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Summary 
 

The aetiology of inflammatory bowel disease (IBD) is incompletely understood but it is 

generally accepted to involve a dysregulated intestinal immune response to commensal 

microbiota and an increase in intestinal permeability. Matrix metalloproteinases (MMPs), 

MMP-9 (gelatinase B) in particular, are implicated in this compromise of intestinal barrier 

structure and have further roles in the potentiation and augmentation of disease. Takeda G-

protein coupled receptor 5 (TGR5), a bile acid receptor, is also involved in maintenance of 

intestinal barrier integrity and there is evidence to suggest that both these targets are 

accessible to modulators confined to the gut lumen. Expressed in many tissues and cell 

types and involved in many physiological processes, the potential of MMP and TGR5 

modulators has been limited by unwanted off-target effects. We proposed that small 

molecule ligands designed to be confined to the gastrointestinal lumen through judicious 

modification of physicochemical properties could achieve non-systemic effects. 

 

Suppression of oral absorption potential of an established gelatinase inhibitory scaffold 

was pursued by synthetic strategies to increase molecular weight and/or polarity including 

preparation of a dimer linked by a short PEG chain or introduction of a permanent charge. 

Bulky conjugates of an MMP inhibitor and lithocholic acid (LCA), the most potent 

endogenous bile acid agonist at TGR5, were also prepared. By virtue of their high 

molecular weight, such conjugates would be expected to have limited absorption potential 

and we hoped to retain activity at both targets. 

 

Compound 53, a permanently positively charged barbiturate-based gelatinase inhibitor, 

was a potent inhibitor of recombinant human MMP-9 as measured by fluorogenic assay 

and an uptake assay in Caco-2 cells indicated that it was a poor candidate for passive 

uptake. It was chosen for evaluation in a DSS mouse model of colitis to test the hypothesis 

that disease modifying effects can be achieved by inhibition of apically secreted 

gelatinases.  The disease activity index (DAI) scores of the treated group were significantly 

lower than the DSS group indicating that treatment with compound 53 reduced the severity 

of DSS-induced colitis in mice. PCR analysis of the retained colon samples indicated that 

the pro-inflammatory cytokines TNF-α, IL-1β and IL-6 were downregulated at gene level 

in the treated group compared to the DSS control group and these downregulations were 

statistically significant. 



 

 

 

The MMP-9 inhibitor – TGR5 agonist conjugates retained potent MMP-9 inhibition but 

activation of TGR5 showed tighter structural specificity than expected. Some compounds 

of the series caused accumulation of cAMP, the downstream second messenger of TGR5 

activation, in human enterendocrine NCI-H716 cells but potency was much lower than 

LCA. It is yet unknown if this level of activity could exert a functional effect in the context 

of a gut confined agent in appropriate animal models. This work contributed to our 

knowledge of binding at the human TGR5 receptor, its SAR and capacity for chemical 

manipulation to achieve gut confinement. TGR5 agonists that are expected to be poor 

candidates for absorption by virtue of their polarity were also synthesised from LCA. 

These candidates retained activity at TGR5 and they are promising candidates for further 

study. 
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1.1 Inflammatory bowel disease 

Inflammatory bowel disease (IBD) comprises a number of idiopathic chronic inflammatory 

intestinal conditions including Crohn’s disease (CD) and ulcerative colitis (UC). The 

pathogenesis is incompletely understood but it is generally accepted to involve an increase 

in intestinal permeability combined with or leading to dysregulation of the intestinal 

immune response to commensal microbiota in genetically susceptible individuals leading 

to gastrointestinal injury.
1
 IBD has no cure and the aim of interventions (medical, surgical 

or other) is to treat active disease to control symptoms, improve quality of life, induce 

remission and thereafter maintain remission. Colonoscopic surveillance measures are 

recommended for prevention and early detection of associated colorectal cancers in 

patients with extensive UC.
1
 

1.1.1 Impact of IBD 

IBD affects an estimated 1.5 million Americans and 2.2 million Europeans
2
 posing a 

significant challenge and economic burden to healthcare systems.
3
 With increasing 

incidence in the developing world,
2
 this is rising globally. Most commonly presenting 

during the second or third decade of life, IBD will require management throughout the 

patient’s lifetime. Uncontrolled it can have debilitating effects on quality of life, ability to 

work, have relationships and plan a family. While associated with significant morbidity, 

mortality rates in IBD patients do not differ substantially from the general population.
4
 

1.1.2 Ulcerative colitis 

UC usually affects the rectum and may extend proximally to the colon to a variable extent. 

The inflammation is continuous and diffuse affecting only the mucosal layer and has a 

relapsing-remitting pattern.
5
 A representative image

6
 of the endoscopic appearance can be 

seen in panel B of Figure 1. Histologically, there is distorted crypt architecture and 

cryptitis and there may be crypt abscesses.
5
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A   B 

 

Figure 1. Representative endoscopy images of A: normal colon and B: ulcerative colitis of 

the colon. Image taken from www.webmd.com6 

Pharmacological intervention is based on clinical severity and regions of the 

gastrointestinal tract (GIT) affected with consideration for the patient’s age, preferences 

and co-morbidities.
7
 Symptoms are typically bloody diarrhoea with passage of mucus and 

abdominal cramping. Disease activity is typically described as mild (up to four bloody 

stools daily and no systemic involvement, moderate (four to six bloody stools daily and 

minimal systemic involvement) or severe (more than six stools daily and signs of systemic 

involvement such as fever, tachycardia, anaemia or raised erythrocyte sedimentation rate).
5
 

Treatment is generally a step-up approach.
7
 To induce remission in disease affecting the 

rectum (proctitis) or the rectum and sigmoid (proctosigmoiditis) a topical aminosalicylate 

as a suppository or enema is indicated which may be combined with an oral 

aminosalicylate. Where an aminosalicylate is not tolerated or contraindicated a topical or 

oral corticosteroid can be used. Oral prednisolone is indicated in moderate or severely 

active cases not requiring hospitalisation or surgery. Where the presentation involves the 

colon distal to the splenic flexure (left-sided colitis) or is extensive involving the entire 

colon (pancolitis) a high induction dose of an oral aminosalicylate is indicated and may be 

combined with a topical aminosalicylate or beclomethasone dipropionate. More severe 

cases will require oral prednisolone.
7
 Anti-tumour necrosis factor (anti-TNF) agents such 

as adalimumab or infliximab are licensed for moderately to severely active ulcerative 

colitis which has not responded to conventional therapies or in patients who are intolerant 

or have medical contraindications for such therapies.
8, 9
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1.1.3 Crohn’s disease 

In the case of CD, the inflammation is discontinuous and segmented extending 

transmurally and complications include strictures, fistulae, fissures and abscesses. 

Representative images of the endoscopic appearance in Crohn’s disease can be seen in 

Figure 2. While most commonly affecting the terminal ileum, it may affect any region of 

the GIT from the mouth to the anus.
5
 

A   B 

 

Figure 2. Endoscopic appearance of Crohn’s disease A: Localized ulcerations in mild 

colonic disease B: Severe colonic disease with pseudopolyps. Image taken from 

www.mcgillibd.ca 

Symptoms of Crohn’s disease include diarrhoea, abdominal pain, weight loss and 

sometimes malaise, anorexia, nausea, vomiting and fever.
5
 For most patients, the disease 

will follow a chronic remitting and relapsing course with only 10 – 13% of patients 

maintaining remission for several years. Disease behaviour can vary and progression from 

non-stricturing and non-penetrating presentation to stricturing and penetrating is often 

seen
10

 so that after 20 years most CD patients will have required surgery.
5
 Management 

options include drug therapy, attention to nutrition, smoking cessation and frequently 

surgery.
11

 Like UC, the aim of drug treatment is to reduce symptoms, promote mucosal 

healing, induce and maintain remission. Monotherapy with a conventional 

glucocorticosteroid such as prednisolone is first line therapy for first presentation or a 

single exacerbation in 12 months and where this is not appropriate 5-aminosalicylic acid or 

budesonide can be considered as appropriate. When there are two or more exacerbations in 

12 months or the steroid cannot be tapered, azathioprine, mercaptopurine or methotrexate 

can be added.
11

 Anti-TNF agents are recommended as treatment options for moderately or 
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severely active CD which has not responded to conventional treatment or in patients who 

are intolerant or have medical contraindications for such therapies.
8, 9

 Patients requiring 

hospitalisation for severely active disease require intravenous (IV) corticosteroids. Those 

that remain unresponsive can be treated with ciclosporin, tacrolimus or an anti-TNF agent. 

The main agents for maintenance of remission are azathioprine and mercaptopurine or 

alternatively methotrexate with optional addition of an anti-TNF agent to maintain a 

steroid-free or steroid-spared remission.
11

 

1.1.4 Contributory factors in IBD - the host, the environment and the 

microbiota 

IBD is most prevalent in northern Europe and North America and has been thought of as a 

disease of westernized society.
3
 This is most certainly in part due to race and ethnicity. 

However, the increasing incidence in developing countries of Asia
12

 and Africa
13

 suggests 

a role for environmental factors in disease initiation. Better access to healthcare and 

improved diagnoses may contribute to an increase in recorded prevalence
14

 but correlations 

to industrialisation and increased incidence in migrants from low-prevalence areas to high-

prevalence areas supports a role for lifestyle effects.
15

 

The role of genetics as a contributory factor in disease pathogenesis is supported by twin 

studies and familial studies particularly in CD
16

 and in 2001, linkage analyses identified 

variants in the nucleotide binding oligomerization domain containing 2 (NOD2 or 

CARD15) gene.
17

 Since then more than 160 IBD risk loci have been identified that 

indicate involvement of innate immunity, adaptive immunity, autophagy and intestinal 

epithelial barrier function.
18

 Many of these risk loci are also associated with other immune-

mediated disorders such as diabetes mellitus and rheumatoid arthritis.
18

 It is not understood 

why many individuals who carry these gene variants do not develop the disease while 

others do. 

Aspects of modern lifestyle have been linked with IBD but findings between studies 

exploring environmental risk factors are often inconsistent.
19

  Generally, there is increased 

risk associated with urban living,
20

 repeated exposure to antibiotics
21

 and a westernized 

diet.
22

 Reduced risk has been associated with being breastfed,
23

 having a large family and 

living on a farm.
24

 These trends concur with the hygiene hypothesis that improvements in 

water, food and housing sanitary conditions correlate with increased incidence of 

autoimmune and chronic inflammatory conditions. This hypothesis was initially proposed 

by Strachan who correlated hay fever incidence to family size and position in the 
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household in childhood.
25

 It is thought that exposure from birth dictates gut microbial 

colonization, a diverse and well-balanced exposure promoting immune tolerance. 

Experimental studies show that smoking is beneficial in UC but in CD smoking cessation 

is an effective therapeutic intervention.
26

 The beneficial effect in UC is thought to be due 

to increased mucus production and decreased production of proinflammatory cytokines and 

nitric oxide
27

 but nicotine patches have failed to show efficacy as maintenance therapy.
28

 

IBD has been correlated to aspects of a westernized diet including high carbohydrate 

consumption, high polyunsaturated fat consumption and low fibre consumption.
29

 The diet 

effect in disease is not clear but effects of diet on the microbiota have been established. 

Environmental, dietary, microbial and host factors are interrelated and can be confounding 

in experimental studies.  

Bacteria are an absolute requirement for IBD pathogenesis. Researchers failed to induce 

colitis in germ-free mice despite a genetic predisposition.
30

 In addition, antibiotics such as 

metronidazole can be beneficial in colitis.
31

 In normal physiology, bacterial colonization of 

the gut is essential for normal nutrient uptake, intestinal barrier function and appropriate 

immune response to pathogens. Beneficial commensals have anti-inflammatory actions 

inducing regulatory immune responses including regulatory T (TReg) -cells and interleukin-

10 (IL-10).
32

 Thousands of species from many genera have been found in the microbiota, 

make-up differing between individuals and GIT location within an individual modulated 

by diet and health status.
33

 The composition of the microbiota is altered in IBD, both 

quantitatively and qualitatively.
34

  In humans, the microbiota is dominated by members of 

the Firmicutes and Bacteroidetes phyla. In IBD, a depletion of some species including 

Bacteroidetes and overall diversity has been identified as well an increase in other phyla 

such as Proteobacteria.
34

 Associations have been made with some pathogens such as 

Escherichia coli
35

 and a model of IBD can be induced in rodents by infection with 

Salmonella typhimurium.
36

 However, there does not seem to be a single causative organism 

in the disease and the association is multifactorial involving the homeostasis of the 

microbiota itself and its interactions with both the innate and adaptive immune systems.
33

 

A combination of genetic and environmental factors leads to loss of protective bacteria and 

dysbiosis. Colitogenic bacteria activate T helper 1 (TH1) and TH17 cells which leads to 

chronic inflammation
32

 and a colitogenic microbiota allowed to develop in an 

immunodeficient mouse strain can induce colitis in healthy immunocompetent mice.
37

  The 

roles of the microbiota in homeostasis and pathology are illustrated in Figure 3.  
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Figure 3. Protective roles of the gut microbiota in normal homeostasis (left-hand side) and 

pathogenic roles in IBD (right-hand side). Image taken from Kamada et al.
32 

1.1.5 Immunopathology of IBD 

The epithelium of the intestine is the barrier between the immune cells of the lamina 

propria and food and microbe derived antigens in the gut lumen. It is made up of 

absorptive enterocytes, mucus-producing goblet cells, hormone-producing enteroendocrine 

cells and growth factor and antimicrobial peptide producing paneth cells.
38

 Tight junctions 

between the cells prevent the paracellular transport of most substances. In addition, the 

epithelium is coated with a protective layer of mucus which contains mucins and 

antimicrobials and a lower bacterial density than the gut lumen. In IBD patients, the 

epithelial barrier is leaky in both inflamed and non-inflamed areas.
39, 40

 There is evidence 

that this compromise of barrier integrity precedes disease onset and healthy first degree 

relatives of IBD patients exhibit enhanced permeability.
16

 IBD patients can have loss of 

goblet cells and the pattern of mucin expression is altered.
41, 42

 

In addition to its barrier function, the epithelium has a role in communicating the status of 

the luminal contents to the immune cells of the lamina propria. It senses commensals, 

pathogens and other antigens through pattern recognition receptors, the toll-like receptor 

family (TLRs) on the cell membrane and cytosolic NOD-like receptors (NLRs).
43
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Necessary for normal homeostasis of gut barrier integrity, the TLR family are together 

capable of recognising most microbe associated molecular patterns (MAMPS) and 

recognition triggers intracellular signalling pathways culminating in activation of the 

nuclear factor-kappa B (NF-κB) pathway.
43

  

NOD1 and NOD2 proteins perform a recognition function intracellularly and a NOD2 

mutation was one of the first susceptibility genes recognised.
44

 Models of NOD2 

overexpression stimulated with peptidoglycan-derived muramyl dipeptide results in NF-κB 

activation and a feedback loop increases NOD2 expression in the inflammatory condition
45

 

but in vitro models have shown both negative and positive regulation of this pathway by 

NOD2 mutations.
1
 Functioning NOD2 is also necessary for effective autophagy

46
 and it 

regulates paneth cell functions influencing the production of antimicrobial α-defensins.
47

 

In IBD, the quantitative and qualitative expression of TLRs is altered. Healthy intestinal 

cells constitutively express TLR3 and TLR5 basolaterally and TLR2 and TLR4 are barely 

detectable. TLR4 is strongly upregulated in both CD and UC while TLR3 is downregulated 

in CD.
48

 Such alterations in the innate immune mechanisms of the epithelial layer lead to 

dysregulated microbial recognition and clearance and inappropriate immune response. 

Aberrations in the innate immune system trigger aberrations in the adaptive immune 

system. Dendritic cells express the entire spectrum of TLRs and NODs and can activate or 

silence T cell responses
49

 as well as control the opening of tight junctions and expression 

of tight junction proteins.
50

 In healthy individuals, these cells induce T-cell 

unresponsiveness stimulating naïve T-cell differentiation into regulatory CD4+ T-cells 

such as TH3 cells. On identifying a pathogen, they acquire a mature activated phenotype 

and induce immunity by switching to effector T-cell responses such as TH1, TH2 or TH17.
49

 

In IBD, the dendritic cell population has an increased frequency of mature cells with 

prolonged survival and aberrant expression of pattern recognition receptors inappropriately 

activates the immune response.
1
 The pathogenesis of CD has been thought of as 

predominantly driven by TH1 cells with increased expression of interferon-γ (IFN-γ), TNF-

α and IL-12. UC is predominantly driven by TH2 cells with increased expression of IL-4, 

IL-5 and IL-13.
51

 IBD emerges as a result of dysregulation of TH1, TH2, and TH17 and 

perhaps other TH subsets.
51

 This is combined with insufficient TReg suppressor function, 

accumulation of activated T-cells due to apoptosis resistance, disrupted balances in natural 

killer T (NKT) cells and innate lymphoid cells (ILCs) and inhibition of immunoregulatory 

and tolerance inducing transforming growth factor – β (TGF- β) signalling. Chemokines 
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which promote or direct inflammatory cell infiltrate are found at higher levels in IBD 

tissue than in normal mucosa.
1
 This dysregulation of the innate and adaptive immune 

systems leads to inflammation initiation and persistence leading to a chronic inflammatory 

state. 

1.1.6 Emerging therapies for IBD 

The complexity of diverse pathways at play in IBD offers many potential therapeutic 

targets and the success of anti-TNF therapies has ignited interest in developing biologics 

for other molecular targets.
52

 Other pro-inflammatory cytokines that have been 

investigated include IL-12/IL-23, the IL-2 receptor (IL-2R), and IFN-γ. While there have 

been some indications of clinical benefit in early trials in some cases, durable clinical 

responses have not been observed. Ustekinumab, a monoclonal antibody targeting IL-12 

and IL-23 did not demonstrate significant benefit in phase II trials in patients with 

moderate to severe CD but did induce response in a subset of patients who had previously 

failed to respond to anti-TNF therapies.
53

 Similarly, anti-IFN-γ therapy with the humanized 

antibody fontolizumab produced small delayed clinical benefit in patients with moderate to 

severe CD but did reduce C-reactive protein (CRP) levels.
54

 Targeting of IL-2R signalling 

in UC with the monoclonal antibody basiliximab did not improve disease activity in a 

corticosteroid-refractory population.
55

 

Blockade of signalling pathways downstream of cytokines has also been investigated. 

Tofacitinib is a small molecule inhibitor of the Janus kinase (JAK) family of proteins. In 

phase II trials it was effective for induction of remission in UC and the benefit was thought 

to be via JAK 1 inhibition with downregulation of IL-6 and IFN-γ.
56

 Administration of 

anti-inflammatory cytokines such as IL-10, IL-11 and IFN-β which might influence the 

Treg/TH balance was also disappointing clinically.
52

 Biologics aimed at inducing T-cell 

apoptosis do show evidence of clinical response but have also been associated with serious 

adverse events. Visilizumab, a monoclonal antibody targeting the T-cell receptor CD3, was 

not efficacious in severe IV corticosteroid-refractory UC and caused cytokine release 

syndrome in the majority of patients including cardiac events.
57

  

Inhibition of leucocyte infiltration by targeting integrins has proved a successful approach. 

The monoclonal antibody Vedolizumab specifically recognizes the α4β7 integrin selectively 

blocking gut lymphocyte trafficking without interfering with trafficking to the central 

nervous system, a problematic off-target effect of other integrin targeting agents such as 

natalizumab. In phase III trials, vedolizumab was effective for inducing and maintaining a 
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response and remission in CD and UC patients with adequate safety.
58, 59

 Vedolizumab has 

progressed to the clinic and is licensed for the treatment of adult patients with moderate to 

severely active UC or CD who have had an inadequate response with, lost response to, or 

were intolerant to either conventional therapy or a TNF antagonist. 

1.1.7 Limitations of current and emerging therapies 

The success of anti-TNF agents has transformed the clinical management of IBD but such 

agents and new novel biologics have limitations in terms of efficacy, safety and cost. 

Approximately 10 - 30% of patients do not respond to initial anti-TNF treatment and a 

significant proportion of patients lose response in part due to the formation of antibodies.
60

 

Anti-TNF agents are associated with adverse effects such as infections and malignancies
61

 

and it is reasonable to expect that emerging selective biologics will also have antigenic 

potential and target-mediated toxicities. Biologics require parenteral administration and the 

production costs are high. In the age of biologics, there is still a need for novel small 

molecule drug treatments either as monotherapies or adjunct therapies.
62

 Small molecule 

drugs are generally amenable to oral administration and the costs of chemical synthesis are 

generally lower than biotechnologies which should translate to more reasonable treatment 

related costs. 

With the availability of biologics, the goal of therapy has evolved from attaining 

symptomatic relief and remission to achieving mucosal healing or deep remission.
63

 

However, no clear indications are yet available regarding the optimum time for drug 

withdrawal.
64

 Continuing therapy to maintain remission must be balanced with the 

significant adverse side effects of long term biologic therapy and there is a need for the 

development of small molecule biologic-sparing therapies. 

1.1.8 Matrix metalloproteinases (MMPs) and Takeda G protein-coupled 

receptor 5 (TGR5) 

In this work, we have examined two potential targets for small molecule therapeutics in 

IBD, the MMPs and TGR5. MMPs are implicated in the compromise of intestinal barrier 

structure seen in IBD through degradation of the extracellular matrix (ECM) and inhibition 

has disease ameliorating effects in models of colitis.
65

 MMP-9 can be considered a 

downstream effector of TNF-α and the clinical effects of anti-TNF agents have been 

attributed in part to MMP-9 downregulation.
66-68

 TGR5 activation has a role to play in 

maintaining intestinal barrier integrity
69

 and agonists display disease modifying effects in 
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colitis also.
70

 There is evidence to suggest that these targets may also be luminally 

accessible to gut-confined agents. We propose that luminal inhibition of MMPs and/or 

luminal activation of TGR5 could achieve disease-modifying effects in IBD and limited 

systemic exposure could eliminate unacceptable off-target adverse effects. With full 

mucosal healing within reach in the clinic, ECM modelling manipulation by small 

molecule therapeutics could be a promising approach as a monotherapy, an adjunct to 

immunomodulators or as a biologic-sparing agent. 

1.2 Gut-restricted drugs 

Gut-restricted drugs are a subgroup of oral agents which act within the intestinal lumen to 

achieve a therapeutic effect which can be local or systemic but neither the drug nor active 

metabolites should be appreciably absorbed.
71

 Such minimisation of systemic exposure and 

off-target systemic effects could facilitate the reduction or complete avoidance of side-

effects that might otherwise limit the ‘druggability’ of the target. Proteomic analysis of 

preparations of brush border membranes isolated from murine jejunum identified 570 

proteins including 45 transporters, 20 digestive enzymes and 105 signalling proteins.
72

 

Further work is needed to establish the physiological or pathophysiological roles of these 

proteins and to determine if they are apically expressed or secreted and potential for 

modulation by a gut-confined agent. Gut-restricted therapeutics are not a new concept but 

emerging potential drug targets will ignite interest in physicochemical space which may 

have been disregarded.  

Good absorption from the GIT is generally required for good bioavailability of systemic 

orally administered drugs. For this, a drug candidate should have reasonable aqueous 

solubility, ability to permeate the lipid membrane, chemical stability in the environments 

encountered during GI transit and resistance to hydrolysis by enzymes found in the 

intestinal lumen such as those normally required for the digestion of food. Some solubility, 

stability and resistance to enzyme action are still required by an agent designed to be gut-

confined but design should restrict permeability as much as possible while retaining the 

desired biological action in the gut. Permeability, the velocity of passage through a 

membrane barrier, is fundamental to absorption. Membrane permeation of systemic drugs 

is predominantly by passive diffusion but can also be by active transport and/or 

paracellular transport through tight junctions. A minor pathway involves M cell sampling 

of luminal contents by endocytosis where a substance is engulfed by the membrane and 

transported through the cytoplasm in a vesicle for release on the other side.
73
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The Lipinski rules (rules derived by Lipinski et al.)
74, 75

 allow the profiling of absorption 

potential from chemical structure. While they have long been applied in selection of 

candidates for oral delivery into the systemic circulation, they could equally be used to 

design or select candidates with low permeability for intestinal targeting. 

Poor absorption is more likely when:  

 the molecular weight is greater than 500 

 there are more than 5 hydrogen bond donor groups 

 there are more than 10 hydrogen bond acceptor groups 

 the Log P value is greater than 5 

 

Increasing molecular weight reduces aqueous solubility reducing the concentration 

gradient for passive diffusion. Increased size is also a barrier to passage through the tightly 

packed side chains of the lipid membrane. Hydrogen bonds increase water solubility and 

must be broken for a compound to permeate the lipid bilayer. The lipophilicity of a 

compound can be numerically represented by Log P, the Log of the partition coefficient of 

the compound between an organic phase e.g. octanol and an aqueous phase e.g. buffer at a 

pH where the compound is in the neutral form. GI absorption by passive diffusion after 

oral dosing is generally best for compounds at a moderate Log P of 0 – 3, a balance of 

lipophilicity and hydrophilicity facilitating sufficient aqueous solubility but also sufficient 

lipid bilayer permeability. 

The work by Veber et al.
76

 established an alternative set of rules to Lipinski’s. A molecule 

is likely to have poor absorption if it has greater than 10 rotatable bonds and a polar 

surface area greater than 140 Å
2
, a function of molecular weight and the total number of 

hydrogen bond donors and acceptors. 

Applying Lipinski’s rules to the design of a gut confined drug candidate will produce a 

relatively large, polar molecule incapable of absorption by the passive, transcellular route. 

By passive diffusion, a compound follows a concentration gradient from the intestinal 

lumen through the lipid bilayer, the cytoplasm and through the basolateral membrane to the 

capillary blood vessels. However, this does not preclude passage through the tight 

junctions or transporter mediated active transport. Generally, paracellular transport is 

available to small polar molecules. A second pathway has been reported involving time 

dependent openings between the tight junction proteins permeable to molecules with 
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molecular weights up to several Kg/mol.
71

 Molecular rigidity and cross-sectional diameter 

may limit tight junction permeability. Molecules may undergo active transport by binding 

to a transmembrane protein transporter which facilitates passage of the molecule through 

the membrane. Transport can occur against a concentration gradient but there must be an 

affinity of the drug for the transporter. 

Gut-restricted drugs are in clinical use, in the drug discovery pipeline and used as probes to 

further our understanding of physiological and pathophysiological processes. Some have 

been serendipitously discovered while others are the result of deliberate structural 

modifications. They target luminal small molecules and enzymes or membrane proteins 

expressed on the surface of the gut epithelium. In other approaches local absorption is 

facilitated for activity in the gut wall without considerable systemic exposure. The 

pharmacodynamic effect may be local or systemic.  

Targeting drug delivery is a logical consideration in the selection of an appropriate 

administration route and pharmaceutical formulation. The benefits of local delivery to 

achieve high concentration of active agent at the target site to maximise pharmacological 

on-target therapeutic effects whilst minimising off-target systemic effects have long been 

recognised. The most common utilization of this approach is topical administration to the 

skin but topical administration also encompasses application to any mucous membrane and 

so includes administration to the eye, ear, lungs and rectum. Topical administration to the 

GIT can be achieved by the oral or rectal routes but the oral route remains more acceptable 

to patients than the rectal route. 

