic light scattering, 1% (w/v) micellar 

concentrations of NaC completely solubilised 1% (w/v) insulin by forming mixed 

micelles of insulin and bile salt (Gordon et al., 1985). It was proposed that enhanced 

absorption from peptide/bile salt mixed micelles resulted from high juxtamembrane 

concentrations of soluble insulin.

Li et al., (1992) postulated that bile salt micelles caused complete dissociation of insulin 

hexamers to monomers due to the solubilisation of insulin aromatic amino acid residues 

and hydrophobic side chains. It is possible that sCT, which is a smaller molecule than 

insulin, could associate with bile salts in the same way. Li et al (1992) proposed a 

mechanism for the association of bile salts with insulin, which could be extended to sCT. 

Firstly, two NaGC molecules can pack back to back, forming a primary micelle. The 3a-, 

7a-and 12a- trihydroxy groups on each NaGC molecule face the outside aqueous 

environment, forming strong hydrogen bonds with water molecules. Therefore the 

hydroxy groups may form hydrogen bonds with insulin monomers, replacing the hexamer 

interaction. Hydrogen bonding is also involved in the three-dimensional structure of 

calcitonin (Ogawa et al., 1994). Therefore, sCT has the potential to hydrogen bond with 

the hydroxy groups of the bile salt. The second proposed mechanism involves 

solubilisation of aliphatic and aromatic side chains of amino acids in the insulin 

molecule. Of the 32 amino acid residues in the salmon calcitonin molecule, three are
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aromatic and 21 contain hydrophobic side chains. Hydrophobic interactions involving 

sCT have been previously demonstrated. It has been shown that salmon calcitonin 

molecule has the capacity to solubilise lipids and form an amphiphilic a-helix (Arvinte 

and Drake, 1993). If these mechanisms were to predominate, this would explain our 

observed correlation between bile salt hydrophobicity and reduction in sCT degradation. 

Theoretically, mixed sCT/bile salt micelles would form at lower bile salt concentrations 

with the more hydrophobic bile salt, NaC, than with the conjugated bile salts NaGC and 

NaTC, potentially protecting the drug in the hydrophobic core of the molecule.

In the present study, sCT absorption was enhanced in the presence of NaGC simple 

micelles. Micellar solubilisation is recognized as playing an important role in bile salt- 

mediated permeation enhancement. For protein oligomers, micellar solubilisation 

facilitates dissociation of macromolecular aggregates, resulting in a drastic reduction in 

the molecular dimension (Li et al., 1992). As a result, improved transmucosal uptake has 

been observed for nasal, conjuctival and enteral absorption of insulin (Hirai et al. 1981a; 

Hayakawa et al., 1992; Shao et al., 1993).

For non-proteinaceous small organic compounds however, the opposite contribution has 

been found to be true, due to micellar incorporation. While hydrophobic substrate 

solubility is increased in the presence of bile salts, reduced thermodynamic activity of the 

drug molecule due to partial incorporation into the micelle interior has also been reported 

(Shao and Mitra, 1994). Intestinal lipophilic drug absorption has been shovra to correlate 

proportionally with the amoxmt of free drug in solution (Kakemi et al., 1970; Poelma et 

al., 1990). Similarly, investigation of a group of P-blockers across the rat nasal mucosa 

indicated that micellar solubilization retards their uptake (Choudhury and Mitra, 1992). 

These findings could be extrapolated to any molecule which is solubilised by bile salts. 

Thus, two mechanisms for the action of bile salts on peptide drugs are proposed. These 

contrasting mechanisms would reflect the state of aggregation of the peptide drug, with 

peptides which are prone to aggregate in aqueous solution (such as insulin and human 

calcitonin) showing increased degradation but increased absorption as a result of bile salt- 

induced dissociation. In contrast, peptides which freely exist in monomeric form (such as 

salmon calcitonin) may show increased stability due to micellar incorporation and a
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degree of absorption related to intrinsic permeation enhancing properties of bile salts (e.g. 

binding of calcivim ions which causes dilation of tight junctions), tempered with reduced 

absorption as the hydrophobicity of the bile salt is increased due to reduced 

thermodynamic activity of the incorporated drug molecule. This theory would seem to be 

supported by our findings that sCT absorption from NaC (15 mM) was reduced, relative 

to NaGC (15 mM).