Various strategies are used to selectively target pharmacological agents to their site of 

action including prodrugs, antedrugs, pharmaceutical formulation and judicious 

modification of physicochemical properties. 
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1.2.1 Prodrugs 

In this strategy, a non-absorbable prodrug undergoes local metabolism in the target area of 

the GIT releasing the active pharmacological agent.  Sulfasalazine (1), a treatment for 

inflammatory bowel disease, is an example of this approach. When Salazopyrin® 500 mg 

tablets are orally administered, around 90% of the dose reaches the colon. There, it is 

cleaved by colonic bacterial azoreductases to release 5-aminosalicylic acid (2) which 

exerts a local anti-inflammatory effect and sulfapyridine (3) which is largely absorbed 

(Figure 4).
77

 

 

 

 

Figure 4. Structure of sulfasalazine (1) and the products of it metabolism by colonic 

azoreductases, 5-aminosalicylic acid (2) and sulfapyridine (3) 

Side effects are mostly attributed to circulating sulfapyridine and so other analogues have 

been designed e.g. olsalazine (4), which is composed of two molecules of 5-aminosalicylic 

acid (2, Figure 5). In humans, olsalazine is negligibly absorbed and local 5-aminosalicylic 

concentrations in the colon 1000 times the plasma level can be achieved.
78

 

 

Figure 5. Structure of olsalazine (4) and the product of its metabolism by colonic 

azoreductases, two equivalents of 5-aminosalicylic acid (2) 
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Colonic bacteria possess other enzymes which can be utilized for prodrug metabolism 

including nitroreductases, phosphatases and glycosidases. The unique glycosidase activity 

of the colon has been utilized in the design of steroid glycoside prodrug systems. The drug 

glycosides were larger in molecular weight and usually more hydrophilic than the drugs 

themselves and so membrane permeability of the intact prodrug was limited. Percentage 

distribution to the lower intestine was dependent on the lability of the prodrug to 

hydrolysis which in turn had dependency on the aglycone, the attached sugar and the 

glycosidic linkage employed.
79

 For example, when the 21-β-D-glucoside of 

dexamethasone (5, Figure 6)  was administered to the stomachs of rats, nearly 60% of the 

administered dose reached the cecum whereas when free dexamethasone (6) was 

administered, it was almost entirely absorbed in the small intestine with less than 1% 

reaching the cecum.
80

 

 

Figure 6. Chemical structures of the 21-β-D-glucoside of dexamethasone (5) and free 

dexamethasone (6) 

 

1.2.2 Antedrugs 

Antedrugs or ‘soft drugs’ are designed to act locally but also to be rapidly metabolised 

before or on entry to the systemic circulation. This approach was applied to the 

development of phosphonamide-based MMP inhibitors as antipsoriatic drugs.
81

 Potent 

inhibitors of some MMPs, these compounds were shown to inhibit the shedding of 

epidermal growth factors, amphiregulin and heparin-binding EGF-like growth factor, 

which contribute to the epidermal hyperproliferation in psoriasis. MMPs are thought to be 

responsible for processing of these growth factors.  Topical application of compound 7 

(Figure 7) significantly reduced TPA-induced epidermal hyperplasia in a mouse model of 
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psoriasis and rapidly decomposed in human plasma to compound 8 which was further 

hydrolysed to inactive metabolites 9 and 10. This work indicated that the antedrug 

approach could be viable in the treatment of psoriasis.
81

  

 

Figure 7. Chemical structure of compound 7, a phosphonamide-based MMP inhibitor, 

which rapidly decomposes in human plasma to compound 8 with subsequent hydrolysis to 

inactive metabolites 9 and 10. Compound 7 is an example of an antedrug. 

 

Clinical utilization of the antedrug budesonide (11, Figure 8) in treating CD illustrates the 

value of this approach in treating bowel conditions. Formulated as a gastro-resistant oral 

dosage form, e.g. Entocort® CR, it is considered a locally acting glucocorticosteroid. 

Following absorption, it undergoes extensive first pass metabolism to metabolites of low 

glucocorticoid activity including 16α-hydroxyprednisolone (12). At doses clinically 

equivalent to prednisolone it gives significantly less hypothalamic pituitary adrenal axis 

suppression and less bone loss.
82

  

 

Figure 8. The antedrug budesonide (11) undergoes CYP3A4-mediated oxidation to 16α-

hydroxyprednisolone (12) 
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1.2.3 Pharmaceutical formulations 

Pharmaceutical approaches can be utilized for drug delivery to the colon. A pH dependent 

system has probably translated most effectively to marketed products. Asacolon® gastro-

resistant tablets contain mesalazine and are coated with a pH responsive polymer, 

Eudragit® (methacrylic acid-methylmethacrylate copolymer (1:2)). Insoluble in acid pH, 

the coating protects the drug core from disintegration in the stomach and in the small 

intestine until it reaches the more basic pH of the lower intestine.  Mesalazine is only 

released in the terminal ileum and colon when the pH ≥ 7 and the coating dissolves. 

Absorption is minimised and approximately 75% of the administered dose remains in the 

gut lumen and the mucosal tissue.
83

 

Time dependent formulations can be designed to resist release until the estimated transit 

time to the colon has passed. In the Pulsincap™ system,
84

 the drug is contained in a non-

disintegrating capsule with an enteric coated cap. On gastric-emptying to the small 

intestine, the cap dissolves and a hydrogel plug then swells to block drug release. After a 

lag phase, which can be controlled by the properties of the plug employed, the plug is 

swelled to the point of ejection and the drug is released. In vivo, there can still be 

considerable variance in distribution due to the variation in intestinal transit times. Control 

over time to release can also be achieved by an osmotic system where swelling of a 

polymer can be controlled to push a drug gel out of the formulation.
85

 Pressure-controlled 

drug delivery systems release drug load when a pressure limit is exceeded by the strong 

peristaltic waves of the colon.
85

 The bacterial microflora of the colon derive energy by 

enzymatic digestion of polysaccharides that travel through the GIT undigested. Such 

polysaccharides, natural or chemically modified, and other synthetic polymers amenable to 

bacterial enzyme digestion can be used to coat and protect a drug material or as a carrier 

matrix or hydrogel.
86

  

Nanoparticle technologies offer drug targeting solutions to many organs and tissues 

including the colon
87

 and claim advantages over more conventional formulation 

approaches. Similarly able to protect and transit drug load to the site of action, 

appropriately sized nano systems can selectively target inflamed tissue in the bowel over 

healthy tissue. Nanoparticles exhibit mucoadhesivity and can be taken up by immune cells 

and so can accumulate in inflamed tissue where inflammatory cell infiltrate and mucus are 

greater.
88

 Lamprecht et al. used a biodegradable poly [DL-lactide-co-glycolide] (PLGA) 

nanoparticle system for delivery of rolipram in a 2,4,6-trinitrobenzenesulfonic acid 
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(TNBS) model of colitis in rats. In comparison to the group administered rolipram 

solution, the nanoparticle group had a reduced adverse effect index indicative of reduced 

systemic exposure and the anti-inflammatory effect was sustained longer after drug 

withdrawal.
89

 

1.2.4 Modification or utilisation of physicochemical properties 

Poor absorption potential can be conferred on promising leads at intestinal targets by 

manipulation of physicochemical properties. Introduction of a permanent charge has been 

successfully used by Tremont et al. to increase polarity and thereby reduce permeability in 

a series of apical sodium codependent bile acid transporter (ASBT) inhibitors.
90, 91

 

Primarily apically expressed on the distal ileum, ASBT is a promising target for a gut-

confined small molecule ligand and inhibition should be an effective approach to lower 

serum LDL cholesterol. This is because reduction of bile acid retrieval is predicted to 

increase cholesterol metabolism. A palatable, potent, non-absorbed ASBT inhibitor could 

offer advantages over current therapies.  A potent pharmacophore based on a core 

benzothiepine ring structure was identified. Structure activity relationship (SAR) studies 

established that the phenyl group at position five of the ring could tolerate the introduction 

of a polar/charged substituent whilst maintaining good potency. A series of non-systemic 

candidates were synthesized by attachment of a positively charged quaternary ammonium 

group via a short linker. In vitro potency and in vivo efficacy were maintained with 

minimal systemic exposure. Compounds 13 and 14 in Figure 9 are examples of compounds 

in the series. Anionic inhibitors were also shown to be efficacious and poorly absorbed. 

While monocarboxylic acid analogues did not have satisfactorily limited systemic 

exposure, diacid analogues such as compound 15 in Figure 9 did.
90, 91

 

 

Figure 9. Chemical structures of non-absorbable ASBT inhibitors designed and 

synthesized by Tremont et al. 
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Highly lipophilic compounds are likely to have poor permeability. Increasing lipophilicity 

decreases aqueous solubility and may also increase clearance, reducing systemic exposure 

further. Orlistat (16, Figure 10) is an example of an orally administered, poorly absorbed, 

lipophilic drug in clinical use for obesity which exerts its therapeutic effect by inhibition of 

enzymes in the gut lumen. It covalently binds gastric and pancreatic lipases in the stomach 

and small intestine through reaction with its β-lactone group. Dietary fats cannot be 

digested to absorbable units and are excreted in the faeces reducing caloric intake.
92

 

 

Figure 10. Chemical structure of orlistat (16) 

 

Fexaramine (17, Figure 11) was synthesized by Fang et al. as a highly lipophilic agonist of 

the intestinal farnesoid X receptor (FXR).
93

 Bile acid secretion after a meal has been 

shown to selectively activate intestinal FXR in contrast to systemic therapies and the group 

hoped to mimic this effect. Serum levels indicated some systemic exposure on oral 

administration to mice but the level was below the EC50. Intraperitoneal (IP) administration 

upregulated target genes in the liver, kidney and gut but upregulated expression on oral 

administration was restricted to the intestinal genes. This work illustrates that selective 

pharmacodynamic effects may be achieved by biased distribution, though puzzlingly, FXR 

is a nuclear receptor in the gut enterocytes, requiring cellular uptake for activation. Oral 

fexaramine also showed substantial benefits in a mouse model of obesity. It protected 

against diet-induced weight gain, enhanced glucose tolerance and decreased inflammation, 

effects not normally associated with FXR agonism. It is thought that the effects of 

fexaramine were in part due to activation of TGR5-mediated pathways. The metabolic 

effects seen are known downstream effects of TGR5 signalling and the results were 

tempered in TGR5
-/- 

mice.
93
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Figure 11. Chemical structure of fexaramine (17) 

 

The efflux capabilities of the enterocytes can also be exploited to achieve gut-biased 

delivery. During in vitro profiling of a series of diacylglycerol acyltransferase 1 inhibitors, 

Serrano-Wu et al. found compound 18 (Figure 12) to be a nanomolar inhibitor with strong 

efflux potential in Caco-2 cells and this was confirmed in a MDR1-MDCK assay.
94

 

Following oral dosing to rats, the concentration of 18 in duodenal enterocytes was over 20-

fold higher than the level detected in the portal vein or plasma and this concentration was 

maintained and increased over 17 h indicating recycling of 18 in the intestine through the 

efflux system. Biosynthesis of triglycerides in enterocytes into chylomicrons for passage to 

the systemic circulation is in part mediated by diacylglycerol acyltransferase-1 in the small 

intestine and 2 h after an Intralipid® challenge, intracellular triglyceride levels were 

reduced by 67% in rats treated with 18 compared with vehicle treated rats.
94

  

 

Figure 12. Chemical structure of compound 18, a diacylglycerol acyltransferase 1 

inhibitor 

Vancomycin (19, Figure 13) is an example of a natural product which by virtue of its high 

molecule weight and ionisable groups, has negligible absorption from the gastrointestinal 

tract. It is used to treat Clostridium difficile infection of the GI tract by oral administration 

but must be administered IV for the treatment of systemic infection. It is excreted 

unchanged in the faeces.
95
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Figure 13. Chemical structure of vancomycin (19) 

 

Absorption potential can be reduced by increasing molecular weight. Duan et al. used a 

dimerising approach to synthesize a gut-confined TGR5 agonist for treatment of type 2 

diabetes. Linking two molecules of the pharmacophore, compound 20, by a hydrophilic 

eight unit polyethylene glycol (PEG) chain, the dimer, compound 21, had a molecular 

weight of 1401 g/mol and a calculated polar surface area of 223 Å
2
 (Figure 14). The dimer 

produced blood glucose lowering effects comparable to the parent compound in mice but 

the associated side effect of gallbladder filling was much reduced despite evidence of some 

systemic exposure.
96
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Figure 14. Chemical structure of compound 20, a TGR5 agonist and compound 21, a PEG 

chain-linked dimer of 20 
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Chapter 2. Design, synthesis and 

evaluation of a gut-confined MMP 

inhibitor 
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2.1 Introduction to MMPs 

MMPs are zinc and calcium-dependent endopeptidases belonging to the metzincin 

superfamily of metalloproteinases.
65

 Comprising a family of about 24 enzymes in humans, 

collectively they have the ability to degrade all structural components of the ECM.
67

 

Conventionally, MMPs were classified based on preferred substrate and/or cellular 

location as collagenases (MMP-1, -8, -13 and -18), gelatinases (MMP-2 and -9), 

stromelysins (MMP-3, -7, -10 and -11), elastase (MMP-12), membrane type MMPs 

(MMP-14, -15, -16, -17, -24 and -25) and others (MMP-19, -20, -23, -26, -27 and -28).
97

 

An alternative approach utilises domain organisation classifying them as archetypal 

MMPs, matrilysins, gelatinases or convertase-activatable MMPs.
98, 99

 They have crucial 

roles in any physiological process requiring matrix remodelling including wound healing, 

reproduction, embryogenesis and angiogenesis. They also play central roles in immunity 

modulation by facilitating the release and/or direct activation of signalling molecules. The 

involvement of MMPs in disease pathologies such as cancer has been well established and 

has made them attractive targets for drug discovery. 

2.1.1 MMP Structure 

MMPs are multidomain proteins that are approximately 130 – 260 residues in length.
65

 A 

schematic representation of the structure of human MMPs can be seen in Figure 15. All 

MMPs have similar domain organizations and most consist of an amino-terminal signal 

peptide (pre-domain), a propeptide (prodomain), a catalytic domain, a linker (hinge) region 

and a hemopexin-like domain at the carboxy terminal end with some exceptions. 

Matrilysins contain the minimal domain organization required for secretion, latency and 

activity and do not contain a linker or hemopexin-like domain The pre-domain targets the 

enzyme to the endoplasmic reticulum for transport out of the cell. Synthesized with intact 

pro-domains, pro-MMPs are inactive zymogens and most MMPs are secreted in this form. 

In the pro-forms interaction between a cysteine in the prodomain and the zinc ion of the 

catalytic site maintains the inactive state. Disruption of this interaction, activation of the 

cysteine switch, leads to activation. The length and flexibility of the linker region 

contributes to function by facilitating protein substrate interaction and independent 

movement of the catalytic and hemopexin-like domains. MMP-9 has the longest linker 

region of the MMPs at 72 amino acid residues. The hemopexin-like domain can contain 

binding sites outside of the catalytic centre (exosites) important as secondary substrate 

binding sites for substrate localisation and for interaction with TIMPs and cell-surface 
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molecules.
100

 Gelatinases contain fibronectin type II (FN2) modules that improve collagen 

binding efficiency. Convertase-activatable MMPs contain an insert in the propeptide that is 

targeted by furin-like proteases. The membrane-associated MMPs in this class are 

membrane-anchored via glycosylphosphatidylinositol (GPI) or type I or type II 

transmembrane (TM) segments. MMP-23A and MMP-23B contain unique cysteine array 

(CA) and immunoglobulin (Ig)-like domains in their C-terminal region.
99

 

 

 

Figure 15. Schematic representation of the structure of the human MMPs classified 

according to domain organisation as archetypal MMPs, matrilysins, gelatinases and 

convertase-activatable MMPs. Image taken from Overall et al.
96 
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2.1.2 MMPs in disease pathologies 

The MMP-mediated activities of cell migration, differentiation, proliferation, angiogenesis, 

apoptosis, inflammation and platelet aggregation in normal physiological processes can 

contribute to disease pathologies when dysregulated. The involvement of MMPs in cancer 

and angiogenesis has received most attention
101

 and MMP levels have prognostic 

biomarker value in cancers of the breast,
102

 prostate,
103

 lung
104

 pancreas,
105

 and ovaries.
106

 

In cardiovascular disease, MMPs have roles in atherosclerosis contributing to plaque 

formation, instability and rupture.
107

 Post-infarction, transcriptional upregulation of MMP-

9 is associated with a higher degree of adverse ventricular remodelling which is associated 

with greater functional impairment and development of heart failure.
108

 Inflammation is 

characteristic of autoimmune diseases and MMP activities are implicated in diseases such 

as arthritis,
109

 diabetes
110

 and multiple sclerosis
111

 as well as in IBD. 

2.1.3 Regulation of MMPs 

Having significant destructive capabilities, MMPs are tightly regulated at the level of gene 

expression, compartmentalization in the cell, pro-enzyme activation and enzyme inhibition. 

They are transcriptionally responsive to growth factors and pro-inflammatory cytokines 

such as TNF and IL-1.
67

 The tissue inhibitors of matrix metalloproteinases (TIMPs) are 

endogenous reversible inhibitors of MMPs. They target the active site, binding in a 

substrate like manner in a 1:1 complex, the catalytic Zn coordinated by an N-terminal 

cysteine residue.
112

 There are four known 20 – 29 kDa secreted TIMPs (TIMP-1, -2, -3, 

and -4).
113

 The four TIMPs can inhibit all MMPs however they show varying specificities. 

For instance, TIMP-1 inhibits MMP-9 with a high affinity, whereas TIMP-2 inhibits 

MMP-2.
113

 In addition to inhibition by TIMPs, MMPs are also inhibited by non-specific 

circulating α-2 macroglobulin.  

2.1.4 Mechanism of substrate proteolysis 

A mechanism for substrate proteolysis at the active site was proposed by Lovejoy et al.
114

   

Consisting of a 5-stranded β sheet, two α helices and several surface loops, the catalytic 

domain has a notch on its surface containing the active site cleft. In this cleft, formed in 

part by a highly conserved Met 1, 4, β-turn, the catalytic zinc ion is coordinated by the 

imidazolyl sidechains of three histidine residues His401, His405 and His411 as part of the 

consensus sequence HExxHxxGxxH. In the free enzyme, a water molecule is H-bonded to 

a conserved Glu residue and coordinated to the zinc atom. On docking of a ligand, the 
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carbonyl group of the scissile amide also coordinates to the zinc ion. This carbonyl 

undergoes nucleophilic attack by a hydroxide ion generated by donation of a proton to Glu 

by H2O. The resulting tetrahedral intermediate is stabilized by the zinc ion. Transfer of the 

proton to the amide nitrogen causes a rearrangement and bond hydrolysis. 

2.1.5 Synthetic MMP Inhibitors 

2.1.5.1 Active site targeted MMP inhibitors 

In the active site there are six pockets in the enzyme structure three of which are located on 

one side of the active site zinc atom designated S1, S2 and S3 and three of which are 

located on the other side of the zinc atom designated S1’, S2’ and S3’ after Schechter and 

Berger.
115

 The substrate binding groove is relatively open from S3 to S1 but narrows at S1’ 

and S2’ before opening out at S3’.
100

 Significant interactions take place between the S1’ 

and S2’ pockets and ligand moieties of the enzyme substrate or inhibitor designated P1’ 

and P2’. The S1’pocket is a deep pocket penetrating the enzyme surface whereas S2’ is a 

shallower solvent exposed cleft. In MMP-9 the S1’ pocket has been described as a 

continuous pore exiting to solvent at the lower surface of the protein. The wall of the 

cavity is mainly formed by the sidechains of Tyr423, Leu188, Leu397, Val398, His401 and 

Leu418. A specificity loop arches around the pocket and can separate the lower part of the 

S1’ cavity from bulk solvent. Some of the earliest synthetic MMP inhibitors were 

structural analogues designed to mimic endogenous substrates.  Generally, such 

peptidomimietic inhibitors bind reversibly, chelating the catalytic zinc. The S1’ pocket is 

usually occupied sometimes accompanied by occupancy of subsites along the extended 

binding site. The scissile bond of the modelled substrate is modified in the inhibitor to 

prevent hydrolysis and while the inhibitor remains bound the enzyme remains inhibited.  

Pre-clinical studies of broad spectrum active site MMP inhibitors were promising and more 

than 50 such MMP inhibitors have been investigated in clinical trials.
65

 One of the first 

inhibitors to reach clinical trials was batimastat (22), a hydroxamate-containing 

peptidomimetic based on a principal cleavage site in type I collagen (Figure 16). It is a 

broad spectrum, competitive MMP inhibitor but due to lack of solubility could only be 

administered by direct injection into body cavities. In phase I trials it was administered 

intraperitoneally or intrapleurally to patients with malignant ascites or malignant pleural 

effusion. It did show efficacy but development was halted as it was considered to have 

limited potential due to unfavourable physicochemical properties and pharmacokinetics.
116

 

Marimastat (23, Figure 16), its orally available analogue, showed some promise in early 
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trials but efficacy could not be established in randomized Phase III trials and patients 

developed musculoskeletal toxicities.
117

 On reflection, it is likely that the failure of 

marimastat and other MMP inhibitors to subsequently enter trials was at least in part due to 

poor trial design. As MMP inhibitors are cytostatic rather than cytotoxic, the conventional 

measures of efficacy applied were not appropriate end-points for treatment assessment.
118

 

Also, pre-clinical animal studies were conducted in the early stages of disease progression 

whereas human trials were in advanced stages of disease. Broad spectrum inhibition 

caused unacceptable side-effects of musculoskeletal pain and inflammation and as a result 

subsequent trials were conducted with inadequate doses. 
65

 

.
 

 

Figure 16. Structure of batimastat (22) and marimastat (23) 

Promising in vitro and in vivo results of hydroxamate peptidomimetics did not translate to 

the clinic. The availability of MMP crystal structures has allowed structure and fragment 

based drug design and other zinc chelating groups have been identified such as 

sulphydryls, carboxylates, phosphonates and heterocycles some with favourable 

pharmacokinetics to the hydroxamates.
115

 However, the development of a small molecule 

selective inhibitor has remained elusive due to the highly conserved nature of the active 

site in this enzyme family. 

2.1.5.2 Allosteric inhibition  

The exosites of MMPs provide opportunities for allosteric inhibition.
112

 MMP-2 and 

MMP-9 are the only MMPs to possess three FN2 repeats otherwise known as a collagen 

binding domain (CBD) which contributes to binding by positioning substrate molecules 

relative to the active site for cleavage. A CBD binding site specific peptide has been shown 

to inhibit gelatinolytic activity and while this approach was not selective for MMP-2 over 

MMP-9, it was selective for the gelatinases over other MMPs.
119
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2.1.5.3 Inhibition by tetracyclines 

Tetracycline antibiotics can inhibit MMPs. While the mechanism is not completely 

understood it seems to involve some direct inhibition and a concurrent downregulation of 

expression.
120

 Direct inhibition does not involve interaction with the catalytic zinc but 

rather with the structural zinc and/or calcium ions, destabilizing the tertiary structure. 

Doxycycline (24, Figure 17 ), is the only MMP inhibitor in clinical use. Periostat® 20 mg 

film-coated tablets contain doxycycline and at dose levels well below effective anti-

microbial levels, it reduces elevated collagenase activity in chronic adult periodontitis.
121

 

 

 

Figure 17. Structure of doxycycline (24) 

 

2.1.5.4 Mechanism based inhibition 

SB-3ct (25, Figure 18) is a mechanism-based inhibitor of the gelatinases, a form of 

irreversible inhibition where the inhibitor is covalently bound. Coordination of the thiirane 

of SB-3ct with the active site zinc ion positions it for nucleophilic attack by a resident 

active site nucleophile.
122

 The diaryl ether occupies the S1’ pocket and the inhibitor is 

covalently bound in the active site rendering the enzyme catalytically inactive. 

 

 

Figure 18. Structure of the mechanism based gelatinase inhibitor, SB-3ct (25) 
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2.1.5.5 Inhibition by small interfering RNAs (siRNAs) 

Capable of sequence-specific post-transcriptional gene silencing, siRNAs can be used to 

downregulate MMP protein synthesis. Reductions in cancer cell invasiveness have been 

demonstrated in chondrosarcoma
123

 and glioblastoma
124

 cells in vitro through siRNA- 

mediated reduction of MMP-2. Utilisation of this strategy poses significant drug delivery 

challenges as siRNAs do not readily cross cell membranes and are effectively cleared by 

the body. The potential in local delivery has been demonstrated and siRNA impregnated 

wound dressing materials have improved diabetic wound healing in a mouse model.
125

 

2.1.5.6 Biologic inhibitors of the MMPs 

MMP sub-type selectivity has been achieved with monoclonal antibodies.
126

 REGA-3G12 

is a murine monoclonal antibody prepared by hybridoma technologies against human 

MMP-9. Selective for MMP-9 over the closely related MMP-2 and other MMPs, it 

recognises the amino terminal section of the catalytic domain but does not interact with the 

catalytic zinc.
126

 The ability of REGA-3G12 to inhibit MMP-9 mediated gelatin 

degradation has been demonstrated in vitro and the prevention of IL-8 induced stem cell 

mobilisation in rhesus monkeys illustrates it has in vivo effects.
127

 In some cases, an 

antibody may be designed to target a single function of an enzyme. Shiryaev et al. 

designed 9E8, a mouse antibody against MT1-MMP (MMP-14) which could selectively 

block its function of MMP-2 activation while other proteolytic functions remained 

intact.
128

    

2.1.6 MMPs in IBD  

The dysregulated immune response in IBD promotes aberrant expression and activation of 

MMPs and there is a body of evidence supporting roles for MMPs in the destructive 

remodelling and reduced gut barrier function seen in IBD. Total MMP proteolytic activity 

is upregulated in tissue homogenates from UC and CD patients
129

 and the ratio of MMPs to 

TIMPs is also increased.
130, 131

 Broad spectrum inhibition of MMPs has been consistently 

shown in several studies by a variety of agents to ameliorate the effects of TNBS-induced 

colitis or dextran sodium sulfate (DSS)-induced colitis in rodents.
132-134

 Several members 

of the MMP family including collagenases, stromelysins and gelatinases have been 

implicated in IBD.
135

  

Due to their potentially destructive effects on native collagen, the distribution of 

collagenases is strictly controlled in normal physiology. In IBD pathogenesis, MMP-1 
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(collagenase-1) is expressed by myofibroblasts and macrophages and is associated with 

ulceration. Expressed by smooth muscle cells also, it is considered to be involved in cell 

migration and remodelling.
135

 MMP-8 (collagenase-2) is upregulated predominantly in 

epithelial cells in IBD and is thought to contribute to ECM destruction
136

 as is MMP-13 

(collagenase-3).
68

 MMP-3 (Stromelysin-1) is induced consistently in human IBD and in 

animal models of the disease. It is associated with fistula formation
137

 and facilitates T-cell 

mediated injury.
138

 MMP-10 (Stromelysin-2) is associated with wound healing, MMP-10
-/-

 

mice having delayed healing of DSS-induced ulcers.
139

 MMP-7 (matrilysin) also appears to 

be involved in repair and healing. In the mouse it activates antimicrobial α-defensins but 

this does not seem to be conserved in humans.
135

  

Of the MMPs, the gelatinases have received most attention in IBD research. MMP-9 

expression in adult tissues is confined to neutrophils, macrophages and osteoclasts.
135

 

MMP-9 is consistently upregulated in IBD
129

 and tissue and plasma levels in IBD patients 

correlate with disease activity.
140, 141

 MMP-9 is upregulated in rodent models of colitis and 

the severity of DSS-induced colitis in mice has been attenuated by gelatinase-selective 

antibody treatment.
142

 In MMP-9
-/-

 mice the results reported are contradictory. Santana et 

al. reported MMP-9
-/-

 mice to be less susceptible to DSS colitis compared to wild-type 

mice as indicated by improved survival and indices of epithelial injury.
143

 In contrast, de 

Bruyn et al. found no differences in clinical or histopathological parameters after genetic 

inhibition of MMP-9 in DSS mouse models causing them to question the validity of MMP-

9 as a drug target in IBD.
144

 They proposed that MMP-9 upregulation is a consequence 

rather than a cause of intestinal inflammation. The reasons for these contradictory results 

are not clear but it should be considered that compensatory activity of other pathways and 

enzymes may obscure the role of MMP-9 in a knockout model. De Bruyn et al. also found 

that two peptide inhibitors with established efficacy towards MMP-9 did not ameliorate the 

colitis induced by their DSS protocols.  In contrast, pharmacological inhibition of MMP-9 

has been shown to attenuate DSS colitis in the mouse by other research groups using a 

variety of inhibitor types and a destructive role for MMP-9 in the pathology of IBD is 

generally accepted. 

MMP-2 is believed to oppose MMP-9 in IBD progression. MMP-2 is constitutively 

expressed by epithelial cells and the lamina propria and it is upregulated in IBD. Epithelial 

barrier integrity is compromised in MMP-2
-/- 

mice and they are more susceptible to 

chemical or bacterial-induced colitis than wild-type mice, suggesting MMP-2 has a role in 

epithelial barrier regulation.
145

 The gelatinases are structurally similar and have similar 
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substrate specificities. Their opposing functions may be due to differences in their non-

matrix substrates, MMP-2 lacking a 56-residue type V collagen-like domain of MMP-9. 

Work in a double knockout model suggests that the destructive action of MMP-9 is 

dominant over any protective action of MMP-2 and that global gelatinase inhibiton may be 

desirable in IBD.
146

 

2.1.7 MMP-9, is it luminally accessible? 

During inflammation in IBD, MMP-9 is expressed by intestinal epithelial cells (IECs) as 

well as immune cells. It is detectable in the faeces of IBD patients and its presence 

moreover is correlated with endoscopically assessed disease activity. Indeed its faecal 

concentration has similar diagnostic accuracy to calprotectin.
147

 Work in the Medina group 

has shown that treatment of the IEC line, Caco-2, with TNF-α and IL-1β stimulates 

secretion of gelatinases into the media.
67

 This models the in vivo condition, primary 

epithelial cells isolated from patients with active IBD having upregulated MMP-9 mRNA 

and supernatants from such primary cultures having functional MMP activity.
148

 In vitro 

work has also shown that MMP-9 impairs cell adhesion and wound healing activity in 

Caco-2 cells.
149

 Studies in IBD tissue have usually identified neutrophils to be the major 

source of pathologic MMP-9.
129

 However, Castaneda et al., through neutrophil 

transmigration studies and bone marrow chimeras in mouse models of colitis, concluded 

that epithelial-derived MMP-9 is responsible for colitic damage.
149

 This is in line with 

observations that epithelial damage precedes inflammatory infiltration in colitis models.
143

 

A transgenic mouse model (Tg-villin-MMP-9) specifically overexpressing MMP-9 in the 

intestinal epithelium exhibited spontaneous goblet cell depletion and increased epithelial 

proliferation and apoptosis as well as increased expression of the proinflammatory 

cytokine Kc, the mouse homologue of human IL-8. This mouse model exhibited more 

severe inflammation in response to DSS or bacterial induced colitis compared to wild type 

mice. In IBD tissues, inflammatory cells infiltrating the mucosa closely approach the 

epithelial cell layer. More than an intestinal barrier, the epithelium communicates luminal 

status to the immune system but there is evidence that this communication is two-way. Al-

Ghadban et al. demonstrated communication between intestinal epithelial cell lines and the 

monocytic cell line THP-1 in co-culture through gap junctions and proposed that this 

communication plays a role in dysregulation of intestinal barrier function seen in IBD.
150

 

In line with this, the epithelial cell lines secreted increased levels of MMP-9 when treated 

with conditioned media from activated THP-1 cells. Colitis models suggest that epithelial-

derived MMP-9 has a role in early stages of disease compromising the gut barrier allowing 
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luminal contents to further activate the immune system. In human IBD, there is also 

evidence to support that increased permeability precedes disease initiation. MMP-9 is a 

terminal effector of the inflammatory cascade. It is upregulated and activated by a variety 

of cytokines and growth factors and activated by other MMPs including MMP-1, -2, -3 and 

-7. MMP-9 contributes to the tissue damage associated with IBD but it also regulates it. In 

addition to facilitating increases in epithelial and endothelial permeability by ECM 

degradation, MMP-9 potentiates a feed forward mechanism of inflammation by activation 

of chemokines and cytokines and augmentation of chemotaxis. 

Evidence for the pathological involvement of MMPs in IBD is compelling but in cancer 

trials, the viability of MMP inhibition as a therapeutic approach was extinguished by the 

poor safety profile associated with broad spectrum inhibition. Despite decades of research 

efforts selective inhibition by a small molecule inhibitor has remained elusive. Selectivity 

has been achieved with monoclonal antibodies but while this selectivity is attractive, there 

may be an even more intractable problem in separating regional and temporal roles of 

patho/physiological MMP-9 targets. Many MMPs have been validated as anti-targets 

including MMP-9.  For instance, MMP-9 is implicated in the resolution of inflammation in 

asthma.
151

 It is necessary for the effective clearance of immune cells by establishing a 

transepithelial chemokine gradient. Allergen challenged MMP-9
-/-

 mice exhibit increased 

inflammatory cell death compared to wild-type mice due to decreased MMP-9 mediated 

cell egression into the airways. Pertinent inhibition can be successful as demonstrated by 

the widespread clinical use of the tetracyclines. We propose that an inhibitor designed to 

be confined to the gastrointestinal lumen to achieve a non-systemic effect could achieve 

disease modifying effects in IBD. This would in addition allow us to test the hypothesis 

that disease modifying effects in IBD could be achieved by inhibition of apically secreted 

gelatinases in the intestinal lumen and at disease sites where high induction is expected.  
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2.2 Chapter objective 

The objective of this chapter was to test the hypothesis that disease-modifying effects 

could be achieved in a model of IBD by inhibition of apically secreted gelatinases in the 

intestinal lumen. 

 

2.2.1 Specific objectives 

 To design and synthesize a candidate for testing the chapter hypothesis. This 

candidate should be a potent small molecule inhibitor of the gelatinases and 

resistant to degradation and metabolism in the environments of the GIT. 

 

 To assess the potential of the candidate for absorption. 

 

 To test the candidate in a DSS mouse model of colitis. The treatment effect would 

be assessed at clinical level, histological level and by examination of pro-

inflammatory cytokines at gene level. 
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2.3 Establishing the MMP inhibitory scaffold 

The barbiturate class was chosen as a suitable scaffold for modification to a gut-confined 

inhibitor. The MMP inhibitory potency of barbiturates has been widely reported in the 

literature including work by the Gilmer and Medina groups.
152, 153

 The potential for 

barbiturates as MMP inhibitors was first identified in 2001 when workers at Hoffman La-

Roche identified RO200-1770 (26, Figure 19) as an inhibitor of MMP-8 in a high-

throughput screen.
154

 

 

Figure 19. Structure of RO200-1770 (26) 

Barbiturates are a class of CNS depressants derived from barbituric acid or 2,4,6,-

trioxohexahydropyrimidine (27, Figure 20). Barbituric acid itself lacks central depressant 

activity but substitution of alkyl or aryl groups at position 5 confer sedative-hypnotic 

activity. As sedatives, they have almost completely been superseded by the 

benzodiazepines which possess a more favourable therapeutic index. They continue to be 

employed in some instances in the treatment of convulsions and ultrashort-acting agents 

continue to be used in anaesthesia.
155  

MMP inhibitory activity is primarily due to 

coordination of the ionised barbiturate ring to the zinc ion of the active site of the enzyme. 

In addition, appropriate C-5 substituents, P1’ and P2’, can bind in the S1’ and S2’ pockets 

of the enzyme.   

 

Figure 20. Structure of barbituric acid (27) and 5-disubstituted barbituric acid (28) 
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Tochowicz et al. prepared a mutant of the truncated catalytic domain of human MMP-9 

and co-crystallized it with several small molecule inhibitors including RO-206-0222 (29), a 

barbituric acid derivative doubly substituted at C-5 with a phenoxyphenyl and pyrimidine-

piperazine moiety as represented in Figure 21.
156

 This work provides us with much 

information about barbiturate interaction with the MMP-9 active site. 

  

Figure 21. Chemical structure of RO-206-0222 (29) and stereo representation of the active 

site region of the mini-MMP-9 RO-206-0222 complex. The compound and mini-MMP-9 

are shown as stick models with nitrogen atoms in blue, oxygen atoms in red, compound 

carbon atoms in yellow and mini-MMP-9 carbon atoms in green. Coordinate bonds to the 

catalytic zinc ion in purple and intermolecular hydrogen bonds are shown as broken lines 

with distances in Å (reproduced from Tochowicz et al.
57

) 

Active site interactions favour the enol form of the barbiturate ring and the catalytic zinc is 

coordinated in a distorted tetrahedral manner by the nitrogen atom at position 3 of the 

barbiturate and the nitrogen atoms of the three His residues. The hydroxyl oxygen of the 

enol form is positioned where the catalytic H2O molecule is expected and forms a 

hydrogen bond with the carboxamide nitrogen of Gln402. The H1 – N1 and C6 = O6 groups 

hydrogen bond to the Ala189 carbonyl group and the Ile188 NH group. The two C-5 

substituents orientate into the S1’ and S2’ pockets. The proximal phenyl ring stacks on the 

imidazole ring of His401 and the ether oxygen interacts with the slightly positively 

29 
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charged aromatic edge of Tyr423. The distal phenyl ring interacts with Leu418, Tyr420 

and Arg424 towards the bottom of the S1’ pocket. The S2’ pocket is bordered on one side 

by Gly186-Leu187 and Pro421-Met422 on the other. The piperazine P2’ moiety is in the 

chair conformation between these groups and the distal pyrimidine ring is allowed to 

solvent with only minor contacts with Gly186. 

In agreement with available literature, previous work in the Gilmer group found that 

substitution by a phenoxyphenyl group at C-5 conferred greater inhibitory potency than 

benzyloxyphenyl or phenyl groups for the gelatinases. In MMP-9, the S1’ pocket is deep 

similar to that of MMPs -2, -3, -11, -12, -13 and -14 in contrast to the shallower pocket of 

MMPs -1, -7, -8 and -16. We decided to maintain the phenoxyphenyl substituent on the 

core barbiturate scaffold as it contributes to potency and a degree of selectivity over the 

shallower MMPs. The S2’ pocket is shallow and P2’ substituents are allowed out to 

solvent as demonstrated by the mini-MMP-9 barbiturate complex crystal structure 

providing an opportunity for further derivation without detrimental effects on inhibitory 

potency. 
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2.4  Synthesis of the phenoxyphenyl substituted barbiturate 

scaffold 

Synthesis of the barbiturate scaffold was achieved in four steps as outlined in Scheme 1 

similar to that described by Breyholz et al.
157

 The phenoxyphenyl substituent is generated 

in the first step before preparation of the substituted malonate ester in step two. Reaction 

with urea in the third step forms the barbiturate ring. In step four, the C-5 hydrogen is 

functionalized to bromine, a good leaving group for further elaboration. 

 

(i) C6H5B(OH)2, copper (II) acetate, pyridine, DCM, RT, 48 h (ii) (CH3O)2CO, NaH, 

anhydrous THF, 90
o
C, 5 h (iii) Na, urea, EtOH, 100

o
C, 7 h (iv) Br2, HBr, H2O, 0

o
C, 5 h 

Scheme 1. Four step synthesis of the phenoxyphenyl substituted barbiturate scaffold 
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In the first step of our synthesis, diaryl ether synthesis was achieved by coupling 

phenylboronic acid to methyl-4-hydroxy phenyl acetate (30) via Chan-Lam coupling, also 

known as Chan-Evans-Lam coupling. This coupling is catalyzed in the presence of copper 

and proceeds in air at room temperature. The catalytic cycle involves ligand exchange, 

transmetallation, reductive elimination and oxidation (Figure 22) but it is unclear which or 

how many copper oxidation states are involved. In our case, copper acetate was used as a 

source of copper (II) at one equivalency and pyridine was used as the ligand. The reaction 

was carried out at room temperature in ambient air in DCM. Yields achieved were never 

>30%. Work by Evans et al.
158

 on optimisation of Chan-Lam coupling reaction conditions 

identified phenol and diphenyl ether as unwanted side-products. From this it was assumed 

that there was competitive arylation of water and competition of the resulting phenol with 

phenolic substrate. These side products were identified even under anhydrous conditions 

and the source of water is thought to be degradation of phenylboronic acid. Evans et al. 

counteracted this side reaction by the inclusion of powdered molecular sieves in the 

reaction mixture. It was also our experience that the inclusion of sieves counteracted the 

diminished yields. The grade of DCM used, anhydrous or technical, or the atmospheric 

conditions used, N2 or ambient, were not found to impact the yield obtained. The reactions 

were carried out with technical grade DCM in ambient air. A ready supply of oxygen 

should promote the oxidation step. 

 

Figure 22. Proposed mechanism of Chan-Lam coupling 
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Step two involved a Claisen ester condensation between the enolizable methyl 2-(4-

phenoxyphenyl)acetate (31) and the unenolizable but electrophilic dimethyl carbonate. The 

proposed mechanism is outlined in Figure 23. In the first step of the mechanism, sodium 

hydride (NaH) extracts an acidic α-proton resulting in the formation of an enolate anion 

which is stabilized by electron delocalization. The enolate ion nucleophilically attacks a 

carbonyl carbon of the dimethyl carbonate. Carbonates are suitable starting materials for 

this reaction type as they are not enolizable themselves lacking α hydrogens and are more 

electrophilic than the enolizable ester. The carbonate should react with the enolate anion 

faster than the ester itself limiting any self-condensation side reactions. The greater 

electrophilicity of the carbonate is explained by the fact that both oxygen atoms adjacent to 

the carbonyl group can exert their full inductive effect to increase reactivity. A methoxy 

group is eliminated to yield the product. The reaction was carried out in anhydrous THF as 

NaH is deactivated by water and on reaction produces NaOH as well as H2 gas which 

could cause ester hydrolysis.  The reaction mixture was refluxed at 90°C and was seen to 

turn an orange colour within the first hour. When the reaction was complete after 

approximately 5 h the mixture was poured onto iced-water and the product was extracted 

with DCM. This product (32) could be used in the next step without further purification. 

 

Figure 23. Proposed mechanism of step two in synthesis of the phenoxyphenyl substituted 

barbiturate scaffold, a Claisen ester condensation 

The barbiturate ring was formed by reaction of 32 with urea in the presence of sodium 

ethoxide at elevated temperatures. Sodium ethoxide was generated in situ by dissolving 

sodium in HPLC grade ethanol. Urea was then added, dissolved and the mixture brought to 

reflux at 90ºC. Once refluxing had commenced, 32 was added dropwise in ethanol over the 

first 30 min and off-white precipitates began to form within 1 h. The generally accepted 

mechanism for this classical reaction is deprotonation of urea by the strong base and 

nucleophilic attack on the ester carbonyl with loss of methoxide. A second nucleophilic 

attack completes the cyclocondensation with removal of a further methoxide molecule 
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(Figure 24).  When the reaction was complete, the mixture was poured onto ice, the 

precipitates dispersing to a cloudy orange mixture. Acidification to pH 2 with 1 M HCl 

precipitated the barbiturate product (33). This collected product contained some impurities 

which were removed by refluxing the material in ethyl acetate: methanol 3:1. The 

impurities dissolved readily while the barbiturate remained insoluble in the hot solvent. 

 

 

Figure 24. Proposed mechanism of step three in synthesis of the phenoxyphenyl substituted 

barbiturate scaffold, barbiturate ring synthesis 
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Position 5 of the barbiturate ring was functionalised by bromination. Radical bromination 

was pursued by treatment with bromine in the presence of hydrobromic acid in water a 0 - 

5°C. Under the influence of light, a molecule of Br2 is homolytically cleaved to produce 

two bromine radicals. This radical can abstract a proton from position 5 of the barbiturate 

ring producing a molecule of HBr and a barbiturate radical. Reaction of this barbiturate 

radical with a further molecule of Br2 produces the desired brominated product (34) and a 

bromine radical propagating the reaction further (Figure 25). 

 

 

Figure 25. Proposed mechanism of step four in synthesis of the phenoxyphenyl substituted 

barbiturate scaffold, free radical bromination 
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Compound 34 was used as a starting material for derivatisation of P2’. Previous work in 

the Gilmer group established that a P2’ substitution by homopiperazine or piperazine gave 

good gelatinase inhibition and that potency was tolerant of further derivation by 

substitution at the distal N. The C-5 bromine is amenable to nucleophilic substitution by a 

primary or secondary amine in methanol at room temperature. One derivative was 

produced by substitution of an amino monofuntionalised 3-unit PEG chain at position 5 to 

yield compound 35, the structure of which can be seen in Figure 26. 

 

Figure 26. Structure of compound 35 

 

However, in 
1
H NMR characterisation of 35, some of the signals in the aromatic region 

integrated lower than expected as can be seen in Figure 27.   
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Figure 27. 
 1
H NMR spectrum of compound 35 A: Full spectrum; B: Zoom of aromatic 

region 
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The significance of this was underlined by the appearance of two peaks in the HPLC 

chromatogram of 35 (Figure 28). 

 

Figure 28. HPLC chromatogram of compound 35 

It was initially proposed that this could be a tautomeric behaviour. Shifting tautomeric 

equilibriums had been observed in NMR analysis of the barbiturate compounds. 

Tautomeric interconversion can be slow and has been reported to be slow enough to allow 

separation of tautomers by HPLC. If tautomers were responsible, it should be possible to 

cause a shift in the equilibrium proportionality by a change in pH or by heating but no 

change in the chromatogram was observed. The chromatographic peaks were isolated by 

collection of the appropriate fractions from a HPLC analytical column and left overnight to 

allow equilibration. On re-analysis no changes in the chromatograms of the fractions were 

observed. NMR analysis of each peak revealed that the spectra differed in the aromatic 

regions. The peak at the longer retention time of 4.2 min did not have a signal 

corresponding to the para proton and the aromatic region of the spectrum indicates the 

presence of two para disubstituted phenyl rings (Figure 29). The doublet at 7.56 ppm 

integrating for 2 protons is coupled to the doublet at 7.05 ppm where J = 9.16 Hz and the 

doublet at 7.44 ppm is coupled to the doublet at 6.99 ppm where J = 8.54 Hz, these 

coupling constants characteristic of ortho coupling. It was deduced that the bromination 

step was yielding a mixed product of monobrominated material and dibrominated material. 

The oxygen of the diaryl ether was sufficiently electron donating to allow electrophilic 

aromatic substitution of the para proton of the distal phenyl ring. The 
1
H NMR of the peak 

at retention time 3.7 min contained a signal for the para proton which integrated for one 

proton as expected (Figure 30). 
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Figure 29. Aromatic region of 
1
H NMR of HPLC peak at retention time of 4.2  min  of 

compound 35 
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Figure 30. Aromatic region of 
1
H NMR of HPLC peak at retention time of 3.7 min of 

compound 35 
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Separation of these products was not feasible by manual flash column chromatography. 

They were not separable on TLC and there was degradation in solution. Selective 

bromination was pursued. Lowering the equivalencies of Br2 and HBr and reducing the 

temperature to – 20°C by the addition of salt to the reaction mixture over an acetone-ice 

bath did improve the product ratio but did not achieve full selectivity. The 

monobrominated product was obtained by N-bromosuccinimide (NBS) bromination. The 

use of NBS keeps the concentration of bromine in the reaction system low. NBS reagent 

will contain a small amount of bromine and a catalytic amount of dibenzoyl peroxide 

initiates the reaction. In the first propagation step, one molecule of HBr is produced. 

Reaction of one molecule of HBr with NBS yields one molecule of Br2 and succinimide 

and so Br2 is slowly released as the reaction proceeds. 

Pursuit of the dibrominated product was expected to be straightforward. However it proved 

difficult to encourage the reaction beyond 90% completion. Radical bromination reactions 

slow or stop as chain terminating steps consume one or both of the reactive intermediates. 

This and the scale dependency of bromination reactions prompted us to pursue the 

dibrominated material by using a p-brominated phenylboronic starting material in step 1. 

The four step synthesis was carried out as before and the barbiturate was brominated using 

HBr and Br2 to afford compound 39 seen below in Figure 31. 

 

 

Figure 31. Structure of compound 39 
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2.5 Barbiturate tautomerism 

Barbiturates can undergo prototropic tautomerism or addition of a proton at one molecular 

site and its removal from another
159

 (Figure 32). 

 

 

Figure 32. Tautomerism of barbituric acid 

 

The equilibrium between tautomers is dynamic, dependent on factors such as pH and 

solvent. This behaviour has made the barbiturates challenging to work with. The change in 

structure on tautomer interconversion changes the compound’s physical and chemical 

properties and changing solubilities have been observed on many occasions in this work. 

These changes may also affect biological activities and as tautomeric forms may be 

substituent dependent, similar compounds may not exhibit biological potencies as 

expected.
159

  

The tautomeric behaviour of compound 39 could be seen in NMR analysis in deuterated 

DMSO. The spectrum in Figure 33 taken immediately after sample preparation contains 

two signals at 11.66 ppm and 11.55 ppm of the barbiturate ring nitrogens integrating for 

0.8 and 1.2 protons indicating the presence of two tautomeric forms of the molecule. The 

aromatic zoomed region also shows a mixture of tautomers. In the spectrum of the same 

sample obtained 24 h after sample preparation in Figure 34, it can be seen that the 

compound has resolved to one tautomeric form. There is one N-H signal at 11.54 ppm 

integrating for two protons and the aromatic region now integrates as expected with a 

coupling pattern typical of a para-substituted benzene ring system. A similar behaviour 

was observed in the 
13

C spectrum (Figure 35). In the first spectrum every expected signal 

was duplicated indicating two similar species and the two signals at 75.7 ppm and 55.5 

ppm were assigned to C-5. After 24 h, the carbon spectrum also resolved to one species. 
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Figure 33.  
1
H NMR of compound 39 taken immediately on sample preparation A: Full 

spectrum B: Zoom of aromatic region 
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Figure 34. 
1 
H NMR of compound 39 taken 24 h after sample preparation A: Full spectrum 

B: Zoom of aromatic region 
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Figure 35.  
13

C NMR of compound 39 taken A: immediately after sample preparation B: 

24 h after sample preparation 
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Compound 39 (Figure 31) was chosen as the MMP inhibitory scaffold in the design of 

candidate gut-confined MMP inhibitors. The bromine para substitution on the distal 

phenyl ring was maintained because it was difficult to avoid producing. Bromo-

substitution was in addition expected to contribute to selectivity for MMPs with deep S1’ 

pockets such as the gelatinases over MMPs with shallow S1’ pockets such as MMP-7.  

 

2.6 Design and synthesis of a non-absorbable gelatinase 

inhibitor 

With an MMP inhibitory scaffold established, strategies for suppressing oral absorption 

were considered. Synthesis efforts would focus on the P2’ substituent where inhibitory 

potency was tolerant of further substitution. The following strategies were considered: 

 Attachment of a hydrophilic chain or polymer to increase molecular weight and 

polarity 

 Introduction of a permanent charge 

 

2.6.1 Synthesis of a non-absorbable inhibitor by pegylation 

The first strategy considered in the pursuit of a non-absorbable inhibitor candidate was 

attachment of a hydrophilic polymer at P2’. Polyethylene glycol (PEG) was selected for 

incorporation. PEG groups are known to be non-toxic and non-antigenic and they can  

increase water solubility.
160, 161

 Reduced lipophilicity and increased molecular weight 

should reduce absorption potential.
 

Pegylation is now a commonly pursued strategy for modifying a therapeutic agent’s 

pharmacokinetic profile facilitating manipulation of its pharmacodynamics. To date, the 

most important clinical application of drug pegylation has been the extension of half-life of 

parenteral biologics. PEG incorporation reduces renal clearance and may slow 

metabolism.
162

 The increased bioavailability compensates for any reduced potency and the 

conferred increased water solubility may also be desirable. PEGs range from LMW to 

HMW and can be employed as permanently bonded PEG drugs, drug conjugate linkers or 

as prodrugs designed to be cleaved. 
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2.6.1.1 Synthesis of a 3-unit pegylated barbiturate 

A 3-unit monofunctional PEG group with one hydroxyl end group (40) was functionalized 

to an amine (43) in a three step synthesis (Scheme 2) for substitution of the C-5 bromine of 

39. 

 

 

(i) tosyl chloride, Et3N, anhydrous DCM, N2, 0°C – RT, 1 h, (ii) NaN3, DMF, 60°C, 24 h 

(iii) PPh3, anhydrous THF, N2, 12 h (iv) H2O, 12 h 

Scheme 2. Three step synthesis of compound 43 

 

The alcohol was first converted to a tosylate (41), a better substrate for nucleophilic attack 

by reaction with tosyl chloride in anhydrous DCM with triethylamine as base. A lone pair 

of electrons from the hydroxyl group attacks the electrophilic sulfur of tosyl chloride 

expelling the chloride anion in an SN2 mechanism. A proton is extracted from the 

positively charged intermediate by the chloride anion forming HCl which is trapped by 

triethylamine in triethylamine hydrochloride salt and yielding the tosylate product. 

Treatment of 41 with sodium azide in 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone 

(DMPU) solvent yielded the azide (42). The electron rich azide ion is a good nucleophile 

and attacks the electrophilic carbon α to the tosylate displacing it. The azide (42) was then 

reduced to the amine (43) via the Staudinger reaction. Triphenylphosphine reacts with the 

azide by nucleophilic addition of the phosphine to the terminal nitrogen to generate a 

phosphazide, which loses N2 to form an iminophosphorane. Hydrolysis in water yields the 

amine (43) and the triphenylphosphine oxide by-product (Figure 36). 
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Figure 36.  Proposed mechanism of the Staudinger reaction 

 

The C-5 bromine of compound 39 is amenable to nucleophilic substitution by a primary or 

secondary amine in methanol at room temperature. The reaction is thought to follow an 

SN2 mechanism. As a tertiary structure, approach of the amine nucleophile should be 

heavily sterically hindered and it could be presumed that an SN1 mechanism would take 

precedence. In this case however, the bromide leaving group is adjacent to a carbonyl 

group. The neighbouring carbon atoms are electrophilic and their lowest unoccupied 

molecular orbitals (LUMOs) can combine to form a new LUMO of lower energy. This 

increased reactivity facilitates nucleophilic attack and increases the rate of SN2 reaction so 

that it is likely to be the dominant mechanism. Polar, protic methanol is generally a solvent 

choice suited to promoting an SN1 mechanism but was found to be suitable here. The 

starting material is soluble in methanol but the disubstituted products are not soluble in 

some cases and precipitate out of solution facilitating product isolation by simple filtration. 

The amine functionalised PEG (43) was stirred with 39 in methanol for 24 h and the 

pegylated product (44) was isolated by flash column chromatography (Scheme 3). The 

product was somewhat hygroscopic.  
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(i) MeOH, RT, 24 h 

Scheme 3. Synthesis of compound 44 

 

 

2.6.1.2 Synthesis of a PEG chain-linked barbiturate inhibitor dimer 

We sought to increase molecular weight and reduce absorption potential by dimerization of 

the MMP inhibitor. MMP-9 is secreted in monomeric, heterodimeric and homodimeric 

forms and is the only MMP known to form homodimers.
163

 A suitably spaced inhibitor 

dimer could offer increased affinity over the monomeric form or other MMP species. 

Wang et al. studied homodimeric compounds of 5-homopiperazine barbiturates linked by 

alkyl chains from 2 – 20 carbons in length
164

 and MMP-9 inhibition was maintained. A 3-

unit PEG chain-linked barbiturate dimer, compound 49, was synthesized using the 

synthesis route for 44 but in this case the starting PEG material was a bifunctional alcohol, 

each terminus acting as a reaction centre in the synthesis (Scheme 4). 
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(i) Tosyl chloride, Et3N, anhydrous DCM, N2, 0°C – RT, 1 h, (ii) NaN3, DMPU, RT, 24 h 

(iii) PPh3, anhydrous THF, N2, 12 h (iv) H2O, 12 h (v) compound 39, MeOH, RT, 24 h 

Scheme 4. Synthesis of compound 49; Molecular properties of 49 calculated and/or 

predicted by the molinspiration molecular property calculation web tool 
165
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The molecular properties of compound 49 in Scheme 4 were calculated and/or predicted by 

the molinspiration molecular property calculation web tool.
165

 With a molecular weight of 

greater than 500, > 10 H-bond acceptors and > 5 H-bond donors, 49 breaches several of 

Lipinski’s so-called rules for good oral absorption.
74, 75

 With a calculated total polar 

surface area of 211.52 Å
2
 and 17 rotatable bonds, it also contravenes Veber’s rules for 

good absorption.
76

 Compound 49, however, did not have good solubility in MeOH, H2O or 

DMSO. 

 

2.6.2  Synthesis of a non-absorbable inhibitor by incorporation of a 

permanent positive charge 

It is generally accepted that a permanently charged compound will have a poor absorption 

profile. The arrow poison curare contains the quaternary ammonium alkaloid tubocurarine 

(50, Figure 37). Naturally occurring in the bark and stem of Chondodendron tomentosum, a 

stemmed, woody vine, it is a competitive antagonist of nicotinic receptors inhibiting the 

action of acetylcholine leading to muscle relaxation and paralysis.  It was used by South 

American natives to hunt animals and they were able to eat the meat without experiencing 

the toxic effects of the poison as it was unable to pass into the systemic circulation from 

the oral route.
155

 

 

Figure 37.  Structure of tubocurarine chloride (50) 

Quaternary ammonium muscle relaxants are in clinical use as neuromuscular blocking 

agents in anaesthesia. They are parenterally administered and have minimal absorption by 

the oral route as established in pharmacokinetic profiling. The incorporation of a positive 

charge has been used by others in the design of non-systemic drugs. Huang & Tremont et 

al. designed non-systemic ASBT inhibitors as described in Chapter one.
  