Additionally, the same mechanism which was suggested to explain the difference in the 

stability/absorption profiles between insulin and sCT could be applied to mixed micellar 

systems. The increase in sCT absorption from mixed micellar systems could also be 

attributed to an increase in the availability of free drug molecules, since incorporation of 

linoleic acid causes displacement of solubilised penetrant molecules in a concentration 

dependent manner (Shao and Mitra, 1994). This would be supported by our finding that 

drug absorption was enhanced in NaGC/LA (30:30 mM) systems, relative to NaGC/LA 

(30:15 mM) and (15:7.5 mM) systems. The latter two systems, which had a molar ratio 

of 2:1 bile salt/linoleic acid, showed similar drug absorption, while absorption from an 

equimolar system (30:30 mM) was significantly higher.

It is generally accepted that the absorption of the hydrophilic probe molecules, PEG 4000 

and mannitol, is primarily via the paracellular route (Lane, 1998). The relationship 

between the absorption of sCT and the permeability of these probes was examined to 

investigate mechanistic aspects of sCT absorption. Permeability of PEG 4000 was not 

correlated with fraction of sCT absorbed (r  ̂ = 0.60). This may have been due to 

differences in the molecular dimensions of the two molecules. In contrast, the fraction of 

sCT which escaped enzymatic degradation and was absorbed (as estimated from 

pharmacological response using plasma calcium levels) correlated with mannitol 

permeability (r  ̂ = 0.84, Figure 13.3). The absolute values for absorption of sCT were 

lower than the corresponding mannitol permeabilities, due to differences in the size of the 

two molecules. Since maimitol is a known paracellular marker, this result implies that 

sCT is absorbed via the paracellular route in the presence of NaGC-containing 

formulations.
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Figure 13.3 - Relationship between mannitol permeability and fraction of sCT 
absorbed diiring intestinal perfusion in the presence of NaGC micellar systems

A comparison of the use of a PD model (the Emax model) and with a PK/PD model 

(indirect response model) highlighted the limitations of the former in estimating of 

bioavailability. Namely, that Emax model parameter estimates may be inaccurate if  the 

response variable does not return to baseline, and that, when comparing different types of 

input, equivalence estimates of bioavailability should not be used unless input rates are 

within a range which does not significantly alter the response profile. These differences 

arise because administered dose is used as input in the Emax model, whereas indirect 

response models are linked to plasma drug concentrations. Thus, indirect response 

models can be used in a predictive capacity for various modes of administration, if  the 

appropriate PK parameters are known. Consistent results were obtained for absorption 

during intestinal perfusion with 100 ng/ml sCT, as determined with indirect response 

model 4, and the Papp estimated using an ELISA to measure drug concentration in
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exiting perfusate, corrected for the amount of drug metabolized per cm (Chapter 8.3), i.e. 

no drug absorption was detected.

Despite demonstrated efficacy in the rat perfusion model, oral dosing of a formulation of 

NaGC/LA (30:30) resulted in detectable plasma levels in just one of six dogs. This may 

have been due to differences between the two species (Scott-Moncrieff et al., 1994), 

differences in the mode of administration (Fix, 1996), or difficulties associated with 

gastric emptying and dosage form. The latter explanation is probable, since sCT was 

detected in the plasma of one of the animals. Absorption from enteric coated tablets was 

reported to be erratic and to a high degree dependent on the gastric emptying time 

(Ritschel, 1991). Large intraindividual variations in gastric emptying have also been 

reported by Lee et al (1999), who optimized blood sampling regimens for sCT using a 

radiotelemetric device tethered to orally administered enteric coated capsules to measure 

pH, GI location and time of capsule dissolution.

To summarize the main findings of this thesis;

Salmon calcitonin was subject to extensive degradation in the gastrointestinal tract. 

Detailed investigation of potential sites of degradation revealed that, on a per milligram 

basis, degradation was highest in the presence of brush-border membrane vesicles. NaGC 

was an effective inhibitor of sCT degradation in all of the intestinal preparations 

examined. Drug degradation in intestinal mucosal homogenate, which contained of all of 

the potential degrading enzymes in the gut, was correlated with intestinal drug absorption 

for NaGC containing systems.

Trihydroxy bile salts were effective in reducing sCT degradation in intestinal mucosal 

homogenate. This effect was shovm to correlate with bile salt hydrophobicity. With NaC 

and NaGC, maximal protection was observed at concentrations above the CMC. Stability 

was further enhanced in the presence of bile salt/fatty acid mixed micelles, relative to
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simple micellar systems. Stability enhancement was found to increase with linoleic acid 

loading.

Salmon calcitonin pharmacodymanic response was best described using a PK/PD 

modeling approach. Plasma drug concentrations were linked to the observed response 

using an indirect response model. This type of analysis was found to be preferable to a 

PD model approach, in that it allowed for comparison of the various types of input (bolus 

IV, first-order and zero-order) used in this study. This model would be particularly useful 

in a clinical setting, as it can be used in a predictive capacity.

Drug absorption during intestinal perfusion was enhanced, relative to control, from NaGC 

simple micellar systems. Absorption from NaC simple micelles was similar to the control 

value. The reasons for this were not clear, due to the complexity of the actions of bile 

salts. Investigation of the intestinal absorption of the less hydrophobic trihydroxy bile 

salt, NaTC, may be warranted, to aid in understanding the mechanisms involved. 

Theories relating to micellar solubilisation of the peptide were explored, however a 

detailed examination of the interaction between sCT and bile salts would be required to 

draw a definitive conclusion.

Absorption was increased in the presence of NaGC/LA mixed micelles, relative to NaGC 

simple micelles. Examination of the relationship between the permeability of a 

hydrophilic probe, maimitol, and the fraction of drug absorbed suggested that, with 

NaGC-containing formulations, drug absorption may occur via a paracellular route. A 

formulation of NaGC/LA (30:30 mM) showed the highest response of the systems 

investigated and recovery experiments showed that the effects of this formulation were 

transient. An oral dosing in dogs with this formulation resulted in drug absorption in just 

one of six animal tested. This may have been a result of variation in gastric emptying 

between dogs. Futvire studies should be designed such that gastric emptying in dogs is 

more predictable and/or traceable.
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Appendices



Appendix 1 - Breakdown of the strain o f rats used in sCT absorption experiments
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Chapter 9

9.4 IV bolus administration All doses Wistar

9.7.1 IJ bolus adminstration Doses <50 ug/kg Wistar

Doses > 65.7 ug/kg Sprague-Dawley

9.7.2 Intestinal perfusion of drug sCT, 1000 ng/ml Wistar

alone

sCT, 500 ng/ml Sprague-Dawley

sCT, 100 ng/ml Sprague-Dawley

9.7.3 Intestinal bolus administration All regions Wistar

Chapter 10

10.5.1 Intestinal perfusion NaGC (15 mM), sCT (1000 ng/ml) Wistar

NaGC (15 mM), sCT (500 ng/ml) Sprague-Dawley

NaGC (30 mM), sCT (100 ng/ml) Sprague-Dawley

10.5.2 Intestinal perfusion NaGC/pCPI, sCT (1000 ng/ml) Wistar

10.5.3 Intestinal perfusion NaC (15 mM), sCT 500 ng/ml Sprague-Dawley

10.7.1 -11.7.3 Intestinal perfiision All mixed micellar systems Sprague-Dawley

243



Appendix 2 - PK/PD models

Appendix 2

a) Two-compartment open model with central compartment elimination and bolus 
intravenous administration 
// MicroMath Scientist Model File 
IndVars: TIME
DepVars:CONCENTRATION, AUC, KELIMHALF, ALPHAHALF, BETAHALF, 
KELIM, K12, K21 
Params:A, B, ALPHA, BETA
CONCENTRATION=A*(EXP((-ALPHA)*TIME))+B*(EXP((-BETA)*TIME)) 
K21=((A*BETA)+(B*ALPHA))/(A+B)KELIM=(ALPHA*BETA)/K21 
K12=ALPHA+BETA-K21 -KELIM 
AUC=(A/ALPHA)+(B/BETA)
KELIMHALF=0.693/KELIM
ALPHAHALF=0.693/ALPHA
BETAHALF=0.693/BETA
* * *