They attached an 
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alkyl chain linked 1,4-diazabicyclo[2.2.2]octane (DABCO) moiety to the core inhibitor 

molecule to confer low systemic absorption while retaining potency. Its crystallinity and 

non-hygroscopicity were advantages over PEG-linked candidates in the series.
91

 

 

2.6.2.1  Synthesis of compound 53 

A permanent positive charge was incorporated into the P2’ substituent in synthesis of 

compound 53 as outlined in Scheme 5. Compound 39 was substituted at C-5 with 4-

piperidine ethanol to produce compound 51. The primary alcohol was then converted to the 

mesylate (52) by reaction with methanesulfonyl chloride in the presence of triethylamine in 

anhydrous DCM. Compound 52 was treated with two equivalents of DABCO in 

acetonitrile at room temperature for one week. Nucleophilic attack by DABCO and 

expulsion of the leaving group yields the quaternary ammonium compound with 

methanesulfonate anion as its counterion. The positive charge reduces the nucleophilicity 

of the distal N reducing dimerisation potential. In an attempt to improve reaction time, a 

greater equivalency of DABCO was trialled but the resulting NMR indicated that the 

product contained a mixture of DABCO salts. Isolation of the polar product was achieved 

by solid phase extraction on reverse phase silica.  
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(i) 4-piperidine ethanol, MeOH, RT, 24 h, (ii) mesyl chloride, NEt3, anhydrous 

DCM, N2, 0°C – RT, 24 h, (iii) DABCO, ACN, RT, 7 d 

Scheme 5. Synthesis of compound 53; Molecular properties calculated and/or predicted 

by the molinspiration molecular property calculation web tool 
165 

 

Permanently positively charged, compound 53 would not be readily passively absorbed 

and with a molecular weight of greater than 500, evidence would suggest that it would not 

be a candidate for apical organic cation transporters in the GIT. 
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2.7 Characterisation of compound 53 

 

 

 

Figure 38. Structure of compound 53 

Compound 53 (Figure 38) was characterised by 
1
H NMR, 

13
C NMR, infrared (IR) 

spectroscopy and high resolution mass spectrometry (HRMS). The 
1
H NMR spectrum of 

compound 53 was referenced to the deuterated DMSO solvent peak at 2.5 ppm. The 

spectrum also contained an accompanying solvent peak for water at 3.33 ppm. Broad 

signals were observed in the spectrum of 53 (Figure 39) which was likely due to the 

timeframe of tautomer interconversion of the compound. 
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Figure 39 .
 1
H NMR spectrum of compound 53 
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In the upfield region of the spectrum in Figure 40, the broad multiplet integrating for three 

protons from 1.15 - 1.30 ppm is attributed to overlapping signals of the CH of the 

piperidine moiety and the adjacent CH2 of the two carbon chain linker. Integrating for four 

protons, the multiplet from 1.54 - 1.66 ppm is attributed to the piperidine CH2 protons beta 

to the piperidine nitrogen. Deshielded alpha to the nitrogen, the remaining four CH2 

protons of the piperidine moiety resonate farther downfield as two multiplets at 2.38 - 2.47 

ppm and 2.62 - 2.70 ppm. Further deshielded again by proximity to electronegative 

nitrogens the 12 protons of the DABCO moiety resonate as two multiplets. The multiplet at 

2.94 – 3.07 ppm integrates for six protons. The other multiplet is shouldered on the water 

peak and overlaps with the multiplet of the CH2 protons of the chain linker alpha to the 

positively charged DABCO nitrogen. 
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Figure 40. Zoom of upfield region of the 
1
H NMR spectrum of compound 53 

The downfield region of the spectrum can be seen in Figure 41. The protons of the para-

substituted phenoxyphenyl substituent resonate downfield in the aromatic region as two 

coupled doublets each integrating for two protons and a multiplet integrating for four 

protons. 



 

62 

 

PROTON_01_Final.esp

8.1 8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3 7.2 7.1 7.0 6.9 6.8 6.7 6.6

Chemical Shift (ppm)

0

0.05

0.10

0.15

N
o
rm

a
li
z
e
d
 I
n
te

n
s
it
y

4.022.092.03

7
.5

7
7
.5

5

7
.4

2
7
.4

0

7
.0

2
7
.0

0
6
.9

8

 

Figure 41. Zoom of downfield region of the 
1
H NMR spectrum of compound 53 

The protons of the barbiturate ring did not appear in the spectrum. This was not unexpected 

and the presence of the barbiturate ring was confirmed in the 
13

C NMR spectrum.  

In the 
13

C NMR spectrum of compound 53 (Figure 42) the barbiturate ring produced three 

signals. C-4 and C-6 of the ring are equivalent and produce the signal at 172.4 ppm. The 

signal for the disubstituted C-5 appears at 73.8 ppm. The remaining barbiturate ring 

carbon, C-2, resonates at approximately 150 ppm. In the spectrum of compound 53, the 

signal at 152.8 is most likely due to C-2. The phenoxyphenyl substituent contains 12 

aromatic carbons for which eight signals are expected. These signals can be seen in the 

spectrum of compound 53 between 115 ppm and 157 ppm. The spectrum of compound 53 

contains four signals in the region between 40 ppm and 70 ppm, at 44.7 ppm, 47.8 ppm, 

51.5 ppm and 61.6 ppm.  One of these signals can be attributed to the two equivalent -CH2 

carbons alpha to the piperidine nitrogen. The DABCO moiety contains two sets of three 

chemically equivalent –CH2 carbons which produce two signals in this region. The fourth 

signal is due to the -CH2 of the chain linker alpha to the positively charged nitrogen atom. 

In the upfield region of the spectrum between 25 ppm and 35 ppm, the three signals at 27.4 

ppm, 32.4 ppm and 33.6 ppm can be assigned to the two remaining equivalent -CH2 

carbons and the –CH carbon of the piperidine moiety and the -CH2 of the chain linker. The 
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spectrum was referenced to the deuterated DMSO solvent peak at 39.5 ppm which is 

thought to overlap the signal of the methanesulfonate counterion. 

 

 

Figure 42.
 13

C NMR spectrum of compound 53 

 

The high resolution mass spectrum of compound 53 can be seen in Figure 43. As a 

quaternary ammonium salt, compound 53 bears a permanent positive charge and was 

expected on electrospray ionisation to produce a molecular ion with m/z equal to the exact 

mass of the cation. Containing one bromine atom, the spectrum of 53 should contain two 

peaks in the molecular ion region of approximately equal height separated by two m/z units 

corresponding to the two approximately equally abundant isotopes of bromine, 
79

Br and 

81
Br. The calculated exact mass for C29H35BrN5O4

+
 is 596.1867 and the mass found was 

596.1875. The mass error between the theoretical m/z and that experimentally observed 

was 1.34 ppm. The second peak at (m+2)/z of 598.1846 confirms the presence of one 

bromine atom in the molecule. 
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Figure 43. HRMS of compound 53 

The IR spectrum of compound 53 can be seen in Figure 44. The strong band at 1234 cm
-1

 

is consistent with the C-O stretch of an aryl ether. The bands around 1700 cm
-1

 can be 

attributed to C=O stretches of the barbiturate ring. 

 

Figure 44. IR spectrum of compound 53 
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2.8  In vitro evaluation of MMP-9 inhibitory potency 

The inhibitory potency of candidate compounds against recombinant human MMP-9, 

(R&D systems, UK) was measured in a fluorogenic assay. Briefly, proteinase activity was 

measured after incubation of p-aminophenylmercuric acetate (APMA)-activated MMP-9 

and the test concentration of inhibitor at 37°C for 45 min. After incubation, a fluorescent 

substrate was added and the remaining proteinase activity in the test well cleaved an amide 

bond between a fluorescent group and a quencher group in the substrate causing an 

increase in fluorescence. The substrate used was MCA-Pro-Leu-Gly-Leu-DPA-Ala-Arg-

NH2 (R&D systems, UK) which is cleaved at the Gly-Leu bond by MMP-9.
166

 The 

fluorescence was monitored at 10 time points over the initial 10 min of reaction in a plate 

reader with excitation and emission wavelengths set to 320 nm and 405 nm, respectively. 

The fluorescence is plotted as a function of time and the slope of this linear plot is 

calculated. The decrease in slope in comparison to the positive control (buffer + MMP-9 + 

substrate) provided a measure of inhibition. The % inhibition was calculated using the 

formula below 

             (   
     (         )

     (                )
 )      

 

Inhibitor test concentrations were selected to cover from 0% to 100% inhibition and 

nonlinear regression analysis of the sigmoidal dose-response curve established the IC50 and 

95% confidence interval (CI). 
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Figure 45. Recombinant human MMP-9 inhibition curve of compound 49 established over 

seven concentrations in duplicate; IC50 85.8 nM, 95% CI (66.7, 110.5) 
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Figure 46. Recombinant human MMP-9 inhibition curve of compound 51 established over 

six concentrations in duplicate; IC50 25.8 nM, 95% CI (14.5, 45.9) 
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Figure 47. Recombinant human MMP-9 inhibition curve of compound 53 established over 

seven concentrations in duplicate; IC50 6.3 nM, 95% CI (4.1, 9.7) 

 

Compound 49 was a potent inhibitor of MMP-9 with an IC50 of 85.8 nM (Figure 45). 

Compound 53 was more potent again with an IC50 of 6.3 nM (Figure 47). Interestingly, it 

was more potent than its synthetic precursor, compound 51, which was found to have an 

IC50 of 25.8 nM (Figure 46). Based on its potency and excellent H2O solubility, compound 

53 was chosen for further evaluation. 
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2.9 Stability of compound 53 in the environments of the GIT 

Stability in the environments of the GIT is required for delivery of the inhibitor to its target 

area in the colon by the oral route. The stability of 53 was examined in simulated gastric 

fluid over 4 h. Simulated gastric fluid was prepared according to the United States 

Pharmacopoeia (USP) 2010.
167

 Containing salt, pepsin and hydrochloric acid, it has a pH 

of approximately 1.2 to represent normal gastric pH which is in the range 1 – 3. The 

compound was prepared at 100 µM in simulated gastric fluid, incubated at 37°C and 

samples were taken at time 0, 10 min, 20 min, 30 min, 1 h, 2 h and 4 h and analysed 

immediately by HPLC. Similarly, the stability of 53 was examined in simulated intestinal 

fluid prepared according to the USP 2010.
167

 Containing monobasic potassium phosphate, 

sodium hydroxide and pancreatin, it is pH adjusted to pH 6.8 to represent the higher pH of 

the small intestine. The stability was examined over 6 h to simulate the longer residence 

time in the small intestine.  
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Figure 48. Graph of HPLC peak area of compound 53 100 µM in simulated gastric fluid 

incubated at 37°C over 4 h. The points and error bars represent mean peak area ± SD at 

that sampling time point carried out in triplicate in three separate experiments on three 

different days. 

There was no loss of peak area while incubated at 37°C in simulated gastric fluid for 4 h 

indicating that 53 is stable in the presence of pepsin at the acidic pH of the stomach (Figure 

48). 
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Figure 49. Graph of HPLC peak area of compound 53 100 µM in simulated intestinal fluid 

incubated at 37°C over 6 h. The points and error bars represent mean peak area ± SD at 

that sampling time point carried out in triplicate in three separate experiments on three 

different days 

There was no loss of peak area while incubated at 37°C in simulated intestinal fluid for 6 h 

(Figure 49) indicating that 53 is stable in the presence of pancreatin at the basic pH of the 

small intestine. 

2.10  Caco-2 cell uptake assay 

A Caco-2 cell uptake assay was undertaken to probe the absorption potential of 53. The 

Caco-2 cell line is a human epithelial cell line from a colorectal adenocarcinoma of the 

colon which upon reaching confluence expresses characteristics of enterocytic 

differentiation.
168

 The uptake assay performed here measured the concentration of drug 

inside cells that are cultured in the usual cell culture plates or flasks. The cells were 

incubated at 37°C with the compound in media and at a particular time point the medium 

was completely removed and the cells were gently washed and lysed. The lysate was 

analysed by HPLC for the presence of compound. The model did not consider paracellular 

diffusion or aspects of facilitated transport that might be present in a functional monolayer 

but it was a pragmatic approach to estimating the capacity for test article to penetrate a cell 

membrane.  

The best known cell layer model of the intestinal epithelial cells is the Caco-2 monolayer 

model. The cells are cultured on a porous filter support insert providing an apical and 

basolateral compartment in the cell culture plate.  The cells are cultured for approximately 
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21 days and in this time they grow to confluence, develop microvilli on the apical surface 

and increasingly express transporter proteins. Before an assay is carried out, a measure of 

transepithelial electrical resistance indicates if the monolayer is continuous and the tight 

junctions intact.  The simplest experiment using this monolayer involves treatment of the 

monolayer with the test compound in buffered solution on the apical side. Buffer is placed 

on the basolateral side. The compound diffuses and/or is transported through the 

monolayer and by taking aliquots from the apical and basolateral compartments at 

appropriate time points for analysis, the rate of permeation can be calculated.  

Modifications to the experiment include use of pH gradients or sink conditions where the 

test compound is sequestered on the basolateral side. 

Passive diffusion is the predominant mechanism of transport of small molecule drugs and 

this is what we sought to investigate here using an adherent monolayer rather than a 

functional barrier as in the usual Caco-2 set up. Initially, RIPA buffer was used to lyse the 

cells but a component of this buffer was found to complicate the analysis of the samples by 

HPLC. There was retention of a component of the matrix on the HPLC column leading to a 

regular cycling baseline.  Instead, the washed cells were gently scraped into PBS. Before 

analysis the cells were pelleted, the PBS removed and the cells lysed in acetonitrile with 

sonication. This solution was suitable for direct analysis by HPLC after centrifugation to 

remove insoluble cellular debris. This approach had dual benefits of simplifying the 

analysis and concentrating the lysate, thereby enhancing the ability to detect absorbed 

compound. To ensure there was no loss of water-soluble test compound to the pelleted 

material, the pellet was dispersed in 200 µL of ddH2O and sonicated before preparation for 

HPLC analysis as for the acetonitrile samples. 

Compound 53 and its synthetic precursor, compound 51, were examined in this assay at a 

test concentration of 10 µM to examine the effect of the DABCO moiety on passive 

absorption potential. The assay was carried out in triplicate in three different passage 

numbers on three different days. Compound 51 was detected in the conditioned media and 

in all the cell lysates indicating its uptake into the cells during the incubation. Compound 

53 was detected only in the collected media samples. No peak corresponding to it was 

found in the cell lysate chromatograms (Figure 50).  
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Figure 50. Results of Caco-2 cell uptake assay for 51 and 53. Bar chart represents the 

proportion of total recovered compound detected in the cell culture conditioned media and 

in the cell lysate for 51 and 53 in the Caco-2 cell uptake assay. The bar chart was 

generated from the data of experiments in triplicate in three different passage numbers and 

the error bars represent ± SEM 

As compound 53 was a potent MMP-9 inhibitor, exhibited stability in the environmental 

conditions of the GIT and demonstrated limited absorption potential, it was assessed in 

vivo in a DSS mouse model of colitis. 
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2.11  In vivo assessment of compound 53 

Animal models of disease allow us to investigate disease pathologies and the potential 

benefit of interventions, pharmacological or other. Animal models of intestinal 

inflammation include genetically engineered, adoptive transfer, spontaneous and induced 

models.
169

 Genetically engineered models include knock-out (KO) models in which a 

target gene can be inactivated in the body or conditionally in a particular tissue type or 

organ. Alternatively, transgenics can be designed to overexpress a particular gene. In the 

adoptive transfer model, intestinal inflammation is induced by transfer of certain cell types 

to immunocompromised animals. This model has been used to probe the role of T-cells in 

colitis.
170

 Strains of animal that spontaneously develop intestinal inflammation or an 

inappropriate immune response are particularly useful as they do not require exogenous 

manipulation to model colitis. Colitis can be chemically induced in mice with normal 

immune function by administration of DSS or carrageenan in drinking water or by rectal 

administration of the hapten TNBS, the hapten oxazolone or acetic acid. Colitis can also be 

bacterially induced and Salmonella typhimurium is commonly used.
170

 

DSS is a synthetic sulfated polysaccharide composed of dextran and sulfated anhydro-

glucose units. Oral administration of DSS 2 - 10% w/v in drinking water for five to seven 

days produces an acute colitis in rodents and chronic colitis can be induced by cycling 

periods of DSS treatment with usual drinking water.
170

 The DSS model is useful in that it 

is easy to perform, produces reproducible results and is relatively cheap. However, the 

severity of the induced pathology and reproducibility is dependent on a variety of factors 

including the DSS molecular weight, the DSS source, dose, duration, animal strain and 

sex
170

 and so optimisation of the model may be required. The effects of DSS can be severe 

and can potentially cause mortality of experimental animals during the course of the 

experiment or other unacceptable side effects such as excessive weight loss. The model has 

clinical and histological similarities to UC but it must be considered that the colitis is due 

to acute chemical injury rather than a chronic inflammation and so will differ from IBD in 

aspects of immunopathology. DSS can induce colitis in T-cell and B-cell deficient severely 

combined immunodeficiency (scid) mice indicating that acute damage is initiated by the 

innate immune system.
171

 There is increased production of macrophage-derived IL-1β, IL-

6 and TNF-α.
172

 The adaptive immune system is subsequently activated and chronic colitis 

is mediated by a combination of TH1 and TH2 responses.
173

 It was thought that DSS was 

directly toxic to the epithelial cells
174

 but the work of Laroui et al. established that DSS can 

associate with medium-chain length fatty acids to form nano-sized vesicles which can 
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penetrate the epithelial cells allowing the dextran moiety to activate inflammatory 

signalling pathways.
175

 The DSS model is widely reported facilitating the rapid screening 

of drug candidates for potential effects in IBD and was chosen as a model for evaluation of 

compound 53 in vivo. 

2.11.1 Experimental animals 

The in vivo experiment was carried out with approval of the Animal Research Ethics 

Committee, Trinity College and licensed by the Department of Health under Section 8 of 

the Cruelty to Animals Act, 1876 and adhered to ARRIVE guidelines.  A total of 24 male 

BALB/c mice (Comparative Medicines Unit, Trinity College Dublin) were used. Animals 

were maintained in a restricted access room in the facility at 23°C with 12 hour: 12 hour 

light-dark cycles and access to drinking water and standard food pellets ad libitum. 

Animals were housed in individually ventilated cages (IVCs) with a maximum of five 

animals per cage with standard bedding and enrichment and allowed to settle to conditions 

for 10 days before the experiment was commenced. 

2.11.2  Experimental design 

Animals were randomly assigned to experimental groups and one animal constituted an 

experimental unit. Ten animals were assigned to each of the treatment group and DSS 

group and four animals were assigned to the sham group. Animals caged together were in 

the same experimental group.  

2.11.3  In vivo experimental procedures 

Colitis was induced by oral DSS (mol. wt. 40,000; TdB consultancy, Sweden) at 5% w/v in 

the usual drinking water. On day 0 of the experiment, the usual drinking water of the 

positive control DSS group and the treatment group was replaced with the DSS solution 

and consumption was monitored for the duration of the experiment.  The sham group 

continued to drink the usual drinking water. The treatment group were administered 

compound 53 at a dose of 10 mg/Kg by oral gavage once daily in the morning from day 0 

to day 6 and the DSS group received the water vehicle by oral gavage. The animals were 

weighed and examined for signs of softened stool or diarrhoea or evidence of blood in the 

stool or rectal bleeding. Diarrhoea was defined as the presence of faecal matter adherent to 

the fur or tail and rectal bleeding as the visible presence of blood around the rectal area. 

Each animal was assigned a disease activity index (DAI) score for weight loss, stool 
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consistency and presence of blood as in Table 1 and these scores were combined and 

averaged to generate the daily score. 

 

Table 1.  DAI scoring system for daily clinical assessment of the DSS induced colitis mouse 

model 

DAI Score Weight Loss (%) Stool Consistency Presence of Blood 

0 <1 Normal None 

1 1 - 5 - - 

2 5 - 10 Soft stool Blood in stool 

3 11 - 15 - - 

4 >15 Diarrhoea Gross rectal 

bleeding 

 

At the endpoint of the experiment on day 6, the animals were euthanized by cervical 

dislocation by Dr. Carlos Medina, School of Pharmacy, Trinity College, Dublin. A mid-

laparotomy was performed and the distal colon was removed for future histological 

analysis, protein analysis and RNA analysis. 

The development and progression of the disease in each group as quantified by the group 

mean DAI score ± SEM from the beginning of the experiment on day 0 to the termination 

of the experiment on day 6 can be seen in Figure 51. 
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Figure 51. Graph of disease progression from day 0 to day 6 in each experimental group 

quantified by the daily group mean DAI ± SEM 

As expected, the animals in the sham group did not develop colitis. The progression of the 

disease in the positive control group and the treatment group was similar from day 0 to day 

4 but on day 5, the symptoms of colitis in the positive control group were trending to 

greater than that of the treatment group. By day 6, the treatment had significantly 

ameliorated the severity of the DSS induced colitis, the treated group scoring significantly 

clinically better than the DSS group by one-way ANOVA as can be seen in Figure 52. 
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Figure 52. Histogram of the mean DAI scores ± SEM of the experimental groups on day 6. 

### p < 0.001 vs sham; *** p < 0.001 vs DSS group 
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The contributions of the clinical symptoms to the final DAI scores on day 6 are represented 

in Figure 46 for the experimental groups and in Figure 47 for the experimental units. 

 

 

 

 

 

 

 

 

 

Figure 53. Stacked bar chart illustrating the clinical symptom contribution to the mean 

DAI score for the DSS group and treatment group on day 6 
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Figure 54. Stacked bar chart illustrating the clinical symptom contribution to the mean 

DAI score for each experimental unit in the DSS group and treatment group on day 6 

mouse IDs 1 – 10: treated group; mouse IDs 11 – 20: DSS group 
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No animal in the treated group exhibited symptoms of blood in stool or rectal bleeding 

whereas five of the mice in the DSS group scored for presence of blood on the last day. All 

individuals in the DSS group had a stool consistency indicative of colitis but more than 

half the treated group registered a normal stool consistency on the final day.  We were 

concerned that there was a trend to greater weight loss in the treated group but in Figure 55 

it can be seen that the weight change in the DSS group and in the treatment group followed 

a similar course. The stress induced by oral gavage appears to have caused some weight 

loss in the first two days as has been documented in other studies.
176, 177

 This was followed 

by partial to full recovery over days 3 to 4 until the colitis came into effect from day 4. No 

weight loss was observed in the sham group. 

 

Figure 55. Graph of mean weight change progression in the experimental groups from day 

0 to day 6 

2.12  Histological analysis of colon tissue samples 

Retained tissue samples were histologically analysed for signs of inflammation. To prepare 

sections for staining the tissue samples were first subjected to an automated tissue 

processing protocol which resulted in dehydrated, clarified and paraffin infiltrated colon 

samples. Following processing, the colon tissue samples were paraffin embedded, 

sectioned and mounted on glass slides for staining with hematoxylin and eosin (H & E). 

The standard H & E histological stain uses two separate dyes to stain the nucleus and 

cytoplasm of connective tissue. Hematoxylin is a dark purple basic dye that will stain 

chromatin within the nucleus leaving it a dark purple/blue colour. Eosin is a dark orange-

red acidic dye that stains cytoplasmic material and ECM material various shades of red, 
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pink and orange. The staining protocol deparaffinises the tissue in xylene and passes it 

through a step gradient of decreasing ethanol concentrations to rehydrate the tissue before 

staining. After staining, the tissue is then dehydrated in a series of increasing ethanol 

concentrations before clearing in xylene. The slides are then mounted and coverslipped. 

2.12.1  H&E histological analysis 

Colitis severity was assessed by scoring inflammatory cell infiltration and tissue damage 

according to the scoring system outlined in Table 2. Histological scoring was performed 

blind by Dr. Brian Flood, School of Biochemistry and Immunology, TBSI, Trinity College 

Dublin. 

 

Table 2. Colitis severity histological scoring system 

Infiltration               Score 

Occasional infiltration in lamina propria                                    0 

Increased infiltrate in lamina propria (predominantly at base of crypts)     1 

Extension of infiltrate into mucosa            2 

Transmural extension of infiltrate                                       3 

                                                                                                                                            

Tissue damage               Score 

No mucosal damage              0 

Partial (<50%) loss of crypts in large areas           1 

Partial to total (50-100%) loss of crypts in large areas         2  

Total loss of crypts in large areas and epithelial loss                3  

                      

 

A combined score for each experimental unit was calculated by summing the scores 

obtained for infiltration and tissue damage and dividing by 2. 
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Figure 56. Histological scores of the grouped experimental units; A: tissue damage; B: 

inflammatory cell infiltration; C: combined score of tissue damage and infiltration; ## p < 

0.01 vs sham 

In the treatment group, four mice were scored zero for tissue damage indicating no 

mucosal damage was observed and three of the group were scored zero for infiltration 

indicating only occasional infiltration of inflammatory cells in the lamina propria. In 

contrast, every experimental unit in the DSS group had at least partial loss of crypts and 

increased evidence of infiltrate. However, there was high variability in the treatment group 

with some individuals exhibiting epithelial damage and inflammation comparable to the 

DSS group. The mean tissue damage score of the treatment group was not significantly 

different from that of the positive control group by a two-tailed unpaired t-test (p value = 

0.4968). Statistical analysis of the infiltration scores assigned was similar. The mean of the 

treatment group could not be statistically distinguished from the mean of the positive 

control group by a two-tailed unpaired t-test (p value = 0.3278). In healthy tissue with 

normal crypt architecture, the base of the crypt sits on the muscularis mucosa. In DSS 
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induced colitis, shortening of the crypts and loss of the basal third of the crypt is one of the 

earliest histological changes. As the disease condition progresses there is further crypt loss 

and thinning of the epithelium until crypt loss can be described as total. The surface 

epithelium may show erosion. The first sign of accompanying inflammation is enlargement 

of the lamina propria. The inflammatory cell infiltrate in the lamina propria is increased in 

comparison to normal tissue. This mixed infiltrate of both acute and chronic inflammatory 

cells extends into the mucosa and submucosa and into the epithelial cells themselves 

inducing cryptitis or crypt abscesses.
178

 

Representative images from each group can be seen in Figure 57. In panels A and B, the 

intact crypt architecture extends to the muscularis mucosa which is characteristic of normal 

healthy tissue from an animal in the sham group. In panels C and D, images from an 

animal in the DSS group show the effect of DSS on the tissue. There is loss of basal 

portions of crypts in all areas with complete loss in some areas accompanied by 

enlargement of the lamina propria and inflammatory cell infiltrate. In panels E and F, the 

attenuating effect of the treatment on the DSS colitis can be seen. While there is some 

crypt loss and increased infiltrate due to DSS, the crypt architecture has largely remained 

intact. 
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Figure 57. Representative histology images from the experimental groups A: sham 10× 

magnification B: sham 20× C: DSS 10× D: DSS 20× E: Treatment 10× F: Treatment 20×  
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2.13  The effect of compound 53 treatment on pro-inflammatory 

cytokines at gene level 

Having observed that compound 53 could attenuate the severity of DSS colitis in mice, we 

wanted to examine if there was an anti-inflammatory effect at gene level. The treatment 

effect of 53 on the mRNA of TNF-α, IL-1β and IL-6 in colon tissue samples retained from 

the DSS mouse model was examined. 

2.13.1  RNA Isolation 

Total RNA was isolated using the RNAqueous® Kit (Applied Biosystems), a column-

based system, according to the manufacturer’s instructions. The procedure involves 

disruption of the sample with a proprietary lysis buffer, a high concentration guanidinium 

salt solution that lyses the cells and denatures endogenous RNAses. The sample is diluted 

with an ethanol solution to make the RNA competent for binding to the glass fibre filter in 

the RNAqueous filter cartridge. As the lysate ethanol mixture is pulled through the filter, 

the RNA is bound while most cellular contents pass through. A sequence of washes 

removes contaminants before the RNA is eluted by warmed elution buffer, a very low 

ionic strength solution. The RNA was quantified and normalized for reverse transcription. 

2.13.2  Reverse Transcription 

Total RNA was quantitatively converted to single-stranded cDNA for PCR applications 

using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) according 

to the manufacturer’s protocol. Briefly, a 2× reverse transcription mastermix is prepared to 

which an equal quantity of RNA template is added. Reverse transcription is then performed 

in a thermal cycler. The kit uses a random primer scheme for initiating cDNA synthesis. 

The synthesis occurs efficiently with all species of RNA molecules present, including 

mRNA and rRNA.  The reverse transcription reaction must generate products directly 

dependent on the amount of input RNA template and in all test cases, this kit has yielded 

quantitative conversion of mRNA and 18S ribosomal RNA. 

2.13.3  Polymerase chain reaction (PCR) 

In this step, DNA polymerase amplified the cDNA synthesized from the RNA samples. 

PCR involves an initial denaturation step at 95° to separate double-stranded DNA 

(dsDNA) into single-stranded DNA (ssDNA). The temperature is then lowered to 60° to 

promote annealing of the primer to the template. Extension by a DNA polymerase 
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generates a new strand. We used Taqman® gene expression assays (Applied Biosystems) 

in our analysis which contain sequence specific forward and reverse primers and a probe 

detection system. The probe is an oligonucleotide labelled with a reporter dye at the 5’ end 

and a quencher moiety at the 3’ end. As the DNA polymerase extends from the primer, it 

encounters the probe situated on the same strand and hydrolyses the reporter dye into 

solution causing an increase in fluorescence. As cycles of denaturation, annealing and 

extension proceed, there is exponential amplification of the amplicon and the fluorescent 

signal produced is directly proportional to amplicon yield. In conjunction with the 

Taqman® gene expression assays and the cDNA templates, we used Taqman® Universal 

PCR MasterMix II, with UNG (Applied Biosystems) to prepare the samples for PCR. 