Two-compartment open model with central compartment elimination and bolus 
intravenous administration

// MicroMath Scientist Model File 
IndVars: TIME
DepVars:CONCENTRATION, AUC, KELIMHALF, ALPHAHALF, BETAHALF, 
ALPHA, BETA, A, B
Params:KELIM, K12, K21, DOSE, VOLUME
CPO=DOSEA^OLUME
BB=-(K12+K21+KELIM)
ROOT1=0.5*(-BB+SQRT(BB*BB-4*K21*KELIM))
ROOT2=0.5*(-BB-SQRT(BB*BB-4*K21*KELIM))
ALPHA=UNIT(ROOTl-ROOT2)*ROOTl+UNIT(ROOT2-ROOTl)*ROOT2 
BETA=UNIT(ROOTl-ROOT2)*ROOT2+UNIT(ROOT2-ROOTl)*ROOTl 
A=CP0*(ALPHA-K21 )/(ALPHA-BETA)
B=(-CPO)* (BETA-K21 )/(ALPHA-BETA)
CONCENTRATION=A*EXP((-ALPHA)*TIME)+B*EXP((-BETA)*TIME)
AUC-DOSEAVOLUME/KELIM
KELIMHALF=0.693/KELIM
ALPHAHALF=0.693/ALPHA
BETAHALF=0.693/BETA
* * *

c  ̂Emax model linked to the central compartment of a two-compartment open model 
with central compartment elimination and bolus intravenous administration 
// MicroMath Scientist Model File 
IndVars: TIME
DepVars:CONCENTRATION, EFFECT, AUC, KELIMHALF, ALPHAHALF, 
BETAHALF, ALPHA, BETA, A, B
Params:KELIM, K12, K21, DOSE, VOLUME, EMAX, C50, N 
CPO=DOSEA^OLUME

2 4 4
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BB=-(K12+K21+KELIM)
ROOT1=0.5*(-BB+SQRT(BB*BB-4*K21*KELIM)) 
ROOT2=0.5*(-BB-SQRT(BB*BB-4*K21*KELIM)) 
ALPHA=UNIT(ROOTl-ROOT2)*ROOTl+UNIT(ROOT2-ROOTl)*ROOT2 
BETA=UNIT(ROOTl-ROOT2)*ROOT2+UNIT(ROOT2-ROOTl)*ROOTl 
A=CPO* (ALPHA-K21 )/(ALPHA-BETA)
B=(-CPO)* (BETA-K21 )/(ALPHA-BETA)
CONCENTRATION=A*EXP((-ALPHA)*TIME)+B*EXP((-BETA)*TIME)
AUC=DOSEA^OLUME/KELIM
KELIMHALF=0.693/KELIM
ALPHAHALF=0.693/ALPHA
BETAHALF=0.693/BETA
EFFECT= 100-
((EMAX*CONCENTRATION^N)/(C50^N+CONCENTRATION^N))

d) Emax model linked to the tissue compartment of a two-compartment open model 
with central compartment elimination and bolus intravenous administration 
IndVars: TIME
DepVarsiCONCENTRATION, CT, EFFECT, AUC, KELIMHALF, ALPHAHALF, 
BETAHALF, ALPHA, BETA, A, B
Params:KELIM, K12, K21, DOSE, VOLUME, EMAX, C50, N
CPO=DOSEAVOLUME
BB=-(K 12+K21+KELIM)
ROOT1=0.5*(-BB+SQRT(BB*BB-4*K21*KELIM))
ROOT2=0.5*(-BB-SQRT(BB*BB-4*K21*KELIM))
ALPHA=UNIT(ROOTl-ROOT2)*ROOTl+UNIT(ROOT2-ROOTl)*ROOT2 
BETA=UNIT(ROOTl-ROOT2)*ROOT2+UNIT(ROOT2-ROOTl)*ROOTl 
A=CP0*(ALPHA-K21 )/(ALPHA-BETA)
B=(-CPO)* (BETA-K21 )/(ALPHA-BETA)
CONCENTRATION=A*EXP((-ALPHA)*TIME)+B*EXP((-BETA)*TIME)
AUC=DOSEA^OLUME/KELIM
KELIMHALF=0.693/KELIM
ALPHAHALF=0.693/ALPHA
BETAHALF=0.693/BETA
CT=((K21*D0SE)/(V0LUME*(BETA-ALPHA)))*(EXP((-ALPHA)*TIME)-EXP((-
BETA)*TIME))
EFFECT=100-((EMAX*CT^N)/(CT^N+C50^N))
* * *

e;> Emax model linked to a theoretical effect compartment which is linked to the 
central compartment of a two compartment model bv a first-order process 
IndVars: TIME
DepVars:CONCENTRATION, CE, EFFECT, AUC, KELIMHALF, ALPHAHALF, 
BETAHALF, ALPHA, BETA, A, B
Params:KELIM, K12, K21, KEO, DOSE, VOLUME, EMAX, C50, N
CPO=DOSEA^OLUME
BB=-(K12+K21+KELIM)
ROOT1=0.5*(-BB+SQRT(BB*BB-4*K21*KELIM))
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ROOT2=0.5*(-BB-SQRT(BB*BB-4*K21*KELIM)) 
ALPHA=UNIT(ROOTl-ROOT2)*ROOTl+UNIT(ROOT2-ROOTl)*ROOT2 
BETA=UNIT(ROOTl-ROOT2)*ROOT2+UNIT(ROOT2-ROOTl)*ROOTl 
A=CPO* (ALPHA-K21 )/(ALPHA-BETA)
B=(-CPO)* (BETA-K21 )/(ALPHA-BETA)
CONCENTRATION=A*EXP((-ALPHA)*TIME)+B*EXP((-BETA)*TIME)
AUC=DOSEA^OLUME/KELIM
KELIMHALF=0.693/KELIM
ALPHAHALF=0.693/ALPHA
BETAHALF=0.693/BETA
CE=((KEO*DOSE)/(VOLUME*(KEO-KELIM)))*(EXP((-KELIM)*TIME)-EXP((-
KEO)*TIME))
EFFECT=100-((EMAX*CE^N)/(CE^N+C50^N))
* * *

f) Indirect response model 1 linked to the central compartment of a two compartment 
open model with central compartment elimination and bolus intravenous 
administration 
IndVars: TIME
DepVars:CONCENTRATION, R, AUC, KELIMHALF, ALPHA, BETA,
ALPHAHALF, BETAHALF, A, B, kout
Params:KELIM, K12, K21, DOSE, VOLUME, kin, IMAX, IC50
CPO=DOSEA^OLUME
BB=-(K 12+K21+KELIM)
ROOT1=0.5*(-BB+SQRT(BB*BB-4*K21*KELIM)) 
ROOT2=0.5*(-BB-SQRT(BB*BB-4*K21*KELIM)) 
ALPHA=UNIT(ROOTl-ROOT2)*ROOTl+UNIT(ROOT2-ROOTl)*ROOT2 
BETA=UNIT(ROOTl-ROOT2)*ROOT2+UNIT(ROOT2-ROOTl)*ROOTl 
A=CPO* (ALPHA-K21 )/(ALPHA-BETA)
B=(-CP0)*(BETA-K21 )/(ALPHA-BETA)
CONCENTRATION=A*EXP((-ALPHA)*TIME)+B*EXP((-BETA)*TIME)
AUC-DOSEA^OLUME/KELIM
KELIMHALF=0.693/KELIM
ALPHAHALF=0.693/ALPHA
BETAHALF=0.693/BETA
kout=kin/100
I=1-(IMAX*CONCENTRATION/(CONCENTRATION+IC50))
R-kin*(I)-kout*R 
//Initial conditions 
TIME=0 
R=100