Supplied at 2× concentration, it contains Amplitaq Gold® DNA Polymerase, dNTPs (with 

dUTP), ROX™ passive reference, uracil-N glycosylase (UNG) and optimized buffer 

components. Eukaryotic 18S was used as the endogenous control and the results were 

analysed by the comparative CT method.
179

 For a sample, the difference between the CT of 

the gene of interest and the CT of the endogenous reference gene (18S) is the ΔCT value. 

Fold change in comparison to a reference sample is given by 2
-ΔΔCT 

where ΔΔCT is the 

difference between the ΔCT of the sample and the ΔCT of the reference sample. Fold 

change was calculated with reference to a median animal from the sham group. Fold 

change results were Log transformed to allow the application of parametric statistical tests. 

One-way ANOVA was applied and where the result was significant, Bonferroni’s multiple 

comparison test was applied as post-test. 
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2.13.4  The effect of compound 53 treatment on IL-1β at gene level 

The expression of IL-1β mRNA was upregulated in the DSS group in comparison to the 

sham group as expected (p < 0.01). The expression of IL-1β was reduced by 6.4 fold in the 

treated group in comparison to the DSS group and this reduction was statistically 

significant as shown in Figure 58A. The expression of IL-1β at gene level also correlated 

well with the DAI score as shown in Figure 58B. 

 

 

 

 

 

 

Figure 58. Effect of compound 53 treatment on IL-1β expression at gene level in a murine 

DSS model of colitis. A: Histogram of the mean Log fold change in IL-1β ± SEM in the 

experimental group, ## p < 0.01 vs sham; * p < 0.05 vs DSS group B: Graph of linear 

regression of Log fold change in IL-1β mRNA on day 6 DAI score, r
2
= 0.76 

 

2.13.5  The effect of compound 53 treatment on TNF-α at gene level 

The expression of TNF-α mRNA was upregulated in the DSS group in comparison to the 

sham group as expected (p < 0.01). The expression of TNF-α was reduced by 7.4 fold in 

the treated group in comparison to the DSS group and this reduction was statistically 

significant as shown in Figure 59A. The expression of TNF-α at gene level correlated well 

with the DAI score as shown in Figure 59B. 
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Figure 59.  Effect of compound 53 treatment on TNF-α expression at gene level in a 

murine DSS model of colitis. A: Histogram of the mean Log fold change in TNF-α ± SEM 

in the experimental groups, ## p < 0.01 vs sham; * p < 0.05 vs DSS group B:Graph of 

linear regression of Log fold change in TNF-α  mRNA on day 6 DAI score, r
2
= 0.71 

 

2.13.6  The effect of compound 53 treatment on IL-6 at gene level 

The expression of IL-6 mRNA was upregulated in the DSS group in comparison to the 

sham group as expected (p < 0.01). The expression of IL-6 was reduced by 9.3 fold in the 

treated group in comparison to the DSS group and this reduction was statistically 

significant as shown in Figure 53A. There was also good correlation between the 

expression of IL-6 at gene level and the DAI score as shown in Figure 53B. 

 

 

 

 

 

 

Figure 60.  Effect of compound 53 treatment on IL-6 expression at gene level in a murine 

DSS model of colitis. A:Histogram of the mean Log fold change in IL-6 ± SEM in the 

experimental groups,   # p < 0.05 vs sham; * p < 0.05 vs DSS group B:Graph of linear 

regression of Log fold  change in IL-6 mRNA on day 6 DAI score, r
2
= 0.61 
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2.13.7  The effect of compound 53 treatment on MMP-9 and MMP-2 

proteolytic activity 

MMP-9 activity in the colon samples was assessed by zymography. Gross and Lapière 

developed an assay to detect collagen degradation in tadpole tissue describing an MMP for 

the first time in 1962.
180

 Zymography involves the study and visualization of enzyme 

activity by substrate conversion. The proteins are separated according to molecular weight 

by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) under 

nonreducing conditions.
181, 182

 The polyacrylamide separating gel is co-polymerized with a 

suitable substrate, gelatin in the case of the gelatinases MMP-2 and MMP-9. During 

electrophoresis the MMPs are reversibly denatured but in the subsequent washing step 

exchange of the SDS with Triton X-100 allows the enzyme to partially renature. Incubation 

of the gel allows the reactivated enzymes to digest the gelatin. After incubation, staining 

with Coomassie Blue reveals the MMPs as clear bands on a blue background. These bands 

can be quantified by densitometry. Proenzyme forms can be detected as a different band 

corresponding to their higher molecular weight.  

The protein samples were prepared by cell disruption in homogenization buffer with added 

aprotinin 60 µg/mL and leupeptin 10 µg/mL as protease inhibitors. The samples were 

quantified for total protein using the Bio-Rad protein assay and normalized before 

zymography. The Bio-Rad protein assay is a colorimetric assay based on the Bradford dye-

binding method.
183

 The absorbance maximum for an acidic solution of Coomassie brilliant 

Blue G – 250 dye shifts from 465 nm to 595 nm when binding to protein occurs, visible as 

a colour shift from green-red to blue.  At appropriate ratios of dye volume to sample 

concentration, Beer’s law can be applied to quantitate total protein concentration by 

measuring the absorbance at 595 nm. A standard curve was prepared using serial dilutions 

of bovine serum albumin standard in the concentration range 400 – 0 µg/mL. Conditioned 

media from HT1080 cells stimulated with phorbol 12-myristate (PMA) at a concentration 

of 10 µM for 24 h was provided by Dr. Jun Wang, School of Pharmacy, TCD and used as a 

control in zymography to identify the bands. HT1080 cells have been shown by Lohi et al. 

to secrete 92 kDa proMMP-9 and 72 kDa proMMP-2 with partial proteolysis of proMMP-

2 to active forms on stimulation with PMA
184

 and this method has been used by the Gilmer 

and Medina groups also.
185
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In the representative gel in Figure 61 panel C, the gelatinase bands in the HT1080 control 

in the left hand lane are indicated. In the samples, the bands positioned slightly above the 

HT1080 92 kDa MMP-9 are attributed to murine MMP-9. Highly glycosylated, it appears 

at 105 -  110 kDa.
186

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 61. Effect of compound 53 treatment on MMP-9 and MMP-2 proteolytic activity in 

a murine DSS model of colitis A: Histogram of the group mean MMP-9 band intensity ± 

SEM determined by zymography B: Histogram of the group mean total MMP-2 band 

intensity ± SEM determined by zymography C: Representative zymography gel. 

Representative samples in lanes from left to right HT1080 control; treated group; DSS 

group; sham group; treated group; DSS group 

 

MMP-9 activity is negligible in the sham group. Exposure to DSS upregulated MMP-9 at 

protein level and there is a trend to reduced MMP-9 activity in the treated group in 

comparison to the DSS group but by an unpaired two-tailed t-test this reduction is not 

statistically significant (p value = 0.09; panel A Figure 61). MMP-2 is constitutively 

expressed and a strong band corresponding to MMP-2 was seen in sham samples. Several 
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bands were seen in close proximity to the HT1080 MMP-2 control attributed to proMMP-2 

and activated forms thereof. The densitometry measurements of these bands were summed 

to yield a value for total MMP-2 potential proteolytic activity. Exposure to DSS 

upregulated MMP-2 at protein level. There was a trend to reduced MMP-2 activity in the 

treated group in comparison to the DSS group but by an unpaired two-tailed t-test this 

reduction is not statistically significant (p value = 0.07; panel B Figure 61). 
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2.14  Discussion 

Compound 53 was designed to be an active site directed gelatinase inhibitor but with 

limited intestinal absorption potential. Based on an established barbiturate scaffold, the C-5 

substituents occupy the S1’ and S2’ pockets of the enzyme and the barbiturate ring co-

ordinates the catalytic Zn of the active site. Compound 53 is a potent inhibitor of human 

MMP-9 with an IC50 of 6.34 nM as measured by fluorogenic assay. Designed devoid of 

functional groups generally labile to the endogenous enzymes of the GIT such as esters or 

amides, 53  was found to be stable in simulated conditions of the stomach and small 

intestine for time durations exceeding expected residence times. When initially considering 

the introduction of a permanent positive charge as an absorption limiting strategy, we were 

concerned that repulsion between the Zn and quaternary ammonium group might be 

detrimental to potency. On the contrary, potency was improved over synthetic precursors. 

Perhaps any repulsive forces encourage correct orientation and approach of the inhibitor to 

the enzyme. As a quaternary ammonium salt, 53 has excellent water solubility and ease of 

solvation may contribute to potency.  

The membrane permeability of compound 53 was reduced relative to compound 51, its 

synthetic precursor. Carrying a permanent positive charge, it would not be expected to 

have good passive uptake potential. This was demonstrated in a model of passive uptake in 

Caco-2 cells. Compound 53 was not detected in the cell lysate. The positively charged 

DABCO derived moiety, however, may not preclude carrier mediated uptake or 

paracellular transport through the tight junctions. Enterocytes are equipped with an array of 

transport proteins some specialists in cation transport.
187

 Members of the solute carrier 

(SLC) transporters, OCTN1 and OCTN2 mediate uptake of cations from the gut lumen by 

cation exchange. The primary physiological function of OCTN2 in the gut is uptake of L-

carnitine and while OCTN1 also facilitates carnitine absorption its primary endogenous 

substrate is ergothioneine. On the basolateral membrane, OCT1 mediates uptake of small, 

hydrophilic cations into enterocytes.
188, 189

 The ATP binding cassette (ABC) efflux 

transporters are abundantly expressed on the apical membrane and efflux is ATP-driven 

allowing efflux against a concentration gradient. One of the most widely studied, P-

glycoprotein (P-gp) is responsible for efflux of xenobiotics and toxins in the gut and is 

implicated in reducing the bioavailability of many drugs. The substrates of P-gp are 

diverse, ranging in size from 200 Da to over 1000 Da and can be charged or neutral, 

hydrophobic or amphipathic or more hydrophilic. Type II cations, often polyvalent and 

bulky with a size > 500 Da have been found to be substrates.
190

 Most OCT research has 
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focused on transport in the kidney and liver where they are more abundantly expressed and 

the SAR available in the literature is limited but with a molecular weight of 598 g/mol, 

compound 53 is larger than the currently known substrates of OCTs. Paracellular transport 

through the tight junctions in the intestinal epithelium is generally only available to small 

polar molecules with molecular radii < 4.5 Å.
191

 A second ‘leak’ pathway is available to 

larger molecules and permeability to molecules with molecular weights up to several 

Kg/mol has been reported. This transport can be considered as transient openings in the 

epithelium and is a minor absorption pathway.
192

  

A gut confined drug candidate cannot be unequivocally determined as strictly gut-

confined. It is inevitable that some fraction of the drug or metabolites thereof will reach the 

systemic circulation.  In this context we equate gut-confined to gut-limited, an approach 

which maximises drug concentration at the target disease site whilst minimising systemic 

exposure sufficiently to offer an acceptable safety profile. The physicochemical properties 

of 53, in particular its charge and molecular weight of > 500 Da, make it a poor candidate 

for absorption. While a ‘leaky’ damaged epithelium in IBD could theoretically facilitate 

systemic exposure, such a drug should still be gut-limited, the compromised surface area 

comprising only a fraction of the total surface area for absorption in the GIT. 

Treatment with compound 53 reduced the severity of DSS-induced colitis in mice and 

ANOVA analysis of the group DAI scores on the final day of the experiment indicated that 

the effect was statistically significant (p < 0.001). Histological analysis of retained colon 

samples from the DSS model confirmed the development of colitis in the DSS treated 

animals. In the DSS control group, all animals exhibited tissue damage and crypt loss 

combined with increased levels of inflammatory cell infiltrate. More than half the animals 

in the group had registered scores for rectal bleeding on the last day and the entire group 

exhibited altered stool consistency. There was high variability in the treated group, some 

animals having histology scores comparable to the DSS control group and some animals 

scoring comparable to normal healthy tissue samples of the sham group. We do not know 

if this could be due to variable response to the treatment between different experimental 

units and/or the small sample size may mean the experiment is underpowered. With this 

high variability in the samples, the treatment group cannot be statistically distinguished 

from the other groups. However, the results do indicate a clinically significant effect 

occurred. In the treatment group, half the animals were blindly scored 0 for tissue damage 

indicating no mucosal damage and three of the group were scored 0 for infiltration 

indicating only occasional infiltration of inflammatory cells in the lamina propria 
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characteristic of healthy non-inflamed tissue. Combined with the clinical observation that 

no treated animal developed blood in stool or rectal bleeding over the course of the 

experiment and more than half the group registered normal stool consistency scores on the 

last day, it is possible to conclude there was a treatment effect. 

PCR analysis of the colon samples retained from the colitis model indicated that the 

clinical effect of the treatment was reflected at gene level by a reduction in mRNA markers 

of inflammation. The pro-inflammatory cytokines TNF-α, IL-1β and IL-6 were 

downregulated 7.4 fold, 6.4 fold and 9.3 fold respectively at gene level in the treated group 

compared to the DSS control group and these downregulations were statistically 

significant. Loss of immune tolerance in IBD triggers excessive cytokine responses. In 

response to TLR signalling, antigen presenting cells (APCs) such as dendritic cells and 

macrophages produce pro-inflammatory cytokines.
193

 There is increased activation of the 

IL-1 system and IL-1β levels in the colon correlate with disease activity in UC patients.
194

 

IL-1β further activates APCs and promotes T-cell activation and survival.
195

 IL-6 is also 

upregulated in IBD tissues
196

 and it activates multiple cell types further augmenting 

cytokine production and prolongs effector T-cell survival. Blockade of IL-6 signalling is 

associated with reduced levels of IFNγ, TNF and IL-1β and a pilot study of human anti-IL-

6 receptor monoclonal antibody in active Crohn’s disease patients over 12 weeks found a 

clinical effect.
197

  The roles of TNF in IBD pathology are many.
193

 It is produced 

membrane–bound but undergoes cleavage by TNF-converting enzyme (TACE or 

ADAM17) to release soluble TNF. However it is the membrane bound form that is most 

implicated in IBD, selective antagonists of soluble TNF failing to show clinical effect. It is 

produced by many cell types including macrophages, dendritic cells, T-cells, adipocytes 

and fibroblasts and also targets many cell types. In endothelial cells it promotes 

angiogenesis and hypervascularization. It activates macrophages and T-cells to pro-

inflammatory cytokine production including IL-6, IL-1β and further TNF and prolongs 

effector T-cell survival via induction of TNF receptor-associated factor 2 (TRAF2) and 

activation of NF-κB. TNF impairs intestinal barrier function directly by activating cell 

death pathways such as receptor-interacting protein kinase induced necroptosis and 

indirectly by driving MMP production altering MMP/TIMP balances.
193

 The clinical 

success of anti-TNF agents can be attributed to the pleiotropy of its effects in IBD. 

Blockade of TNF obstructs many damaging pathways at play in IBD simultaneously. 

Targeting other cytokines has yielded disappointing results in some cases despite strong 
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evidence of involvement in pathology perhaps due to the availability of compensatory 

mechanisms in this complex network. 

Roles for MMPs beyond simple matrix remodelling continue to unfold including cell 

signalling and chemokine and cytokine processing. Likewise, the ECM must be thought of 

as more than an architectural scaffold for the body’s processes. The ECM itself has 

signalling functions acting as a source of signalling ligands. Growth factors embedded in 

the ECM may be released by general matrix degradation or in some cases a pro- or bound 

form is cleaved to release the mature form. The example of transforming growth factor-

beta (TGF-β) illustrates the crucial roles MMPs can play. TGF-β is secreted to the ECM in 

a latent complex and activation by disruption of its association to a latency associated 

peptide (LAP) can be mediated by MMP-2 or -9 leading to release of mature ligand.
198

 

ECM components can themselves act as signals exerting physiological effects upon 

liberation by MMPs e.g. the anti-angiogenic peptide tumstatin is generated by MMP-9 

cleavage of the α3 chain of collagen IV.
199

 Cells receive mechanosensory signals from the 

ECM and exhibit durotaxis or migration based on the stiffness gradient of the ECM.
200, 201

 

Changes in the matrix may initiate or potentiate disease. 

In the present work, analysis of MMP-9 at protein level by zymography indicated there 

was a trend to reduced MMP-9 activity in the tissue homogenate of the treated group 

compared to the DSS group. Care must be taken in the interpretation of zymography 

results as it cannot distinguish between an active species and a species inhibited by a non-

covalently bound inhibitor. During zymography, endogenous TIMPs and introduced MMP 

inhibitors will be dissociated from the enzyme during electrophoresis. For this reason, 

bands must be considered to represent potential activity as they may not represent true 

activity in vivo. Any reduction in band intensity we see in the treated group is a secondary 

effect to disruption of the self-potentiating cycle of inflammation. Inhibition of MMP-9 

released on exposure to DSS reduces matrix degradation dampening the inflammatory 

response, reducing cytokine induction and further downstream production and secretion of 

MMP-9.  Xu et al. demonstrated that chronic neutrophilic inflammation is self-propagating 

and MMP-9 dependent.
202

 In inflammation, chemokines act on CXCR1 and CXCR2 

receptors on neutrophils to induce chemotaxis. Il-8 is one such chemokine and also triggers 

release of MMP-9 from neutrophil storage granules. An MMP hydrolysis product of 

collagen, N-acetylPro-Gly-Pro (Ac-PGP), can also act on CXC receptors causing 

neutrophil influx and release of MMP-9. This finding that matrix-derived chemokines can 

augment their own production in a positive feed-forward loop illustrates the role of MMP-
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9 in chronic inflammation. Koelink et al. investigated PGP in IBD. They demonstrated that 

this pathway is active in DSS colitis and that PGP neutralisation could ameliorate disease 

severity.
203

 

2.15  Conclusion  

ECM degradation is not an end result of the IBD inflammatory process but rather a 

dynamic contributor to disease activity with the ability to maintain and augment a vicious 

cycle of disease activity. In the DSS mouse model, inhibition of local luminally secreted 

MMPs by compound 53 disrupted this cycle to significantly reduce disease activity as 

indicated by the clinical scores and reduction in mRNA markers of inflammation. This is 

the first example of a non-systemic approach to MMP inhibition to target 

pathophysiological roles in the intestinal tract. The work suggests that disease modifying 

MMP inhibitors for inflammatory bowel diseases may be efficacious topically and that 

pathophysiological enzyme is luminally accessible.  
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Chapter 3. Design, synthesis and in 

vitro evaluation of gut-confined TGR5 

agonists and MMP inhibitor-TGR5 

agonist conjugates 
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3.1 Introduction to TGR5 

TGR5 also known as membrane-type bile acid receptor (M-BAR), or G protein-coupled 

bile acid receptor 1 (GPBAR1) is a member of the rhodopsin-like subfamily of G protein-

coupled receptors (GPCRs).
204

 It is conserved in mammals, expressed in various organs 

and cell types with diverse physiological roles dependent on tissue type.
204

 It was first 

discovered in 2002 as a cell surface receptor for bile acids
205

 but also responds to 

semisynthetic, synthetic and natural agonists.
206, 207

 Cell surface ligand binding at the 

receptor releases the Gαs subunit of the associated G protein on the inner surface of the 

membrane which directly stimulates adenylate cyclase to produce cyclic adenosine 

monophosphate (cAMP) from ATP. The increase in the intracellular second messenger 

cAMP activates downstream effects depending on cell and tissue type often involving 

activation of protein kinase A (PKA).
208

 TGR5 can also bind to other G proteins.
209

  

3.1.1 Physiological roles of TGR5 

Functional in diverse cell types, the physiological roles of TGR5 include bile acid 

homeostasis,
210

 glucose homeostasis,
211

 metabolism,
212

 neural roles
213

 and immune system 

regulation. It is involved in bile acid homeostasis regulating bile composition and bile flow 

through activity in gall bladder epithelial cells, gall bladder smooth muscle and 

cholangiocytes.
210

 TGR5 also influences glucose homeostasis. Activation induces 

glucagon-like peptide-1 (GLP-1) secretion improving insulin sensitivity and glycemic 

control.
211

 TGR5 activation increases energy expenditure. In mouse brown adipose tissue 

and human skeletal muscle, it induces deiodinase 2 (D2). This enzyme converts inactive 

thyroxine (T4) to active iodothyronine (T3) increasing mitochondrial oxidative 

phosphorylation via the thyroid hormone receptor.
212

 Its action in the enteric nervous 

system in response to bile acid has been shown to slow intestinal motility but its roles in 

the central nervous system are largely unknown. TGR5 signalling can modulate the 

immune system and it is expressed in several immune cell types including monocytes, 

macrophages, endothelial cells, enteroendocrine cells and dendritic cells. In several 

models, treatment of TGR5 expressing macrophages with a TGR5 agonist decreased 

cytokine production.
69, 214, 215

 This anti-inflammatory effect seems to be mediated by 

downstream NF-κB pathway inhibition.
214
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3.1.2 TGR5 as a drug target 

Most research into TGR5 as a drug target has focused on its role in glucose homeostasis 

and its role in limiting body weight gain.
216

 Administration of TGR5 agonists improves 

glucose homeostasis in high-fat diet fed mice and may prove an alternative blood glucose 

lowering therapy to GLP-1 receptor agonists or dipeptidyl-peptidase (DPP) IV inhibitors. 

From its initial discovery in 2002, TGR5 was associated with modulation of the immune 

system, Kawamata et al. reporting high expression in human monocytes and rabbit alveolar 

macrophages.
205

 TGR5 stimulation dampens the inflammatory response and so has a 

potential role in conditions such as liver disease, coronary artery disease and IBD. TGR5 

activity exerts a protective effect against atheroma development in a mouse model of 

atherosclerosis by dampening inflammation and lipid accumulation through its modulation 

of monocyte to macrophage differentiation.
217

 Interestingly, decreased plasma levels of the 

most potent endogenous agonist of TGR5, lithocholic acid (LCA), have been found to be a 

predictor of atherosclerosis in a small pilot observational study.
218

 In the liver, the roles of 

TGR5 are complex with potential pharmacological implications for agonists and 

antagonists. TGR5 activation has been linked with vascular hepatic disorders and hepatic 

encephalopathy through its stimulation of nitric oxide (NO) and reactive oxygen species 

(ROS).
219

 Further research is necessary to establish if these are potential applications for 

TGR5 antagonists. Also, cholestatic pruritus might be amenable to TGR5 antagonist 

treatment. Historically linked to increased circulating bile acid levels, it has been shown to 

be TGR5 mediated in mice.
220

 TGR5 agonism, through its anti-inflammatory effects, has 

potential application in non-alcoholic fatty liver disease.
221

 TGR5 in IBD is discussed later 

in the section entitled ‘TGR5 in IBD’. 

3.1.3 TGR5 as an anti-target 

Expressed at a higher level in the gallbladder than other tissues, systemic TGR5 

stimulation has been consistently shown to induce gallbladder filling by relaxation of 

gallbladder smooth muscle.
222

 This occurs with non-bile acid as well as bile acid structures 

in a dose-dependent manner at dose levels below that necessary to induce a measurable 

increase in GLP-1 secretion.
223

 Infusion of TGR5 agonists has also been shown to reduce 

vascular tone in dogs causing a drop in blood pressure combined with reflex tachycardia 

and a positive inotropic response.
224

 Gallbladder and cardiac side effects have been the 

main obstacles in the development of TGR5 agonist drugs. Bile acids have been implicated 

in gastrointestinal cell carcinogenesis and some in vitro research has shown the 
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involvement of TGR5 signalling via the EGFR-extracellular signal-regulated kinase 1/2 

pathway.
225

 

3.1.4 TGR5 in IBD 

TGR5 is purported as a drug target for IBD.
219

 In the gut, the receptor is expressed in the 

enteric ganglia, the muscularis externa, the muscularis mucosa, in some types of 

enterocytes and in lamina propria mononuclear cells. While widely reported as expressed 

in enterocytes, intestinal epithelial TGR5 seems mostly expressed in the enteroendocrine 

cells such as L-cells. Expression is higher in colonic L-cells than ileal L-cells and they also 

express FXR. Enteroendocrine cells, comprising 1% of the total cells of the intestinal 

mucosa, act as sensors in the gut, sensing nutrients, metabolites and bacterial products by 

virtue of an array of GPCRs and relay status information to the brain and periphery via 

neurons and hormones. L-cells express/process the proglucagon peptide which is cleaved 

to produce GLP-1, GLP-2 and oxyntomodulin.
226

  

TGR5 has a role in the regulation of intestinal barrier structure. TGR5
-/-

 mice have been 

shown to have altered gut architecture and increased gut permeability compared to wild-

type mice and were more susceptible to DSS induced colitis.
69

  This gut barrier 

maintenance function of TGR5 has been attributed to GLP-2 release. When Sakanaka et al. 

found that the selective TGR5 agonist betulinic acid dose dependently suppressed the 

disease activity index in a DSS mouse model and reduced mRNA expression of IL-1β, IL-

6 and TNF-α, they concluded that this disease modifying effect was at least in part due to 

GLP-2 release as co-administration of a GLP-2 receptor antagonist reversed the effects in 

part.
70

 The enhancement of mucosal epithelial cell proliferation by GLP-2 and its 

analogues is well described
227

 and Drucker et al. found that treatment of an acute colitis 

model with a GLP-2 analogue enhanced colon length, crypt depth, mucosal area and 

integrity.
228

 There was significant reversal of weight loss not due to increased food intake 

and reduced expression of IL-1α. An exploratory study on the effects of teduglutide, a sub-

cutaneously administered GLP-2 analogue in clinical use for short bowel syndrome, as a 

single therapy in patients with moderate to severe CD found that it was safe and 

effective.
229

 After eight weeks, over half of the highest dose level treatment group were in 

remission compared to a third of the placebo group. Adverse effects were mild including 

abdominal pain and injection site reactions. 

GLP-2 stimulation through TGR5 agonism could be a strategy to regenerate the intestinal 

epithelium. There is evidence of altered GLP-2 levels in the inflammatory condition. An 
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increase in circulating plasma levels of active GLP-2 in association with reduced levels of 

dipeptidyl peptidase IV (DP IV) has been found in IBD patients.
230

 Increased synthesis or 

secretion and/or reduced degradation may contribute to endogenous repair as pair of a 

compensatory mechanism to tissue destruction.  

In addition to GLP-2 stimulation, the anti-inflammatory effects of TGR5 can have 

beneficial effects in IBD. Dendritic cells function as antigen-presenting cells and have a 

role in immunological homeostasis. Dysregulated cytokine production by dendritic cells 

has been implicated in the pathogenesis of chronic inflammatory conditions such as IBD, 

e.g. IL-12 produced promotes a TH1 cell immune response. While mature dendritic cells do 

not express a detectable level of TGR5 receptors, treatment of monocytes with bile acid or 

a TGR5 agonist has been shown to affect DC differentiation and the resultant biological 

phenotype. Ichikawa et al. showed that bile acids induce a IL-12 hypo-producing dendritic 

cell via a TGR5 dependent pathway suggesting a role for TGR5 agonism in immune 

modulation.
231

 Yoneno et al. have demonstrated that CD14+
 
macrophages isolated from 

the lamina propria of CD patient specimens express TGR5 and that agonist treatment 

suppressed bacterially stimulated TNF-α production.
215

  

3.1.5 TGR5, is it luminally accessible? 

The wide distribution of TGR5 and the unavoidable side effects of systemic exposure such 

as gallbladder filling are limitations to its clinical applications as a drug target and have 

prompted research into selective tissue activation. The expression of TGR5 on L-cells and 

reports of apparent luminal activation have led to the hypothesis that the receptor may be 

luminally accessible to a gut-confined agent. Local activation could achieve disease 

modifying effects in IBD while avoiding some of the off-target effects associated with 

systemic exposure. Administration of taurocholic acid (TCA) as an enema promptly 

stimulated increased circulating levels of GLP-1 in a dose-dependent manner in healthy 

humans leading Wu et al. to speculate that topical application of bile acid could be a viable 

therapeutic approach for type II diabetes.
232

 The observation that anionic exchange resins 

clinically used as cholesterol lowering agents also have glycemia lowering effects, 

substantiated the case for luminal accessibility. Harach et al. demonstrated that this effect 

is through enhanced GLP-1 secretion in a TGR5 dependent pathway.
233

 This was due to 

increased bile acid delivery to the colon and induced proglucagon mRNA, by activation of 

cAMP responsive elements in the gene promoter. While certain that concentration of bile 

acids in the colon is responsible for GLP-1 increased secretion, it cannot be stated 
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unequivocally that this is due to luminal activation on enteroendocrine L-cells. It is 

possible that intestinal flora metabolism of bile acids in the colon facilitates passive 

absorption and basolateral accumulation of TGR5 agonists. However, there were no 

significant differences in body weight changes between TGR5 expressing mice and 

knockouts which would be an indicator of systemic exposure.  

In demonstrating that GLP-1 release by taurodeoxycholic acid (TDCA)-stimulated primary 

mouse intestinal cells was TGR5-dependent, Brighton et al. also showed that GLP-1 

release in intact tissue in response to bile acids is primarily by basolateral activation.
234

 

Using perfused intact mouse small intestinal tissue and Ussing chambers, treatment with 

TDCA on the basolateral side was more effective than on the apical side and cotreatment 

with an ASBT inhibitor blocked the apical treatment effect only. This implies that TGR5 

may not be sufficiently luminally accessible to elicit an adequate in vivo response. Ullmer 

et al. also concluded that L cells are stimulated through a mechanism other than direct 

stimulation in the gut lumen.
235

 They identified a potent and efficacious agonist with 

excellent bioavailability that produced peptide induction levels by the oral or IV 

administration routes that correlated with systemic agonist levels. Also, when derivatised 

by tauro conjugation to a still potent but now poorly absorbed candidate, efficacy was only 

maintained for IV administration. 

However, such models may not reflect the inflammatory condition. Inflammation has been 

shown to modulate colonic TGR5 expression, with increased expression observed in rodent 

models of colitis and the inflamed colonic tissues of CD patients.
69

 Also, expression in the 

small intestine may not be an accurate reflection of colonic expression or the mouse may 

not reflect the human. 

Ma et al. designed and synthesized a poorly absorbed dual acting TGR5 agonist and DPP-

IV inhibitor by linking a TGR5 agonist via a six unit PEG chain linker to the DPP-IV 

inhibitor, linagliptin.
236

 The resulting high molecular weight, polar molecule had poor 

permeability and was shown to have GLP-1 induced glucose lowering effects without gall 

bladder filling effects in mice. Similarly, Duan et al. synthesized a PEG-linked dimer of a 

TGR5 agonist achieving desired effects on glucose homeostasis
96

 as described in the 

introduction to this thesis. 

Even though the luminal accessibility of TGR5 has been disputed, treatment effects have 

been achieved by various groups with non-systemic approaches. Even if full gut 
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confinement is not achieved, it appears that a gut biased approach can achieve desired 

pharmacological effects with minimised adverse effects. 

3.2 TGR5 ligands 

Endogenous ligands for TGR5, the bile acids, have been used to probe the functions of the 

receptor but a desire for a specific ligand has prompted research into semi-synthetic bile 

acid derivatives as well as other agonists from natural and synthetic sources. 

3.2.1 Bile acids 

The anti-inflammatory effects of secondary bile acids in the down regulation of cytokines 

such as IL-1β, IL-6 and TNF-α have been attributed to TGR5. The endogenous bile acids 

have similar efficacy at the receptor with lithocholic acid (LCA, 54) being the most potent 

(EC50 = 0.58 µM) followed by deoxycholic acid (DCA, 55) (EC50 = 1.25 µM), 

chenodeoxycholic acid (CDCA, 56) (EC50 = 6.71 µM) and cholic acid (CA, 57) (EC50 = 

13.6 µM). The conjugated forms of each, to both taurine and glycine, have EC50s in the 

low micromolar range also. The tauro form of LCA (58) is the most potent with an EC50 of 

0.29 µM, approximately half that of the parent acid while the glycol form (59) has a 

similar EC50 to the acid of 0.54 µM. These values were established by Sato et al. by CRE-

driven luciferase reporter assays in TGR5-transfected Chinese hamster ovarian (CHO) 

cells and reported in 2008.
237

 

LCA is a secondary bile acid formed in the lumen of the intestine by bacterial metabolism 

of the primary bile acid chenodeoxycholic acid.
238

 With the other primary bile acid in 

humans, cholic acid, CDCA is synthesized in the liver from cholesterol and conjugated to 

glycine or taurine before secretion. In the intestine, one transformation of CDCA salt is 

deconjugation and dehydroxylation to LCA. Along with the primary bile acids and DCA, 

the secondary bile acid of cholic acid, LCA can be reabsorbed by active transport into the 

enterohepatic circulation as well passively absorbed in the colon. However LCA does not 

tend to accumulate in the bile as it is sulfated at C-3 (60) and conjugated in the liver. 

Ursodeoxycholic acid (UDCA, 61) is another tertiary bile acid derived from CDCA by 

epimerisation.
238

 

Bile acids are saturated steroid structures with a 5 carbon sidechain at C-24. In the higher 

vertebrates the A and B rings are cis-fused and the C-5 hydrogen is in the β orientation 

giving a curved structure. The structures of the major bile acids in humans can be seen in 

Figure 55. 



 

100 

 

 

 

 

 

Figure 62.  Structures of the major primary, secondary and tertiary human bile acids and 

the conjugate derivatives of lithocholic acid 
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3.2.2 Semi-synthetic bile acids 

SAR studies on semi-synthetic bile acid derivatives found that introduction of a methyl 

group at C-23(S) conferred some selectivity for TGR5 over the nuclear bile acid receptor 

FXR.
239

 

Structural modifications of the bile acid scaffold produced INT-777 (62, Figure 63), where 

a 6-α ethyl group and 23(S) - methyl have been inserted into cholic acid.
240

 INT-777 is a 

selective TGR5 agonist and has proved a useful probe in delineating non-genomic effects 

of TGR5 in the absence of FXR activation. 

 

Figure 63. Structure of INT-777 (62) 

 

3.2.3 Natural products 

Olive (Olea europeaea) leaves are a traditional herbal remedy with anti-diabetic and anti-

hypertensive properties. The pentacyclic triterpenoid constituent oleanoic acid (63, Figure 

64) was isolated and shown to be a TGR5 agonist with an EC50 comparable to LCA. Sato 

et al. demonstrated that oleanolic acid could improve metabolic homeostasis in mice fed a 

high-fat diet through TGR5 agonist activity.
241

 Screening of naturally derived triterpenoids 

identified other agonists including betulinic acid (64) and ursolic acid (65) (Figure 64). 

Betulinic acid can be extracted from white birch (Betula platyphylla suk.) bark
242

 and 

ursolic acid is widely occurring in herbs and fruits including apple peel.
243

 In contrast to 

endogenous bile acids, these agonists showed high selectivity for TGR5 over FXR which 

prompted investigation of the SAR of semi-synthetic triterpenoid derivatives. Despite 

potent in vitro results, these derivatives were disappointing in vivo due to metabolic 

instability.
244
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Figure 64. Structures of oleanoic acid (63), betulinic acid (64) and ursolic acid (65) 

 

3.3 Synthetic agonists at TGR5 

Library screenings have identified many chemical classes with TGR5 agonist activity 

including tetrahydropyrimidines, carboaxamides, quinolines, triazoles imidazoles, 

isoquinolines, oxazepines and sulfonamides.
206, 245

 While diverse, many representative 

compounds of these classes contain aromatic moieties separated by a central scaffold and 

are quite lipophilic.
206

 It is not clear if such non steroid ligands bind at the same site as bile 

acids at the same region within the binding site or at a different site altogether. 
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3.4 Chapter objective 

In this chapter we sought to design and synthesize conjugates of a TGR5 agonist and an 

MMP inhibitor retaining activity at both targets. As far as we are aware, there are no such 

dual-acting agents reported. We also sought to design gut-confined TGR5 agonists based 

on bile acid. Successful candidates would have potential to achieve disease modifying 

effects in IBD by target modulation in the gut lumen with limited potential for off-target 

effects.  

3.4.1 Specific objectives 

 To probe the structural requirements for bile acid binding at TGR5 and amenability 

to further derivation 

 To synthesize conjugates of a bile acid TGR5 agonist and an MMP inhibitor 

 To evaluate the TGR5 agonist activity of the synthesized conjugates in vitro 

 To evaluate the MMP inhibitory activity of the synthesized conjugates in vitro 

 To design and synthesize LCA-based TGR5 agonists with limited absorption 

potential and evaluate TGR5 agonist activity in vitro 
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3.5 Synthesis discussions 

From the available literature, it appears that both MMP-9 and TGR5 are potential targets 

for modulation in IBD. Our previous work in chapter 2 had shown that MMP-9 is 

luminally accessible but TGR5 is still contentious. We sought to design and synthesize 

conjugates of an MMP inhibitor and a TGR5 agonist which could retain the 

pharmacological action of each component. Covalent linking of an MMP inhibitor to a 

TGR5 agonist will yield a compound of high molecular weight which will contravene 

some of Lipinski’s rules and thus likely be a poor candidate for absorption. 

We decided to focus on LCA as the TGR5 agonist component. SAR indicates that there is 

some tolerance to structural modification at C-24 as indicated by the activity of the parent 

acid and its conjugated forms. Also, the natural triterpenoids are likely to be binding at the 

same site as the bile acids further indicating tolerance. We focused on the barbiturate 

scaffold as the MMP-inhibitory component, a potent inhibitor scaffold that we know is 

tolerant to an array of P2’ substitutions. 

3.5.1 Synthesis of TGR5 agonist – MMP inhibitor conjugates, Group 1  

3.5.1.1 Synthesis of piperazine and homopiperazine-linked conjugates 

The first compounds proposed were amide couplings of the C-24 of LCA to a P2’ 

substituent of the barbiturate MMP inhibitor. It is likely from the available literature that 

the acid group of LCA is a requirement for activity and conversion to an amide may be 

detrimental to TGR5 activity. We proposed that perhaps the barbiturate ring could provide 

the affinities provided by a carboxylic acid in this case. The pKa of LCA has been reported 

as approximately 5 and conjugation lowers the pKa due to the induction effect of the 

carbonyl of the amide group. The pKa of barbituric acid is 4.12 and 5, 5’- disubstituted 

barbituric acids would be expected to have higher pKa values in the range of 6 – 8. 

Previous work in the Gilmer group on the barbiturate scaffold had shown that potent MMP 

inhibition was intact on C-5 substitution with piperazine or homopiperazine and there was 

tolerance for further derivatisation at the distal N.
152

 

The piperazine or homopiperazine-linked conjugates, 72 and 73, were synthesized in two 

steps as in Scheme 6. In the first step, compound 39 was treated with two equivalents of 

piperazine or homopiperazine respectively in MeOH at RT for 24 h. The products, 70 and 

71, precipitated during the course of the reaction and could be isolated by filtration and 

used in the subsequent amide coupling step to LCA without further purification. Formation 
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of an amide bond using conventional coupling methods involves activation of a carboxylic 

acid by an activating group followed by nucleophilic displacement by the amine to form 

the amide bond in the presence of the coupling reagent, base and solvent.  Coupling 

reagents including carbodiimides such as N, N–dicylohexylcarbodiimide facilitate such 

couplings and often require benzotriazole-type activators such as hydroxybenzotriazole 

(HOBt) to increase reaction rate and suppress racemization.
246

 The propensity of 

benzotriazoles to degradation is potentially explosive. In our case, amide coupling of LCA 

to a barbiturate derivative was achieved using COMU coupling reagent. COMU or (1-

cyano-2-ethoxy-2-oxoethylidenamineooxy)–dimethylaminomorpholino carbenium 

hexafluorophosphate (66) is a uronium salt derived from ethyl 2-cyano-2-

(hydroxyimino)acetate (Oxyma, 67) and a morpholonium-based immonium moiety and the 

structure can be seen in Figure 65. 

 

 

Figure 65. Chemical structure of Oxyma (67) and COMU (66) 

 

Oxyma functions as a good leaving group and the morpholino group functions as a proton 

acceptor contributing to reactivity while also conferring stability on the reagent.
247

 COMU 

is amenable to solution or solid phase peptide synthesis. In our case, COMU couplings 

were carried out in solution in DMF with one equivalent of base. One equivalent of COMU 

was added at 0°C and after 1 h the reaction was allowed to RT and monitored by TLC. The 

urea and oxime by-products of COMU are soluble in H2O and can be removed by typical 

acid/base/H2O extractions. This was found to be a major advantage of COMU coupling 

over DCC coupling. However, equivalency of the reagent is still required in the reaction. 
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(i) MeOH, RT, 24 h (ii) COMU, DIPEA, anhydrous DMF, 0°C – RT, N2 

Scheme 6. Synthesis of compounds 72 and 73 
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3.5.1.2 Synthesis of a triazole-linked conjugate 

Huisgen 1,3-dipolar cycloaddition of alkynes to azides to afford 1,4-disubstituted-1,2,3-

triazoles as in Figure 66 is an excellent example of a click chemistry reaction. 

 

Figure 66. Proposed mechanism of triazole formation by Huisgen 1,3-dipolar 

cycloaddition 

This reaction can be carried out under mild conditions, at room temperature, in aqueous 

solvent and in ambient air. It should be high yielding and often product purification does 

not require chromatography. Heating a substituted azide and an alkyne together will give a 

triazole as a mixture of two regioisomers. However a catalytic amount of Cu(I) increases 

the reaction rate and affords the 1,4-disubstituted triazole selectively.
248 

Triazoles are 

useful in that they are not prone to cleavage, oxidation or reduction. The unreactivity of the 

azide and alkyne functionalities facilitates bioconjugation applications. In our case, copper 

sulfate pentahydrate with sodium ascorbate as reducing agent was used as the source of 

Cu(I) and water:tert-butanol (1:1) as the solvent. Compound 75, a triazole derivative 

(Figure 67), was found to be a potent inhibitor of MMP-9 producing 90% inhibition at 10 

µM in the fluorogenic assay. This indicated that the MMP-9 binding site could tolerate a 

triazole substitution at C-5. 

 

Figure 67. Chemical structure of compound 75 
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A triazole linked MMP inhibitor-LCA conjugate, compound 77, was synthesized as 

outlined in Scheme 7. The azide derivative 74 was synthesized by treatment of 39 with 

azide ion in the polar, aprotic solvent 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone 

(DMPU). Initially a large excess of 10 equivalents of sodium azide was used but this was 

found to be unnecessary and a slight excess of 1.1 equivalents sufficed. LCA was 

functionalized to an alkyne by COMU amide coupling to propargyl amine and clicked to 

the barbiturate azide 74 to yield compound 77. 
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(i) Propargyl amine, DIPEA, COMU, anhydrous DMF, 0°C – RT, N2, 12 h (ii) NaN3, 

DMPU, RT, 24 h (iii) CuSO4.5H2O, sodium ascorbate, t-butanol, H2O, 24 h 

Scheme 7. Synthesis of compound 77 
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3.5.1.3 Synthesis of conjugates by direct substitution of an LCA-derived amine on 

compound 39  

While piperazine, homopiperazine or triazole substituents will have affinity for the lip of 

the S2’ pocket of the MMPs, accommodation of such heterocycles may be too much to ask 

of the TGR5 binding site. Coupling of LCA directly to compound 39 was pursued and 

options for functionalising the C-24 acid of LCA to a nucleophile for substitution of the 

bromine at C-5 of 39 were considered. The Schmidt reaction can convert a carboxylic acid 

to a primary amine. In this acid-catalysed reaction, the carboxylic acid is protonated and 

loses a molecule of H2O to give an acylium ion. Hydrogen azide (HN3), formed in situ by 

acidification of sodium azide, reacts with it to yield a protonated azido ketone which 

rearranges to the isocyanate with extrusion of N2. This can be hydrolysed to the carbamic 

acid which decomposes when deprotonated to the amine with release of CO2.  However, 

this reaction was not suitable in this case. HN3 also reacts with tertiary alcohols to yield 

imines and may also react with secondary alcohols such as the 3-OH of LCA. Under the 

strong acid conditions employed, the alcohol would also be prone to dehydration to the 

alkene and suitable protection of the alcohol would not be trivial. Amides are amenable to 

reduction to amines. By conversion of an acid to a simple amide, it can then be reduced to 

the corresponding amine. We prepared the primary amide derivative of LCA, 79, by first 

converting the acid to an activated ester of N-hydroxysuccinimide by DCC coupling. The 

crude activated ester was reacted with ammonia solution in DMF to yield the primary 

amide. A simple secondary amide, 82, was also prepared by COMU coupling of LCA to 

methylamine hydrochloride. Reduction of these amides with lithium aluminium hydride 

(LiAlH4) yielded the corresponding amines which were reacted immediately with 39 to 

yield conjugates 81 and 84 as outlined in Scheme 8 and Scheme 9 . 

In the proposed LiAlH4 reduction mechanism, the carbonyl carbon is nucleophilically 

attacked by a hydride supplied by the LiAlH4 reagent. Electrons from the C=O move to O 

facilitating the formation of a metal alkoxide complex with the remaining aluminium 

species or perhaps with the Li
+
.  The tetrahedral intermediate collapses displacing the 

metal alkoxide producing an iminium ion. The electrophilic carbon is attacked by a hydride 

and electrons from the C=N bond move to the N neutralizing the positive charge and 

yielding the amine product. 
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(i) DCC, N-hydroxysuccinimide, THF, ACN, RT, 24 h (ii) ammonia solution 28%, DMF, 

50°C, 20 h (iii) LiAlH4, anhydrous THF, N2, 65°C, 5 h (iv) compound 39, MeOH, RT,    

24 h 

Scheme 8. Synthesis of compound 81 
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(i) CH3NH2.HCl, DIPEA, anhydrous DMF, 0°C – RT, N2 (ii) LiAlH4, anhydrous THF, N2, 

65°C, 5h (iii) compound 39, MeOH, RT, 24 h 

Scheme 9. Synthesis of compound 84 

 

3.5.2 Synthesis of TGR5 agonist – MMP inhibitor conjugates with lysine 

as a linker – Group 2 

In parallel, we sought to synthesize a hybrid where the barbiturate and LCA are connected 

by a linker which would retain a carboxylic acid group and perhaps have improved 

binding. Lysine was chosen as a suitable linker. The alpha-amine of a commercial BOC-

protected epsilon N methyl ester derivative of lysine was coupled to LCA using COMU. 

The BOC protecting group was removed in 10% v/v TFA in DCM and from the deboced 

derivative 86, an acetamide was prepared by treatment with acetic anhydride in DCM 

using DIPEA as base.  The primary amine is released from its TFA salt by DIPEA. The 

nitrogen lone pair attacks the partially positive carbon of a carbonyl group of acetic 

anhydride forcing the electrons from the carbonyl group onto the O. The now positively 

charged N loses a proton to a base species in the system and the electron pair on the O 

reforms the carbonyl bond expelling the carboxylate leaving group (Figure 68).  
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Figure 68. Proposed mechanism of acetamide formation 

Base hydrolysis of 87 removed the methyl ester protecting group to yield the final product, 

compound 88 (Scheme 10). The acetamide, 88, would allow us to assess whether binding 

could tolerate the lysine acid group and its alkyl chain that we hoped could serve as a 

linker chain.  

Conjugation of 86 to the MMP inhibitor 39 was pursued in a similar manner. However, 

when the TFA salt of the deboced amine was reacted with 39 in MeOH using DIPEA as 

base there was no product formed. Changing the solvent or the equivalency of base did not 

change this. Compound 39 is a demanding reaction substrate and does not react as 

predicted in the presence of sterically hindered amines generally used to free the reactant 

amine for reaction and to mop up acid by-product produced. Instead, the reaction was 

carried out by first freeing the amine from the TFA salt, isolating it and reacting two 

equivalents with one equivalent of 39 in the absence of any other base to yield the 

conjugate compound 89. Base hydrolysis of the methyl ester protecting group yielded the 

final product, compound 90 (Scheme 10).  
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(i) H-Lys(Boc)-OMe.HCl, DIPEA, COMU, anhydrous DMF, 0°C – RT, N2 (ii) 10% v/v 

TFA in DCM, RT, 1 h (iii) acetic anhydride, DIPEA, DCM, RT, 2h (iv)  aqueous 2M 

NaOH, MeOH, RT, 22 h (v) aqueous 2 M NaOH, DCM (vi) compound 39, MeOH, RT, 24 

h (vii) aqueous 2M NaOH, MeOH, RT, 17 h 

Scheme 10. Synthesis of compounds 88 and 90 

 



 

115 

 

3.6 Conjugation of LCA to homoserine 

Other amino acids were considered for introduction of a linker while retaining a carboxylic 

acid. Serine or homoserine would provide a primary alcohol for further derivations. Amide 

coupling of homoserine to LCA by a method such as COMU coupling would require 

protection of the amino acid carboxylic acid. By conventional acid-catalysed esterification 

in methanol with one equivalent of acid to occupy the amino acid -NH2 group and a slight 

excess for catalysis, there was formation of the desired ester product but the reaction would 

not complete and isolation of the small yield of esterified material was not trivial. 

Esterification was also pursued by generating HCl gas in situ from thionyl chloride in dry 

methanol but this gave a similarly low yield. Chlorotrimethylsilane based methods were 

not suitable in the presence of the alcohol group and most of the commonly used amine 

protecting groups such as BOC are acid labile and would likely not withstand the acid 

catalysis conditions required for esterification. Reassessment of the synthesis led us to an 

alternative approach where we would first activate the carboxylic acid of LCA and thereby 

hope to achieve selectivity of reaction for LCA with the amino acid amine in the presence 

of its unprotected acid group. This was achieved by generation of an anhydride. In the 

presence of base, the reaction between a carboxylate and a chloroformate yields a mixed 

carbonic anhydride which reacts quickly with an amine to form an amide. A mixed 

anhydride of LCA and ethyl chloroformate was prepared in diethyl ether at 0°C. When 

TLC indicated full conversion to the anhydride, homoserine and 1 eq. NEt3 in MeOH were 

gradually added with which the anhydride reacted readily at 0°C to yield compound 91. 

 

(i) ethyl chloroformate, NEt3, Et2O, 0°C, 10 min (ii) homoserine, NEt3, MeOH, 0°C – RT, 

overnight 

Scheme 11. Synthesis of compound 91 
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3.7 Synthesis of the hydroxymate derivative of LCA 

Synthesis of the hydroxymate derivative 92 was achieved using a method reported by 

Reddy et al. for the conversion of carboxylic acids to hydroxamic acids
249

 as in Scheme 

12. 

 

 

 

(i) ethyl chloroformate, NEt3, Et2O, 0°C, 10 min (ii) hydroxylamine solution in MeOH, 0°C 

– RT, 2 h 

Scheme 12. Synthesis of compound 92 

 

Briefly, the acid is reacted with ethyl chloroformate in Et2O with NEt3 as base. The 

deprotonated acid attacks the electrophilic carbon of the ethyl chloroformate carbonyl 

forming a mixed anhydride. As the chloroformate-derived carbonyl in the anhydride is 

flanked by two oxygens, delocalization diminishes its reactivity (Figure 69) 

 

Figure 69. Resonance delocalization in a mixed anhydride derivative of a carbonic acid 

When freshly prepared hydroxylamine is added, it preferentially attacks the LCA derived 

carbonyl group (Figure 70). 
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Figure 70. Proposed mechanism of synthesis of compound 92 

 

3.8 Synthesis of the 3-ketone derivative of LCA 

The 3-OH of LCA was derivatised to a ketone to probe the H-bond donor requirement at 

this position. The acid group of LCA was protected as a methyl ester (93) and pyridinium 

chlorochromate (PCC) was used to oxidise the secondary alcohol to a ketone yielding 

compound 94. PCC is the orange salt of a pyridinium cation and a tetrahedral 

chlorochromate anion. A PCC oxidation can be carried out by stirring the alcohol with 

PCC in DCM at room temperature. The chromium byproduct deposits with pyridine as a 

sticky black tar during the reaction but passage of the reaction mixture through a celite 

plug simplified the work up. The alcohol oxygen attacks the chromium (VI) forming a Cr-

O bond and the chloride is displaced. A base species present extracts the C-3 proton and 

the electrons move to form the C-O bond breaking the O-Cr bond in the process releasing 

the Cr(IV) by-product. The methyl ester protecting group was then removed by base 

hydrolyis to yield compound 95 (Scheme 13). 
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(i) conc. HCl, MeOH, 70°C, 8 h (ii) PCC, DCM, RT, 15 h (iii) aqueous 2M 

NaOH, MeOH, RT, 40 h 

Scheme 13. Synthesis of compound 95 
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3.9  Synthesis of a ciprofloxacin MMP inhibitor conjugate 

The fluoroquinolone antibiotic ciprofloxacin was reported as an agonist of TGR-5 by 

Cipriani et al.
69

 Systemic administration had a protective effect against TNBS induced 

colitis in mice and reduced local generation of inflammatory mediators such as IL-1β, Il-6, 

IFNγ and TNF-α. These clinical and immunomodulatory effects were lost when 

administered to TGR5
-/- 

mice. Ciprofloxacin-associated tendinopathy has prompted study 

on its effects on the gelatinases. In tendon cells, it has been found to upregulate MMP-2 at 

gene level and at protein level while levels of MMP-9, TIMP-1 and TIMP-2 remained 

unchanged.
250

 Upregulation of MMP-2 may be desirable at some stages in IBD, as can 

TGR5 activation, and so ciprofloxacin warrants further study. 

The piperazine ring of ciprofloxacin enabled direct nucleophilic substitution at C-5 of the 

barbiturate ring of compound 39. It was necessary to first prepare the methyl ester of 

ciprofloxacin (97) and the acid was subsequently regenerated by base hydrolysis yielding 

compound 99 (Scheme 14). 

 

(i) conc. H2SO4, MeOH, 80°C, 12 h (ii) compound 39, MeOH, 48 h (iii) aqueous 2M 

NaOH, MeOH, RT, 12 h 

Scheme 14. Synthesis of compound 99  
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3.10  Synthesis of gut-confined TGR5 agonist candidates based 

on LCA 

3.10.1  Introduction of a positive charge 

In pursuit of a non-absorbable TGR5 agonist, we sought to derivatise LCA to a 

permanently charged DABCO derivative. This was achieved by reduction of the carboxylic 

acid to the alcohol, selective mesylation of this primary alcohol and subsequent 

displacement of the mesylate with DABCO as outlined in Scheme 15. The acid reduction 

was carried out using LiAlH4 as the reducing agent. The proposed mechanism is similar to 

that proposed for amide reduction. Initially, the carboxylate anion is generated. The 

carbonyl carbon is nucleophilically attacked by a hydride supplied by aluminium hydride 

while the carbonyl oxygen is complexed by the remaining aluminium species. Elimination 

of an oxoaluminium hydride anion yields the aldehyde. This aldehyde intermediate is more 

reactive than the acid starting material and its electrophilic carbonyl C is attacked by a 

further hydride anion supplied by LiAlH4. Subsequent hydrolysis yields the primary 

alcohol. 

Selective mesylation of the 24-OH (primary) was achieved under conventional mesylation 

conditions. The alcohol derivative was dissolved in anhydrous DCM with NEt3 as base. 

Methanesulfonyl chloride was added dropwise in DCM over 20 min. To avoid mesylation 

of the secondary 3-OH of LCA, this gradual addition was found to be necessary and the 

methanesulfonyl chloride was restricted to one equivalency. Initially it was deemed 

prudent to cool the reaction mixture over an ice-water bath but this was not pursued as 

there was some loss of starting material solubility at this lower temperature. At RT, the 

alcohol was fully in solution. 
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(i) LiAlH4, anhydrous THF, 65°C, N2, 6 h (ii) mesyl chloride, NEt3, anhydrous DCM, RT, 

4.5 h (iii) DABCO, ACN, RT, 48 h 

Scheme 15. Synthesis of compound 102 

 

3.10.2  Introduction of a functionality that is negatively charged at 

physiological pHs 

While not permanent, the pKa of a sulfonic acid means that it will be deprotonated over the 

range of physiological pH. For derivatisation to the sulfonate, we proposed to benzyl 

protect the acid and OH groups of LCA. The ester derivative could then be reduced to the 

alcohol and halogenated selectively while the protecting benzyl ether would remain intact. 

Generally, a secondary alcohol will be more reactive in a halogenation reaction than a 

primary alcohol and so alcohol protection was required. The halogen would then be a 

suitable substrate for generation of the sulfonate by reaction with Na2SO3 in the Strecker 

reaction. The benzylation reaction did not proceed as favourably as expected. Initially the 

reaction would not proceed in THF but DMF was found to be suitable.  However, while 

selective halogenation without protection is unlikely, selective mesylation had been 

achieved and displacement of a mesylate with a halogen should be possible. The 

Finkelstein reaction is commonly used to exchange one halogen for another. In the 

classical version, an alkyl halide is treated with excess alkali metal halide in acetone and 
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the halogens are exchanged through an SN2 mechanism. In a modified version of the 

Finkelstein reaction, a tosylate or mesylate can be treated with a metal halide to yield the 

alkyl halide,
251

 the reaction driven by the excellent leaving group ability of the sulfonate. 

This modified Finkelstein reaction was used to convert the mesylate 101 to an iodate. The 

reaction was carried out by treatment of 101 with sodium iodide in a mixture of acetone 

and H2O with microwave heating.
252

 The crude iodate product, 103, was treated with 

Na2SO3 in a mixture of acetone and water with microwave heating and the product 104 

was isolated by solid phase extraction on reverse phase silica. 