Indirect response model 4 linked to the central compartment of a two compartment 
open model with central compartment elimination and bolus intravenous 
administration
// MicroMath Scientist Model File 
IndVars: TIME
DepVars:CONCENTRATION, R, AUC, KELIMHALF, ALPHA, BETA, 
ALPHAHALF, BETAHALF, A, B, kin
Params:KELIM, K12, K21, DOSE, VOLUME, kout, SMAX, SC50
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ROOT2-0.5*(-BB-SQRT(BB*BB-4*K21*KELIM)) 
ALPHA=UNIT(ROOT1-ROOT2)*ROOT1+UNIT(ROOT2-ROOT1)*ROOT2 
BETA=UNIT(ROOT1-ROOT2)*ROOT2+UNIT(ROOT2-ROOT1)*ROOT1 
A=CP0*(ALPHA-K21 )/(ALPHA-BETA)
B=(-CPO)* (BETA-K21 )/(ALPHA-BETA)
CONCENTRATION=A*EXP((-ALPHA)*TIME)+B*EXP((-BETA)*TIME)
AUC=DOSEA^OLUME/KELIM
KELIMHALF=0.693/KELIM
ALPHAHALF=0.693/ALPHA
BETAHALF=0.693/BETA
CE=((KEO*DOSE)/(VOLUME*(KEO-KELIM)))*(EXP((-KELIM)*TIME)-EXP((-
KEO)*TIME))
EFFECT-100-((EMAX*CE"'N)/(CE^N+C50^N))
* * *

f) Indirect response model 1 linked to the central compartment of a two compartment 
open model with central compartment elimination and bolus intravenous 
administration 
IndVars: TIME
DepVars:CONCENTRATION, R, AUC, KELIMHALF, ALPHA, BETA,
ALPHAHALF, BETAHALF, A, B, kout
Params:KELIM, K12, K21, DOSE, VOLUME, kin, IMAX, IC50
CPO^DOSEAVOLUME
BB--(K12+K21+KELIM)
ROOT1=0.5*(-BB+SQRT(BB*BB-4*K21*KELIM)) 
ROOT2=0.5*(-BB-SQRT(BB*BB-4*K21*KELIM)) 
ALPHA=UNIT(ROOTl-ROOT2)*ROOTl+UNIT(ROOT2-ROOTl)*ROOT2 
BETA=UNIT(ROOTl-ROOT2)*ROOT2+UNIT(ROOT2-ROOTl)*ROOTl 
A=CP0*(ALPHA-K21 )/(ALPHA-BETA)
B=(-CP0)*(BETA-K21 )/(ALPHA-BETA)
CONCENTRATION=A*EXP((-ALPHA)*TIME)+B*EXP((-BETA)*TIME)
AUC-DOSEA^OLUME/KELIM
KELIMHALF=0.693/KELIM
ALPHAHALF=0.693/ALPHA
BETAHALF=0.693/BETA
kout=kin/100
I=1-(IMAX*CONCENTRATION/(CONCENTRATION+IC50))
R-kin* (I)-kout* R 
//Initial conditions 
TIME=0 
R-lOO

Indirect response model 4 linked to the central compartment of a two compartment 
open model with central compartment elimination and bolus intravenous 
administration
// MicroMath Scientist Model File 
IndVars: TIME
DepVars:CONCENTRATION, R, AUC, KELIMHALF, ALPHA, BETA, 
ALPHAHALF, BETAHALF, A, B, kin
Params:KELIM, K12, K21, DOSE, VOLUME, kout, SMAX, SC50
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CPO=DOSEA^OLUME 
BB=-(K 12+K21+KELIM)
ROOT1=0.5*(-BB+SQRT(BB*BB-4*K21*KELIM))
ROOT2=0.5*(-BB-SQRT(BB*BB-4*K21*KELIM))
ALPHA=UNIT(ROOTl-ROOT2)*ROOTl+UNIT(ROOT2-ROOTl)*ROOT2
BETA=UNIT(ROOTl-ROOT2)*ROOT2+UNIT(ROOT2-ROOTl)*ROOTl
A=CP0*(ALPHA-K21)/(ALPHA-BETA)
B=(-CP0)*(BETA-K21 )/(ALPHA-BETA)
CONCENTRATION=A*EXP((-ALPHA)*TIME)+B*EXP((-BETA)*TIME)
AUC=DOSEAVOLUME/KELIM
KELIMHALF=0.693/KELIM
ALPHAHALF=0.693/ALPHA
BETAHALF=0.693/BETA
kin=kout*100
S=1+(SMAX*CONCENTRATION/(CONCENTRATION+SC50))
R'=kin-kout*S*R
//Initial conditions
TIME^O
R=100