 

 

(i) NaI, acetone, MW 85°C, 1h (ii) Na2SO3, acetone, H2O, MW 120°C, 3h 

Scheme 16. Synthesis of compound 104 
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3.10.3  Pursuit of small molecular weight gelatinase inhibitors 

Previous work in the Gilmer group had identified 5-fluoro-2-(methylsulfonamido)benzoic 

acid (105, Figure 71)  as a potential lead compound for gelatinase inhibitors. 

 

Figure 71. Structure of 5-fluoro-2-(methylsulfonamido)benzoic acid, compound 105 

Based on this, we decided to prepare a series of anthranilate sulfonamides for evaluation as 

MMP inhibitors. An MMP inhibitor of small size and molecular weight could be useful in 

the preparation of conjugates with a TGR5 agonist. Review of the available literature 

showed that diverse pharmacological effects have been reported for anthranilate 

sulfonamides. Derivatives have been reported as methionine aminopeptidase inhibitors,
253

 

penicillin binding protein inhibitors,
254

 aldo-keto reductase inhibitors
255 

and 

cholecystokinin receptor antagonists.
256

 As MMP inhibitors, the carboxylic acid group 

could coordinate to the Zn atom at the enzyme active site. The sulfonamide group could 

also contribute to Zn binding or may direct a substituent to the S1’ pocket of the 

enzyme.
257

 

Sulfonamides can be readily synthesized from an amine and a sulfonyl chloride. 

Sulfonamide formation is the basis for the Hinsberg test which is used to demonstrate 

whether an amine is primary, secondary or tertiary. The test involves shaking the test 

amine with benzenesulfonyl chloride in excess potassium hydroxide and after allowing 

time for reaction, acidifying the mixture. The visible results, before and after acidification, 

indicate the amine type. In the case of a primary amine, the N-substituted 

benzenesulfonamide reaction product forms a water-soluble potassium salt with the excess 

potassium hydroxide and so a clear solution. The hydrogen attached to the nitrogen is 

made sufficiently acidic by the electron withdrawing SO2 group. On addition of acid, the 

now water-insoluble sulfonamide is seen to precipitate. In the case of a secondary amine, 

the N, N-disubstituted sulfonamide precipitates after the first step as it lacks an acidic 

hydrogen and acidification does not change the visible result. Deng et al. reported 

successful synthesis of sulfonamides in water based on this principle and we used this 

method in the synthesis of our series. 
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The method involves reaction of a primary amine and a sulfonyl chloride in water at pH 8. 

As the reaction proceeds and HCl is produced, 1M Na2CO3 is added to maintain the 

reaction mixture at pH 8. Sulfonyl chlorides are sensitive to water hydrolysis and so using 

water as the solvent may seem surprising. This was not found to be problematic however. 

It is thought that eliminating organic solvent from the reaction conditions allows the 

sulfonyl chloride to slowly get into the reaction system and so hydrolysis is minimised. 

Optimal pH is approximately 8. At lower pH, little reaction occurs and at higher pH more 

hydrolysis will occur. Monitoring of the reaction by TLC indicated no side reactions. 

When the reaction was complete, the sulfonamide product was precipitated by addition of 

conc. HCl. In some cases, the product did not require further purification but in others 

recrystallisation was necessary to remove amine starting material. The reaction of 

anthranilic acid and benzenesulfonyl chloride was also investigated under conventional 

conditions in anhydrous DCM with triethylamine as base. TLC indicated that the desired 

sulfonamide product was formed but there were also several side-products and so this 

method was not pursued further. Yields obtained were not high, particularly when 

recrystallisation was required, but were considered acceptable considering the ease of 

work-up. 

The reactivity of a sulfonyl chloride can be attributed to a polar effect in which the electron 

withdrawing chlorine creates an electron deficient centre at the tetra co-ordinated sulfur. 

This allows approach of a nucleophile to the sulfur and nucleophilic substitution reactions 

to proceed following an SN2 mechanism. As well as the anthranilate series, a series of 

derivatives was prepared from 5-fluoro-2-aminobenzoic acid and 5-chloro-2-aminobenzoic 

acid as outlined in Table 3. 
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Table 3.  Benzoic acid derivatives synthesized as candidate MMP inhibitors 

 

Compound R R1 Yield %  

106 H -Ph-CH3 23.9  

107 H  -Ph 43.6  

108 H -CH2-Ph 34.3  

109 H -CH3 18.7  

110 H -CH2CH3 28.5  

111 H -CH2CH2CH3 12.9  

112 H -Ph-Br 54.3  

113 F -Ph 51.2  

114 F -CH2-Ph 63.4  

115 F -CH3 38.5  

116 F -CH2CH3 71.2  

117 F -CH2CH2CH3 41.7  

118 F -Ph-Br 27.3  

119 Cl -Ph-CH3 57.3  

120 Cl -Ph 56.2  

121 Cl -CH2-Ph 48.4  

122 Cl -CH3 20.5  

123 Cl -CH2CH3 31.9  

124 Cl -Ph-Br 24.4  

 

Disappointingly, the compounds showed negligible MMP-9 inhibitory activity. Therefore, 

it was decided to further derivatise the R1 group to a diaryl or phenoxyphenyl substituent 

for greater binding affinity in the S1’ pocket of MMP-9.  
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3.10.4  Synthesis of compounds 126 and 127 

The diaryl derivative, 126, was synthesized in two steps as in Scheme 17. 

 

 

(i)  4-bromobenzenesulfonyl chloride, NEt3, H2O:THF (1:1), RT (ii) 

phenylboronic acid, tetrakis(triphenylphosphine)palladium, K2CO3, anhydrous 

THF, N2, RT - 75°C, 12 h 

Scheme 17. Synthesis of compound 126 

Anthranilic acid (125) was treated with 4-bromophenylsulfonyl chloride to yield the 

intermediate, 112, in H2O:THF (1:1) with NEt3 as base. The sulfonyl chloride starting 

material was poorly water soluble and THF was required as a co-solvent in this case. 

Compound 112 was a suitable substrate for Suzuki coupling. In the Suzuki reaction the 

coupling partners are a boronic acid or ester with a vinyl or aryl halide or triflate catalysed 

by a palladium (0) complex. The mechanism of the Suzuki reaction involves oxidative 

addition of the aromatic halide to the palladium (0) complex which generates a palladium 

(II) intermediate. The intermediate undergoes a transmetallation reaction with the alkenyl 

boronate species. The product is then expelled from this by reductive elimination resulting 

in the palladium (0) catalyst being regenerated. The base used in this reaction aids the 

transmetallation step. Compound 112 was treated with phenylboronic acid with K2CO3 as 

base and tetrakis(triphenylphosphine)palladium as the source of palladium (0).  

Compound 127 (Figure 72) was synthesized by treating anthranilic acid with 

phenoxyphenylsulfonyl chloride in H2O:THF (1:1) with NEt3 as base.  

 

Figure 72. Chemical structure of compound 127  
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Disappointingly, derivation of R1 did not greatly enhance MMP-9 inhibitory potency. 

Inhibition was negligible at 10 µM in both cases. At 50 µM, compound 127 produced 40% 

inhibition.  
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3.11  In vitro assessments 

3.11.1  Assessment of TGR5 activation 

Activation of TGR5 was quantitatively assessed by measuring the increase in the 

intracellular messenger cAMP in NCI-H716 cells following incubation with relevant bile 

acid agonists. NCI-H716 cells constitutively express TGR5 and the cell line was selected 

to avoid the sometimes technically challenging transfection of GPCRs. The aim was to 

achieve a read-out of potential TGR5 activation rather than quantitative estimation of e.g. 

EC50. LCA and sodium TLCA were used as positive controls in the assay. This assay was 

carried out in a procedure adapted from that reported by Sato et al. Their work in NCI-

H716 and in TGR5-transfected CHO cells indicates that the increased cAMP levels 

observed in NCI-H716 cells in response to bile acids is due to TGR5 activation. 

The Tropix® cAMP-Screen® System (Applied Biosystems), a competitive immunoassay 

with chemiluminescence detection, was used to determine cAMP in cell lysates. After 

treatment and lysis in the cell culture plate, a portion of the lysate was transferred to a 

white assay plate precoated with goat anti-rabbit IgG as secondary antibody. The lysate 

was incubated with a cAMP-AP conjugate and a rabbit anti-cAMP antibody and the 

resulting immune complexes were captured in the plate. Unbound materials were then 

washed from the plate and CSPD® substrate with a luminescence enhancer is added. The 

substrate detects the AP conjugate, the AP degradation of the substrate causing light 

emission that can be measured in a luminometer. The light signal generated is measured in 

a Luminoskan™ Ascent Microplate Luminometer (Thermo Scientific™). Intracellular 

cAMP and cAMP-AP conjugate compete for the antibody and so with increasing 

intracellular cAMP, less conjugate is captured and the lower the luminometer response. 

Included in the assay media, 3-isobutyl-1-methylxanthine (IBMX) acts as a 

phosphodiesterase inhibitor. Physiologically, cAMP is a phosphodiesterase substrate and 

degradation limits signalling. Inclusion of IBMX allows intracellular cAMP accumulation. 

NCI-H716 cell line is a human colorectal carcinoma cell line derived from the ascites fluid 

of a colorectal adenocarcinoma patient.  Its morphology is epithelial but under standard 

culture conditions it remains undifferentiated growing as amorphous floating cell 

aggregates. The cytoplasm contains dense core granules characteristic of endocrine 

secretion.
258

 Adherence and enhancement of endocrine differentiation can be induced in 

vitro by culture in contact with specific extracted basement membrane components or 
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natural extracellular matrix.
259

 BD Matrigel™ Basement Membrane Matrix can be used to 

do this. It is a solubilized basement membrane preparation extracted from the Engelbreth-

Holm-Swarm (EHS) mouse sarcoma. The matrix is rich in ECM proteins containing 

collagen IV for adherence of NCI-H716 and heparin sulfate proteoglycans and a host of 

growth factors which induce differentiation. NCI-H716 is used as a model of the 

enteroendocrine L-cells and has been shown to process proglucagon into GLP-1, GLP-2, 

glicentin and oxyntomodulin similar to human gut.
260

 

3.11.2  Assessment of MMP-9 inhibitory potency 

Candidate MMP-9 inhibitors were assessed for inhibitory potency using recombinant 

human MMP-9 in a fluorgenic assay as described in Chapter 2 of this thesis. 

 

3.12  Results and discussion of in vitro assessments 

In the cAMP assay, LCA (54) and sodium TLCA (58) were included as positive controls. 

Treatment with LCA 10 µM for 30 min significantly increased intracellular cAMP 

compared to the control cells treated with DMSO vehicle (p < 0.0001). Treatment with 

sodium TLCA 10 µM also increased cAMP significantly (p = 0.0027). In contrast to the 

literature, where the tauro conjugate is described as more potent than the parent acid, we 

saw a trend to greater stimulation by LCA but the results are not significantly different 

from each other. The concentration of DMSO in the treatment media of DMSO vehicle 

treated cells and in compound treated cells was 1% v/v. 
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3.12.1  In vitro assessment of Group 1 conjugates 
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Figure 73. Results of in vitro cAMP assay for Group 1 conjugates. NCI-H716 cells were 

stimulated with DMSO vehicle 1% v/v or test compound at 10 µM for 30 min and 

intracellular cAMP in pmol/well was determined. The values represent the mean ± SEM of 

the experiment in triplicate. *** p < 0.001; ** p < 0.01 versus vehicle (DMSO)-treated 

cells 

Treatment of NCI-H716 cells with group 1 compounds for 30 min did not significantly 

increase intracellular cAMP. There was a non-significant trend to cAMP production by the 

treatments and treatment with 81 was almost significant (p = 0.0554) which was between a 
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two and four-fold increase in cAMP accumulation compared to the control cells (Figure 

73). While there may have been a non-significant trend to increased cAMP by some of the 

treatments, the compounds were far less active than LCA. In these Group 1 conjugates, the 

carboxylic acid group of LCA has been utilised for conjugation and derivatised to an amide 

or an amine in each case with the hope that the barbiturate ring would be able to provide 

affinity for the proposed polar subsite in the TGR5 binding site normally occupied by the 

carboxylic acid. A di-substituted barbiturate may not be sufficiently acidic to perform this 

function or the barbiturate ring may be too bulky particularly when substituted by a large 

brominated phenoxyphenyl substituent. It must be remembered that an in vitro assay may 

not model physiological pH and results may not reflect potential activity in vivo. 

The conjugate compounds retained MMP-9 inhibitory potency and the results can be seen 

in Table 4. 

Table 4. MMP-9 IC50 values for group 1 compounds 

Compound No. MMP-9 IC50 nM (95% CI) 

72 4712.0 (3778, 5878) 

73 907.2 (740.5, 1111.0) 

77 8169.0 (6025, 11075) 

81 276.0 (72.2, 1055.0) 

84 512.0 (247.8, 1058.0) 

 

With an MMP-9 IC50 of 276 nM, compound 81 was the most potent MMP-9 inhibitor of 

the group 1 conjugates. Interestingly, 81 and 84 (IC50 = 512 nM) were the most potent 

inhibitors. These compounds were produced by direct substitution of simple amine 

derivatives of LCA at C-5 of the barbiturate and are devoid of heterocycle linkers. 

Compounds 72, 73 and 77 incorporate piperazine, homopiperazine or a triazole 

respectively. While 73 is a high nanomolar inhibitor of MMP-9 (IC50 = 907.2 nM), 72 and 

77 are low micromolar inhibitors with IC50 values of 4.7 µM and 8.2 µM respectively. This 

order of potency was surprising as piperazine and homopiperazine have documented 

affinity for the S2’ pocket of MMP-9.  
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3.12.2  In vitro assessment of group 1 synthetic intermediates 76 and 82 

D
M

SO
LC

A 76 82

0

1

2

3

4
***

***

p
m

o
l 
c
A

M
P

/w
e
ll

 

Figure 74. Results of in vitro cAMP assay for group 1 synthetic intermediates 76 and 82. 

NCI-H716 cells were stimulated with DMSO vehicle 1% v/v or test compound at 10 µM for 

30 min and intracellular cAMP in pmol/well was determined. The values represent the 

mean ± SEM of the experiment in triplicate. *** p < 0.001 versus vehicle (DMSO)-treated 

cells 

Compounds 76 and 82, synthetic intermediates in conjugate synthesis, were screened in the 

cAMP assay to probe active site tolerance. Devoid of an acid group, modification of the 

carboxylate of LCA to a simple secondary amide in compound 82 completely abrogated 

activity. Surprisingly, introduction of a terminal alkyne in compound 76 restored some 

activity, p < 0.0001 versus control cells, which was unexpected (Figure 74). A terminal 

alkyne can be considered a non-polar functionality and while more acidic than an alkane or 

an alkene, its pKa is too high to be significantly deprotonated under these assay conditions. 

On review of the literature, we found that terminal alkynes have been used as enzyme 

active site-directed probes. Ekkebus et al. converted the C-terminal carboxy of ubiquitin to 

an alkyne by amide coupling to propargyl amine and this was shown to react with an 

active-site cysteine residue of deubiquitinase.
261

 The vinyl thioether product was confirmed 

by X-ray crystallography. They demonstrated that this reaction was selective in the 

presence of excess thiol and that it was not restricted to the ubiquitin case. Similarly, they 

demonstrated the reaction of alkyne functionalised IL-1β with a cysteine of interleukin 

converting enzyme (caspase-1). The interaction of 76 at the TGR5 binding site should be 

examined further. If such a covalent interaction was shown to be occurring, 76 could prove 

a useful probe for the receptor. 
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3.12.3  In vitro assessment of group 2 conjugates  
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Figure 75. Results of in vitro cAMP assay for group 2 conjugates. NCI-H716 cells were 

stimulated with DMSO vehicle 1% v/v or test compound for 30 min and cAMP in pmol/well 

was determined. The values represent the mean ± SEM of the experiment in triplicate. *** 

p < 0.001; ** p < 0.01 versus vehicle (DMSO)-treated cells 

 

Stimulation of the cells with the lysine derivatives caused cAMP accumulation greater than 

that of the control cells (Figure 75). The acetamide derivative, 88, gave the strongest 
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stimulation, 50 µM producing an effect comparable to 10 µM LCA. Compound 90 was 

tested at 50 µM, 25 µM and 10 µM and while the effect was small, a dose response can be 

seen. At 10 µM, 90 increased intracellular cAMP 2-fold in comparison to the DMSO 

treated cells (p = 0.0016). MMP-9 inhibitory activity was retained in compound 90 and the 

IC50 was 439 nM (95% CI 384.8, 500.9).  

Using lysine as a linker between the pharmacophores somewhat improved the response. 

The acetamide derivative at 50 µM produced a response comparable to LCA 10 µM which 

indicated that although the introduction of lysine decreased potency, pharmacologically 

relevant efficacy could be achieved using a higher concentration. Attaching the barbiturate 

or another molecule of LCA to the -N of the lysine derivative further decreased potency. 

Attaching such bulky groups did not completely abrogate activity but did dramatically 

reduce it. For a candidate compound such as 90, we can see in the concentration range we 

have examined that the effect while small was concentration dependent. It will require 

further empirical studies to determine if the effect can be pharmacologically relevant. 

3.12.4  In vitro assessment of compounds 91, 92 and 100 
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Figure 76.  Results of in vitro cAMP assay for compounds 91, 92 and 100. NCI-H716 cells 

were stimulated with DMSO vehicle 1% v/v or test compound for 30 min and cAMP in 

pmol/well was determined. The values represent the mean ± SEM of the experiment in 

triplicate.  *** p < 0.001; ** p < 0.01; * p < 0.05 versus vehicle (DMSO)-treated cells 
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Coupling to homoserine in compound 91 did reduce LCA potency but 10 µM produced an 

effect almost 10 times that of control cells and 25 µM gave an effect comparable to 10 µM 

LCA (Figure 76). The hydroxymate 92 was a good TGR5 agonist with an effect 

comparable to LCA at the same test concentration of 10 µM but no effect at 1 µM.  

Hydroxymates are excellent metal chelators and many chemical structures derivatised as 

hydroxymates have proved potent MMP inhibitors. Unfortunately, however, we did not 

find 92 to be a good inhibitor of MMP-9. The inhibition, which was inconsistent, was circa 

25% at 50 µM but it could not be increased further with increasing concentration. 

Reduction of the carboxylate to an alcohol in compound 100 reduced activity greatly. 

While there was an increase in cAMP on treatment with 100, the cAMP produced was less 

than two-fold that produced by the control cells and at 10 µM, < 5% of the effect produced 

by the same concentration of LCA.  

 

3.12.5  In vitro assessment of compound 95 
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Figure 77.  Results of in vitro cAMP assay of compound 95. NCI-H716 cells were 

stimulated with DMSO vehicle 1% v/v or test compound at 10 µM for 30 min and cAMP in 

pmol/well was determined. The values represent the mean ± SEM of the experiment in 

triplicate.  *** p < 0.001; ** p < 0.01 versus vehicle (DMSO)-treated cells 

Oxidation of the 3-OH of LCA to a ketone in compound 95 did not significantly 

compromise potency relative to LCA and treatment with 95 increased cAMP significantly 

compared to the control cells (p = 0.0011) (Figure 77). A hydrogen bond donor is not a 

strict requirement at the 3-position of LCA. 
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3.12.6  In vitro assessment of ciprofloxacin and 99, a ciprofloxacin-MMP 

inhibitor conjugate 
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Figure 78. Results of in vitro cAMP assay of ciprofloxacin and compound 99. NCI-H716 

cells were stimulated with vehicle or test compound at 10 µM for 30 min and cAMP in 

pmol/well was determined. The values represent the mean ± SEM of the experiment in 

triplicate.  *** p < 0.001 

Ciprofloxacin is not sufficiently soluble in DMSO for preparation of a standard solution 

and so ciprofloxacin solution was prepared at 100 mM in approximately 0.1 M aqueous 

HCl and this solution was serially diluted to provide the test solution. An acid blank was 

prepared in the same manner as a control for ciprofloxacin in the assay. The ciprofloxacin 

conjugate 99 was prepared in DMSO and so DMSO 1% v/v treated cells are the control 

wells for 99. Treatment with ciprofloxacin did not increase intracellular cAMP which was 

unexpected. Likewise, the conjugate 99 did not stimulate the cells (Figure 78). 

In 2011, Cipriani et al. reported that ciprofloxacin is a TGR5 ligand and that it was nearly 

as potent as TLCA in a murine cell line.
69

 Treatment of the NCI-H716 cells with 

ciprofloxacin did not induce cAMP in our model. Cipriani et al. found that ciprofloxacin 

treatment attenuated TNBS-induced colitis in mice and effects of attenuated neutrophil 

influx and inflammatory cytokine production unrelated to its antibiotic effects were lost 
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when ciprofloxacin was administered to TNBS treated TGR5
-/- 

mice. It must be noted that 

the accompanying in vitro work was carried out in a murine GLUTag cell line and in 

spleen-derived monocytes from wild type and TGR5
-/-

 mice. The lack of response to 

ciprofloxacin observed in human NCI-H716 cells may be due to the differences between 

the murine and human receptors. The amino acid sequence identity between the mouse and 

human receptors is 83%. Other research groups have reported widely varying potencies 

against the human and mouse receptor in chemical library screenings prompting some to 

use human TGR5 knock-in mice for in vivo work. Interestingly, bile acid identity and 

composition vary significantly between rodents and humans. Along with cholic acid, 

muricholic acid is synthesized in the liver of the mouse which is tri-hydroxy substituted at 

3α, 6β and 7β and this is 7 dehydroxylated to the murine secondary bile acid, 

murideoxycholic acid. Tauro-conjugates predominate in rodents, glycol-conjugates in 

humans. Conjugation of the MMP inhibitor to ciprofloxacin did not dampen MMP-9 

inhibitory activity and 99 is a low nM inhibitor with an IC50 of 17.04 nM, 95% CI (12.32, 

23.55).  

3.12.7  In vitro assessment of compounds 102 and 104  
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Figure 79. Results of in vitro cAMP assay of compounds 102 and 104. NCI-H716 cells 

were stimulated with DMSO vehicle 1% v/v or test compound for 30 min and cAMP in 

pmol/well was determined. The values represent the mean ± SEM of the experiment in 

triplicate.  *** p < 0.001; ** p < 0.01 versus vehicle (DMSO) treated cells 
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The positively charged compound 102 stimulated some cAMP accumulation and this was 

concentration dependent, 50 µM producing over five-fold more than control cells and 10 

µM producing over three-fold more than control cells (Figure 79). The sulfonic acid 

derivative 104 proved to be a potent stimulator of cAMP inducing 50% more cAMP than 

LCA at the same test concentration of 10 µM.  Compound 104 had no inhibitory effect on 

MMP-9. 

Compound 102 holds a permanent positive charge and is a poor candidate for passive 

absorption but the intestine is capable of absorbing bile acids and some of their derivatives 

by active transport. ASBT functions as a bile acid transporter in the enterohepatic 

circulation. It transports the bile acids as well as the bile acid conjugates, conjugation 

enhancing transport. Chemistry of the C-24 position influences ASBT binding. Initially it 

was thought that a negative charge in this region was essential because its known 

endogenous bile acid and non-bile acid substrates are acids. Neutral compounds can be 

transported however and it is now thought that a hydrogen bond acceptor can satisfy the 

‘negative charge’ requirement. Balakrishnan et al. evaluated the influence of charge and 

steric bulk around C-24 using conjugates of CDCA to glutamic acid and lysine derivatives. 

This work suggests that zwitterionic and cationic derivatives are not substrates but may 

still bind as ASBT inhibitors. Compound 104 is likely to be an ASBT transport substrate 

but the low pKa of the sulfonic acid group means that it is ionised at physiological pH and 

would have limited passive absorption potential in the colon. Rectal administration of 104 

or protection of orally administered 104 by a suitably designed pharmaceutical formulation 

for colonic delivery could bypass active absorption if necessary and achieve non-systemic 

activation of colonic TGR5.  
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3.12.8  In vitro assessment of a representative barbiturate, 51, and 

representative anthranilate sulfonamides, 107 and 127 
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Figure 80. Results of in vitro cAMP assay of compounds 51, 107 and 127. NCI-H716 cells 

were stimulated with DMSO vehicle 1% v/v or test compound at 10 µM for 30 min and 

cAMP in pmol/well was determined. The values represent the mean ± SEM of the 

experiment in triplicate.  *** p < 0.001 versus vehicle (DMSO) treated cells 

 

Reported non-bile acid TGR5 agonists have included heterocyclic scaffolds with aromatic 

substitutions and sulfonamides. We screened 51 as a representative of the barbiturates and 

two anthranilate sulfonamides, 107 and 127, in the cAMP assay but there was no increase 

in intracellular cAMP (Figure 80). We conclude that these compounds have no agonist 

activity at TGR5. 
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Chapter 4. Conclusions, limitations and 

future work 
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4.1 Conclusions, limitations and future work 

On-going discovery of transporters, membrane receptors, enzymes and signalling proteins 

apically expressed by the intestinal epithelia has highlighted opportunities for non-systemic 

therapeutics.  Restricted to the gut lumen, such therapeutics can achieve local or systemic 

effects whilst maintaining favourable safety profiles. The availability of luminally 

accessible drug targets also opens physicochemical space for drug development. Molecular 

structures with poor permeability profiles deemed not sufficiently ‘drug-like’ for systemic 

oral bioavailability could have non-systemic applications. 

The pathological role of MMP-9 in IBD, its upregulation and apical secretion in the 

inflammatory condition and the benefits of modulation in disease models have been well 

established. In this work, we targeted luminal MMP-9 with compound 53 in a DSS mouse 

model of colitis and demonstrated that a non-systemic approach can achieve disease 

modifying effects. By design, 53 is a poor candidate for absorption and future work will 

involve full pharmacokinetic profiling in a mouse model. The measurement criteria for a 

non-absorbed drug are essentially the same as for a bioavailable drug and drug and 

metabolite levels in arterial blood, the portal vein, urine and faeces should be established.
71

 

In addition, any metabolites observed should be elucidated and assessed for activity at the 

target and considered for contribution to the pharmacological effect. The first steps in this 

work will involve assessment of the stability of compound 53 in mouse plasma and 

development of a suitable analytical method for biological matrices. Good sensitivity will 

be required to achieve a low nanomolar limit of detection (LOD) below the IC50 of 53.  We 

have been unable to achieve a LOD below 10 nM with the UPLC-MS/MS method 

developed thus far. Alternative approaches to probing the pharmacokinetics and metabolic 

pathways of 53 may be considered. Mass balance excretion studies using radiolabeled 

compound can provide much information on absorption, distribution, metabolism and 

excretion (ADME).
262, 263

 Compound 49, the PEG chain-linked MMP inhibitor dimer, was 

also a potent inhibitor of recombinant human MMP-9. Disappointingly, it had poor 

solubility in most solvents including DMSO. Future work may involve synthesizing dimers 

with PEG chain linkers of increasing length to increase polarity and solubility. 

The MMP inhibitor – TGR5 agonist conjugates retained good MMP-9 inhibitory potency. 

Maintaining agonist activity at TGR5 proved more challenging and the receptor did not 

have the binding tolerance we had hoped. This work found that an acidic group in the 

vicinity of C-24 was favourable for activity. Conversion of the C-24 carboxylic acid to a 
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simple amide in compound 82 greatly reduced the effect as did reduction to an alcohol in 

compound 100. Reintroduction of an acid group by coupling to lysine in the acetamide 

derivative, compound 88 or homoserine in compound 91 increased activity. Compound 88 

at 50 µM produced an effect comparable to LCA at 10 µM. Unfortunately, conjugation to 

the MMP inhibitor reduced potency further indicating that bulky substituents at this 

position can hinder binding. Future work may include synthesis of conjugates with longer 

chain linkers between the pharmacophores. Conjugation to a smaller MMP inhibitory 

moiety is another approach worth pursuing. While our series of benzoic acid derivative 

candidates did not have sufficient MMP-9 inhibitory potency, an alternative MMP 

inhibitor may prove suitable. 

Compound 90 is a potent MMP-9 inhibitor and warrants further study. Its effect on 

intracellular cAMP accumulation was small but it is as yet unknown if this level of TGR5 

activation can produce a pharmacological effect in a gut-confined context. TGR5 does not 

traffic to endosomes on activation and appears to open to repeated stimulation.
264

 

Compound 90 is a poor candidate for passive uptake. It has a predicted Log P of 5.79, 12 

H-bond acceptors, 6 H-bond donors and a molecular weight of 877.9 g/ mol
165

 and so 

breaches Lipinski’s rules.
74

 With  a calculated tPSA of 183.15 and 15 rotatable bonds,
165

 it 

also contravenes Veber’s rules for good absorption.
76

 Future work will involve assessment 

of its permeability in an in vitro model and assessment of the stability of the amide linkage 

to enzymes of the GIT. If it is sufficiently stable and is poorly taken up, it may be a 

candidate for in vivo evaluation in a model of colitis. Compound 90 is a potentially non-

absorbable gelatinase inhibitor and its pharmacokinetic-modifying moiety limiting 

absorption potential may in this case also contribute to effect. 