h) Indirect response model 4 linked to a two-compartment open model with first-order 
absorption
// MicroMath Scientist Model File 
IndVars: TIME
DepVarsiCONCENTRATION, R, AUC, KELIMHALF, ALPHA, BETA, 
ALPHAHALF, BETAHALF, kin
ParamsrKELIM, K12, K21, KAB, DOSE, VOLUME, kout, SMAX, SC50, F
CPO=DOSE/VOLUME
BB=-(K 12+K21+KELIM)
ROOT1=0.5*(-BB+SQRT(BB*BB-4*K21*KELIM))
ROOT2=0.5*(-BB-SQRT(BB*BB-4*K21*KELIM))
ALPHA=UNIT(ROOTl-ROOT2)*ROOTl+UNIT(ROOT2-ROOTl)*ROOT2
BETA=UNIT(ROOTl-ROOT2)*ROOT2+UNIT(ROOT2-ROOTl)*ROOTl
A=(KAB*F*D0SE)/V0LUME*((K21-ALPHA)/((KAB-ALPHA)*(BETA-
ALPHA)))
B=(KAB*F*D0SE)/V0LUME*((K21-BETA)/((KAB-BETA)*(ALPHA-BETA))) 
C=(KAB*F*D0SE)/V0LUME*((K2 1-KAB)/((ALPHA-KAB)*(BETA-KAB))) 
CONCENTRATION=A*EXP((-ALPHA)*TIME)+B*EXP((- 
BETA)*TIME)+C*EXP((-KAB)*TIME)
AUC=D0SE/V0LUME/KELIM
KELIMHALF=0.693/KELIM
ALPHAHALF=0.693/ALPHA
BETAHALF=0.693/BETA
kin=kout*100
S=1+(SMAX*CONCENTRATION/(CONCENTRATION+SC50))
R’=kin-kout*S*R 
//Initial conditions 
TIME=0
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R=100
* * *

Indirect response model 4 linked to a two-compartment open model with zero-order 
absorption

// MicroMath Scientist Model File 
IndVars: TIME
DepVars:CONCENTRATION, R, AUC, KELIMHALF, ALPHA, BETA, A, B, 
ALPHAHALF, BETAHALF, CONCMAX, kin
Params: KELIM, K12, K21, DOSE, F, VOLUME, TIV, kout, SMAX, SC50
CP0=(D0SE*F)A^0LUME
TSTAR=UNIT(TIME-TIV)*(TIME-TIV)
BB=-(K 12+K21+KELIM)
ROOT1=0.5*(-BB+SQRT(BB*BB-4*K21*KELIM))
ROOT2=0.5*(-BB-SQRT(BB*BB-4*K21*KELIM))
ALPHA=UNIT(ROOTl-ROOT2)*ROOTl+UNIT(ROOT2-ROOTl)*ROOT2
BETA=UNIT(ROOTl-ROOT2)*ROOT2+UNIT(ROOT2-ROOTl)*ROOTl
A=CPO/TIV* (ALPHA-K21 )/(ALPHA-BETA)/ALPHA
B=(-CP0)/TIV*(BETA-K21)/(ALPHA-BETA)/BETA
TERM1=A*(EXP((-ALPHA)*TSTAR)-EXP((-ALPHA)*TIME))
TERM2=B*(EXP((-BETA)*TSTAR)-EXP((-BETA)*TIME))
C0NCENTRATI0N=TERM1+TERM2
AUC=(DOSE*F)A^OLUME/KELIM
KELIMHALF=0.693/KELIM
ALPHAHALF=0.693/ALPHA
BETAHALF=0.693/BETA
C0NCMAX=A*(1-EXP((-ALPHA)*TIV))+B*(1-EXP((-BETA)*TIV))
kin=kout*100
S=1+(SMAX*CONCENTRATION/(CONCENTRATION+SC50))
R'=kin-kout*S*R 
//Initial conditions 
TIME=0 
R=100
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