In the course of this work, we also identified potential for synthesis of gut-confined TGR5 

agonists. The permanent positive charge in compound 102 should limit uptake and 

treatment with 102 caused some cAMP accumulation in vitro. The sulfonic acid derivative, 

104, was more potent than LCA. A component of future work could be synthesis of 

sulfonic acid derivatives as potential gut-confined TGR5 agonists. Sulfonic acids are poor 

candidates for passive uptake and chemical modifications could be pursued to abolish 

affinity for ASBT transport if necessary. 

In this work, we used intracellular accumulation of cAMP as an indirect measure of TGR5 

activation. Future work could confirm that the effects we have seen are TGR5-mediated. 

This could be done by transfection of a TGR5 plasmid into a suitable cell line such as 
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CHO cells or human embryonic kidney 293 (HEK293) cells which have been widely used 

for this purpose.
219, 265, 266

 Measured effect can be attributed to TGR5 activation if the 

effect is not also seen in the parent non-transfected cells. TGR5 siRNA transfection can 

also be used to knockdown TGR5 activity and has been used to delineate the role of TGR5 

and bile acids in disease.
267, 268

 TGR5 silencing treatment has also been used successfully 

in NCI-H716 cells.
269, 270

 Incorporating TGR5 siRNA treatment with measurement of 

intracellular cAMP levels in future in vitro work would allow observed effects to be 

directly attributed to TGR5 activation. 
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Chapter 5. Experimental 
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5.1 Chemistry materials and methods  

5.1.1 General methods 

All chemicals and starting materials were commercially purchased and used as provided 

except where stated. All reactions were monitored by TLC and/or HPLC. Uncorrected 

melting points were measured on a Stuart Apparatus. Infra-red (IR) spectra were 

performed on a Perkin Elmer ATR FT-IR spectrometer. 
1
H and 

13
C nuclear magnetic 

resonance (NMR) spectra were recorded at 27°C on an Agilent 400 spectrometer (400 

MHz, 
1
H; 101 MHz, 

13
C). Coupling constants are reported in Hertz.  For 

1
H-NMR 

assignments, chemical shifts are reported: shift value (number of protons, description of 

absorption, coupling constant(s) where applicable). Mass spectrometry was performed by 

Mr. Brian Talbot, School of Pharmacy, TCD, using a Thermo Fisher Accela LC system 

coupled to an LTQ – Orbitrap discovery detector. Samples were introduced by electrospray 

ionisation (ESI) or atomospheric pressure chemical ionisation (APCI) in the positive ion 

mode or in the negative ion mode.  The HPLC system used consisted of a Waters 1525 

Binary HPLC Pump, Waters 717 plus Autosampler, Waters 2487 Dual λ Absorbance 

Detector and a Waters In-Line Degasser AF. Empower® software was used for system 

control, data acquisition and processing.  

 

5.1.2 TLC dip visualisation methods 

 

Ammonium molybdate/ceric sulfate solution 

A good general reagent, bile acid structures give a strong response to this dip. On strong 

heating, this dip gives deep blue spots on a pale background. It was prepared by dissolving 

ammonium molybdate (5 g) and ceric sulfate (0.2 g) in 5% v/v aqueous H2SO4 (100 mL) 

 

Ninhydrin  

Ninhydrin was used as a dip for amines. On heating, this gives spots of purple pink to 

orange brown on a pale yellow background. Primary amines and BOC-protected amines 

give a strong response and secondary amines may sometimes give a weak response. It was 

prepared by dissolving ninhydrin (0.3 g) in 50 mL C2H5OH. Acetic acid (3 mL) was added 

and the solution was brought to a final volume of 100 mL with C2H5OH. 
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Potassium permanganate 

Unsaturated compounds and alcohols give yellow spots on a pink purple background. 

Gentle heating is sometimes required. It was prepared by dissolving potassium 

permanganate (3 g) and potassium carbonate (20 g) in 5% aqueous NaOH (5 mL) and the 

solution is brought to a final volume of 300 mL with H2O. 

 

Vanillin 

A particularly good reagent for alcohols, it gives spots of many colours on a pale grey 

beige background with strong heating. It was prepared by dissolving vanillin (15 g) in 

C2H5OH (250 mL) and adding conc. H2SO4 (2.5 mL) slowly with stirring. 

5.2 Synthesis – Chapter 2 

 31 

Methyl 2-(4-hydroxyphenyl)acetate (compound 30) (3.3223 g, 20 mmol), phenylboronic 

acid (4.8772 g, 40 mmol, 2 eq.), copper (II) acetate (3.6326 g, 20 mmol, 1 eq.) and 

powdered 4 Å molecular sieves were dispersed in DCM (100 mL). Anhydrous pyridine (8 

mL, 100 mmol, 5 eq.) was added and the mixture was stirred at RT in ambient air for 48 h. 

The resulting green slurry was filtered and the DCM was removed in vacuo. The residue 

was dispersed in Et2O (150 mL) and washed with aqueous 1M HCl (2 × 100 mL), 

saturated NaHCO3 solution (100 mL), H2O (100 mL) and brine (50 mL). The organic layer 

was dried over Na2SO4, filtered and concentrated to a dark orange oil. The product was 

isolated by flash column chromatography using Hex:EtOAc (6:1) as mobile phase as a pale 

yellow oil (1.1074 g, 22.9%). 

1
H NMR (400 MHz, CDCl3) δ 7.37–7.41 (m, J = 7.53, 2H, Ar-H), 7.3 –7.32 (d, J = 8.53, 

2H, Ar-H), 7.14–7.18 (t, J = 7.53, 1H, Ar-H), 7.03–7.09 (m, 4H, Ar-H), 3.76 (s, 3H, -CH3), 

3.68 (s, 2H, -CH2); 
13

C NMR (101 MHz, CDCl3) δ 172.2, 156.9, 156.2, 130.5, 129.6, 

128.5, 123.1, 118.7, 115.2, 51.9, 40.2; IR: (ATR) ν cm
-1

 1734.84, 1506.53, 1487.57, 

1231.58, 1157.12; HRMS: Found (M+Na) = 265.0835, calculated for C15H14O3Na = 

265.0841 
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 32 

 

A 60% suspension of NaH in paraffin oil (1.4784 g, 36.96 mmol, 3 eq.) was washed with 

hexane and dispersed in anhydrous THF (30 mL) under N2. Dimethyl carbonate (6.65 mL, 

78.88 mmol, 6.4 eq.) was added and the mixture was heated to reflux at 90°C. Compound 

31 (2.9859 g, 12.32 mmol, 1 eq.) dispersed anhydrous THF (20 mL) was added dropwise 

over 1 h maintaining the usual precautions for anhydrous conditions. After 5 h reflux, the 

dark orange reaction mixture was poured onto iced-water and the product was extracted 

with DCM (50 mL × 3). The combined organic layers were washed successively with 

water (100 mL) and brine (30 mL), dried over Na2SO4 and filtered. The solvent was 

removed in vacuo to yield the product which could be used in the next step without further 

purification as a yellow-orange solid (3.2763, 88.6%). Mp 43 - 45°C; 
1
H NMR (400 MHz, 

CDCl3) δ 7.35–7.41 (m, 4H, Ar-H), 7.13–7.17 (t, J = 7.53, 1H, Ar-H), 7.01–7.07 (m, 4H, 

Ar-H), 4.68 (s, 1H, CH), 3.79 (s, 6H, 2 × CH3); 
13

C NMR (101 MHz, CDCl3) δ 168.5, 

157.4, 156.5, 130.6, 129.7, 126.9, 123.5, 119.2, 118.4, 56.6, 52.8; IR: (ATR) ν cm
-1 

3064.12, 1734.33, 1611.18, 1590.59; HRMS: Found (M+Na) = 323.0888, calculated for 

C17H16O5Na = 323.0895 

 

 

  33 

Sodium (0.5019 g, 21.82 mmol, 2 eq.) was dissolved in HPLC grade C2H5OH (20 mL) and 

urea (1.1139 g, 18.55 mmol, 1.7 eq.) was added and dissolved. A solution of 32 (3.2763 g, 

10.91 mmol, 1 eq.) in HPLC grade C2H5OH was added dropwise and the reaction mixture 
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was heated to reflux at 100°C under N2 for 7 h. After cooling to ambient temperature, the 

reaction mixture was poured onto iced-water and acidified to pH 2 with 1 M aqueous HCl. 

The yellow precipitate was collected by suction filtration. The solid was refluxed at 80°C 

in EtOAc:MeOH (3:1) for 2 h and the pure product was isolated by hot filtration as an off-

white solid (1.38 g, 42.7%). Mp 250 - 253
o
C; 

1
H NMR (400 MHz, DMSO-d6) δ 11.4 (s, 

2H, N-H), 7.37–7.41 (m, 2H, J = 7.58, Ar-H), 7.26–7.28 (m, 2H, Ar-H), 7.13–7.16 (t, 1H, 

J = 6.85, Ar-H), 7.01–7.03 (m, 2H, Ar-H), 6.95–6.97 (m, 2H, Ar-H), 4.84 (s, 1H, CH); 
13

C 

NMR (101 MHz, DMSO-d6) δ 169.4, 156.5, 156.4, 151.1, 131.2, 130.2, 129.3, 123.9, 

119.1, 118.5, 54.4; IR: (ATR) ν cm
-1

 3190.17, 1742.90, 1711.07, 1519.34, 1501.54, 

1371.14, 1243.72; HRMS: Found (M+Na) = 319.0684, calculated for C16H12N2O4Na = 

319.0695 
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Compound 33 (0.5 g, 1.69 mmol, 1eq.) was dissolved in CCl4 (20 mL). N-

bromosuccinimide (0.3613 g, 2.03 mmol, 1.2 eq.) and a catalytic amount of benzoyl 

peroxide were added and the reaction mixture was refluxed at 78°C for 3 h. The CCl4 

solvent was removed in vacuo and the residue was dispersed in water. The aqueous 

dispersion was extracted with EtOAc (3 × 50 mL) and the combined organic layers were 

washed with water (5 × 30 mL) and brine (20 mL). The organic phase was dried over 

Na2SO4, filtered and concentrated to afford the product as an off-white solid (0.3969 g, 

62.6%). Mp 111 - 113
 o
C; 

1
H NMR (400 MHz, DMSO-d6) δ 11.45 - 11.60 (m, 2H, N-H), 

7.57 (d, J = 8.71 Hz, 1H, Ar-H), 7.32 - 7.46 (m, 3H, Ar-H), 7.12 - 7.23 (m, 1H, Ar-H), 6.93 

- 7.11 (m, 4H, Ar-H); 
13

C NMR (101 MHz, DMSO-d6) δ 170.9, 157.3, 157.2, 156.0, 

149.8, 133.0, 130.2, 128.2, 127.8, 127.8, 127.0, 123.9, 123.9, 119.1, 119.1, 119.1, 118.3, 

117.7, 117.6, 75.7; IR: (ATR) ν cm-1 3226.73, 1735.63, 1706.71, 1585.44, 1411.20, 

1335.52, 1237.09; HRMS: Found (M-Br) = 295.0730, calculated for C16H11N2O4 = 

295.0724 
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 36  

 

Methyl 2-(4-hydroxyphenyl)acetate (3g, 18.05 mmol), 4-bromophenyl boronic acid (7.25 

g, 36.10 mmol, 2 eq.), copper(II) acetate (3.28 g, 18.05 mmol, 1 eq.) and powdered 4 Å 

molecular sieves were dispersed in DCM (100 mL). Anhydrous pyridine (7.3 mL, 90.25 

mmol, 5 eq.) was added and the mixture was stirred at RT in ambient air for 48 h. The 

resulting green slurry was filtered and DCM was removed in vacuo. The residue was 

dispersed in Et2O (150 mL) and washed with 1M aqueous HCl (2 × 100 mL), saturated 

NaHCO3 solution (100 mL), H2O (100 mL) and brine (50 mL). The organic layer was 

dried over Na2SO4, filtered and concentrated to a dark orange oil. The product was isolated 

by flash column chromatography using Hex:EtOAc (6:1) as mobile phase as a pale yellow 

oil (1.62 g, 23.68%). 
1
H NMR (400 MHz, CDCl3) δ 7.36 - 7.45 (m, 2H, Ar-H), 7.20 - 7.27 

(m, 2H, Ar-H), 6.91 - 6.97 (m, 2H, Ar-H), 6.83 - 6.91 (m, 2H, Ar-H), 3.69 (s, 3H, CH3), 

3.59 (s, 2H, CH2); 
13

C NMR (101 MHz, CDCl3) δ 172.0, 156.4, 155.8, 132.6, 130.7, 

129.2, 120.4, 119.0, 115.6, 52.1, 40.3; IR: (ATR) ν cm
-1

 1735.22, 1505.65, 1232.05, 

1159.57, 820.27; HRMS: Found (M-H) = 318.9614, calculated for C15H12BrO3 = 

318.9975 
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A 60% suspension of NaH in paraffin oil (2.2836 g, 57.09 mmol, 3 eq.) was washed with 

hexane and dispersed in anhydrous THF (30 mL) under N2. Dimethyl carbonate (10.3 mL, 
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121.79 mmol, 6.4 eq.) was added and the mixture was heated to reflux at 90°C. Compound 

36 (6.1123 g, 19.03 mmol, 1 eq.) dispersed in 20 mL anhydrous THF was added dropwise 

over 1 h maintaining the usual precautions for anhydrous conditions. After 5 h reflux, the 

dark orange reaction mixture was poured onto iced-water and the product was extracted 

with DCM (50 mL × 3). The combined organic layers were washed successively with H2O 

(100 mL) and brine (30 mL), dried over Na2SO4 and filtered. The solvent was removed in 

vacuo to yield the product which could be used in the next step without further purification 

as a yellow-orange solid (6.1684 g, 85.5%).  Mp 41 - 42°C;  
1
H NMR (400 MHz, CDCl3) 

δ 7.45 (m, 2H, Ar-H), 7.38 (d, J = 8.71 Hz, 2H, Ar-H), 6.98 (d, J = 8.71 Hz, 2H, Ar-H), 

6.91 (d, J = 8.71 Hz, 2H, Ar-H), 4.65 (s, 1H, CH), 3.78 (s, 6H, CH3);  
13

C NMR (101 

MHz, CDCl3) δ 168.5, 157.0, 155.9, 132.7, 130.8, 127.6, 120.8, 118.7, 116.1, 56.7, 52.9; 

IR: ν cm
-1

 2948.97, 1741.43, 1727.73, 1480.78, 1199.60, 1096.36, 823.45; HRMS: Found 

(M-H) = 377.0024, calculated for C17H14BrO5= 377.0030 

 

 

  38 

Sodium (0.6762 g, 29.4 mmol, 2 eq.) was dissolved in HPLC grade C2H5OH (20 mL) and 

urea (1.5009 g, 25 mmol, 1.7 eq.) was added and dissolved. A solution of 37 (3.2763 g, 

10.91 mmol, 1 eq.) in HPLC grade C2H5OH was added dropwise and the reaction mixture 

was heated to reflux at 100°C under N2 for 7 h. After cooling to ambient temperature, the 

reaction mixture was poured onto iced-water and acidified to pH 2 with 1 M aqueous HCl. 

The yellow precipitate was collected by suction filtration. The solid was refluxed at 80°C 

in EtOAc:MeOH (3:1) for 2 h and the pure product was isolated by hot filtration as an off-

white solid (2.0596 g 37.3%). Mp 270 - 275°C decomposition; 
1
H NMR (400 MHz, 

DMSO-d6) δ 11.34 (br. s., 1H, NH), 10.62 (br. s., 1H, NH), 7.52 (d, J = 8.71 Hz, 2H, Ar-

H), 7.28 (br. s., 1H, Ar-H), 7.16 - 7.27 (m, 1H, Ar-H), 6.90 - 7.02 (m, 4H, Ar-H), 4.79 - 

4.91 (m, 1H) 
13

C NMR (101 MHz, DMSO-d6) δ 169.4, 156.5, 156.4, 151.1, 131.2, 130.2, 

129.3, 123.9, 122.2, 117.8, 54.4; IR: (ATR) ν cm
-1

 3249.15, 3070.17, 1755.10, 1717.00, 
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1598.77, 1356.03, 1235.86; HRMS: Found (M-H) = 372.9831, calculated for 

C16H10BrN2O4 = 372.9829 

 

 

  39 

 

A suspension of 38 (4.0225 g, 10.7 mmol, 1 eq.) in H2O 30 mL was cooled on an ice-water 

bath to 0°C and a mixture of Br2 (877 μL, 17.12 mmol, 1.6 eq) and 48% HBr (2150 μL, 

18.99 mmol, 1.78 eq.) was added dropwise while stirring. The mixture was stirred at 0 - 

5°C for 5 h and the precipitate was collected by filtration and washed with H2O (3 × 10 

mL) to afford the product as an off-white solid (4.56 g, 93.9%). Mp 155 - 158°C 

decomposition; 
1
H NMR (400 MHz, DMSO-d6) δ 11.54 (s, 2H, NH), 7.55 (d, J = 9.12 Hz, 

2H, Ar-H), 7.43 (d, J = 8.71 Hz, 2H, Ar-H), 7.06 (d, J = 8.71 Hz, 2H, Ar-H), 6.98 (d, J = 

9.12 Hz, 2H); 
13

C NMR (101 MHz, DMSO-d6) δ 170.9, 156.7, 155.6, 149.9, 133.5, 132.9, 

127.2, 121.1, 118.7, 115.6, 75.7; IR: (ATR) ν cm
-1

 3313.67, 3250.61, 1717.98, 1694.86, 

1477.83, 1328.42, 1244.48, 1203.99, 832.84; HRMS: Found (M-Br) =372.9832, 

calculated for C16H10BrN2O4 =372.9829 

  

 

 

 41 

 

To a solution of triethylene glycol monomethyl ether (compound 40) (2.5000 g, 15.2 

mmol) in anhydrous DCM (20 mL), p-toluenesulfonyl chloride (5.80 g, 30.4 mmol, 2 eq.) 

and NEt3 (4.26 mL, 30.4 mmol, 2 eq.) in DCM (2 mL) was added dropwise over an ice-

water bath under anhydrous conditions. After 20 min, the ice-bath was removed and the 

reaction allowed to come to RT. Upon completion of the reaction in 2 h as indicated by 
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TLC, crushed ice was added and stirred for 10 min. The cloudy aqueous phase was 

extracted with DCM (3 × 50 mL). The combined organic layers were successively washed 

with aqueous 1M HCL (20 mL), saturated NaHCO3 (20 mL), H2O (20 mL) and brine (10 

mL). The organic layer was then dried over Na2SO4, filtered and concentrated in vacuo. 

The product was isolated by flash column chromatography as a colourless oil (3.9182, 

81.0%). 
1
H NMR (400 MHz, CDCl3) δ 7.63 - 7.72 (m, J = 7.93 Hz, 2H, Ar-H), 7.19 - 7.29 

(m, J = 7.93 Hz, 2H, Ar-H), 4.01 - 4.08 (m, 2H, CH2), 3.54 - 3.60 (m, 2H, CH2), 3.45 - 

3.52 (m, 6H, CH2), 3.41 (d, J = 5.49 Hz, 2H, CH2), 3.25 (s, 3H, CH3), 2.33 (s, 3H, CH3); 

13
C NMR (101 MHz, CDCl3) δ 144.5, 132.7, 129.5, 127.6, 71.6, 70.4, 70.2, 69.0, 68.3, 

60.0, 58.6, 21.3; IR: (ATR) ν cm
-1

 2877.19, 1352.62, 1174.63, 1095.42, 916.50, 662.40; 

MS: Found (M + H) = 319.3430, calculated for C14H23O6S = 319.1215 
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Compound 41 (3.1839 g, 10 mmol, 1 eq.) was dissolved in DMF (20 mL). NaN3 (2.2754 g, 

35 mmol, 3.5 eq.) was added and the reaction was stirred at 60°C for a total of 24 h over 2 

days. The reaction mixture was poured onto H2O (60 mL). The aqueous mixture was 

extracted with Et2O (3 × 80 mL) and the combined organic fractions were washed with 

water (100 mL), dried over Na2SO4, filtered and concentrated to afford the product as a 

pale yellow oil (1.25 g, 66%). 
1
H NMR (400 MHz, CDCl3) δ 3.55 - 3.66 (m, 8H), 3.46 - 

3.51 (m, 2H), 3.27 - 3.36 (m, 5H) 
13

C NMR (101 MHz, CDCl3) δ 71.8, 70.5, 70.5, 70.4, 

69.9, 58.8, 50.5 

IR: (ATR) ν cm
-1

 2871.25, 2097.78, 1106.25. MS not found. 
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Compound 42 (1 g, 5.3 mmol) was dissolved in anhydrous THF (20 mL). 

Triphenylphosphine (1.5213 g, 5.8 mmol, 1.1 eq.) was added and the mixture was stirred 

under N2 for 12 h. The reaction mixture was poured onto 30 mL of water and stirred 

overnight. The precipitated solids were removed by filtration and the aqueous filtrate was 

extracted with DCM (3 × 30 mL). The product was isolated by concentration of the 

aqueous phase in vacuo as a viscous pale yellow oil (0.7015 g, 81.1%). 
1
H NMR (400 
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MHz, CDCl3) δ 3.50 - 3.60 (m, 6H), 3.37 - 3.48 (m, 4H), 3.25 – 3.30 (m, 3H), 2.76 (br. s., 

2H); 
13

C NMR (101 MHz, CDCl3) δ 73.0, 71.6, 70.3, 70.2, 70.0, 58.7, 41.4; IR: (ATR)  ν 

cm
-1

 3365.58, 2869.34, 1099.49; MS: Found (M + H) = 164.1766, calculated for 

C7H18NO3 164.1287 
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To a solution of 39 (0.22270 g, 0.5 mmol) in MeOH (5 mL), 43 (0.165 g, 1 mmol, 2 eq.) 

was added. The reaction was stirred at room temperature for 24 h. The product was 

isolated by flash column chromatography using EtOAc as the mobile phase as a yellow 

solid (0.1226 g, 54.7%). Mp 108 - 109°C;  
1
H NMR (400 MHz, DMSO-d6) δ 11.60 (s, 2H, 

NH), 7.56 (d, J = 8.71 Hz, 2H, Ar-H), 7.44 (d, J = 8.71 Hz, 2H, Ar-H), 6.90 - 7.12 (m, 4H, 

Ar-H), 3.37 - 3.61 (m, 10H, CH2), 3.22 (s, 3H, CH3), 2.94 (br. s., 1H, NH), 2.65 (br. s., 2H, 

CH2-N) 
13

C NMR (101 MHz, DMSO-d6) δ 170.6, 156.6, 155.5, 149.7, 133.2, 132.9, 

128.3, 121.1, 118.6, 115.5, 71.2, 70.3, 69.6, 69.6, 69.5, 69.4, 58.0, 43.9; IR: (ATR) ν cm
-1 

3091.24, 2858.97, 1735.37, 1705.44, 1346.55, 1482.98, 1237.87;  HRMS: Found (M-H) = 

534.0875, calculated for C23H26N3O7 = 534.0881  

 

  46 

 

To a solution of triethylene glycol (2.00 g, 13.32 mmol) in anhydrous DCM (5 mL), p-

toluenesulfonyl chloride (7.62 g, 39.96 mmol, 3 eq.) and NEt3 (5.6 mL, 39.96 mmol, 3 eq.) 

in DCM (2 mL) was added dropwise over an ice-water bath under anhydrous conditions. 
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After 20 min, the ice-bath was removed and the reaction allowed to come to RT. Upon 

completion of the reaction in 1 h as indicated by TLC, crushed ice was added and stirred 

for 10 min. The cloudy aqueous phase was extracted with DCM (3 × 20 mL). The 

combined organic layers were successively washed with aqueous 1M HCL (50 mL), 

saturated NaHCO3 (20 mL), H2O (20 mL) and brine solution (20 mL). The organic layer 

was then dried over Na2SO4, filtered and concentrated in vacuo. The product was isolated 

by flash column chromatography as a white solid (3.528 g, 55.0%). Mp 80 - 81°C; 
1
H 

NMR (400 MHz, CDCl3) δ 7.76 (d, J = 8.29 Hz, 4H, Ar-H), 7.32 (d, J = 7.88 Hz, 4H, Ar-

H), 4.06 - 4.17 (m, 4H, 2 × CH2), 3.59 - 3.67 (m, 4H, 2 × CH2), 3.49 (s, 4H, 2 × CH2), 2.42 

(s, 6H, 2 × CH3); 
13

C NMR (101 MHz, CDCl3) δ 144.7, 132.7, 129.7, 127.7, 70.4, 69.1, 

68.5, 21.4; IR: (ATR) ν cm
-1

 1596.92, 1353.17, 1174.19, 1132.30; MS: Found (M + Na) = 

481.2616, calculated for C20H26O8S2Na = 481.0961 
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Compound 46 (2.50 g, 5.45 mmol) was dissolved in DMPU (20 mL). NaN3 (0.7798 g, 

11.99 mmol, 2.2 eq.) was added and the reaction mixture was stirred for 24 hours. The 

solution was then poured onto H2O (50 mL) and this aqueous mixture was extracted with 

Et2O (3 × 20 mL). The organic layers were combined and washed with H2O (3 × 60 mL) 

and finally with saturated brine (20 mL). The organic layer was dried over Na2SO4, filtered 

and the solvent removed in vacuo to afford the product which did not require further 

purification as a yellow oil (0.9580 g, 87.8%). 
1
H NMR (400 MHz, CDCl3) δ 3.57 - 3.65 

(m, 8H), 3.32 (t, J = 4.77 Hz, 4H); 
13

C NMR (101 MHz, CDCl3) δ 70.3, 69.8, 50.3; IR: 

(ATR) ν cm
-1

 1302.89, 1123.05; MS: Found (M + H) = 201.0546, calculated for 

C6H13N6O2 = 201.1095 
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To a solution of 47 (0.7995 g, 3.99 mmol) in anhydrous THF (10 mL), triphenylphosphine 

(2.3024 g, 8.778 mmol, 2.2 equivalents) was added and the reaction mixture was stirred for 

6 h under anhydrous conditions at RT. The reaction was then poured onto H2O (20 mL) 

and stirred for a further 12 h. The solid precipitate was removed by filtration and the THF 
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removed in vacuo. The resulting aqueous solution was extracted with DCM (3 × 10 mL). 

The product was isolated from the aqueous phase by azeotropic removal of the H2O in 

vacuo with C2H5OH as an orange oil (0.4376 g, 74.0%). 
1
H NMR (400 MHz, DMSO-d6) δ 

3.51 (s, 4H), 3.37 - 3.44 (m, 4H), 2.67 (m, 4H); 
13

C NMR (101 MHz, MeOD) δ 72.6, 71.2, 

41.8; IR: (ATR) ν cm
-1

 3513.76, 3357.88, 1250.81; MS: Found (M + H) = 149.1987, 

calculated for C6H17N2O2 = 149.1285 
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To a solution of 48 (0.0308 g, 0.21 mmol) in MeOH (5 mL), 39 (0.2 g, 0.46 mmol, 2.2 eq) 

was added and stirred at RT for 24 hours. The precipitate was collected by filtration, 

washed with MeOH (2 × 1 mL) and dried to yield the product which did not require further 

purification as an off-white solid (0.1554g, 82.7%). Mp 250 - 253°C; 
1
H NMR (400 MHz, 

DMSO-d6) δ 9.18 (br. s., 4H, barbiturate N-Hs), 7.79 - 7.92 (m, 4H, Ar-H), 7.74 (br. s., 2H, 

N-H), 7.49 (d, J = 8.55 Hz, 4H, Ar-H), 6.90 (d, J = 8.55 Hz, 4H, Ar-H), 6.82 (d, J = 7.32 

Hz, 4H, Ar-H), 3.49 - 3.63 (m, 8H, 4 × -CH2O), 2.94 (t, J = 4.71 Hz, 4H, 2 × -CH2NH); 

13
C NMR (151 MHz, DMSO-d6) δ 163.7, 157.7, 151.2, 150.1, 132.9, 132.4, 130.7, 119.2, 

117.7, 113.6, 86.3, 69.4, 66.6, 38.6; IR: (ATR)  ν cm
-1

  3379.39, 1713.21, 1535.48, 

1239.84, 544.3. MS not found. 
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 51 

 

Compound 39 (0.7428 g. 1.6 mmol) was dispersed in MeOH (6 mL) and 4-piperidine 

ethanol (0.4134 g, 3.2 mmol, 2 eq.) was added. The resulting clear yellow solution was 

stirred at RT for 24 h. After removal of the MeOH in vacuo, the product was isolated by 

flash column chromatography with EtOAc:Hex (2:1) as the mobile phase as a white 

crystalline solid (0.5374 g, 66.9%). Mp 108 - 109°C; 
1
H NMR (400 MHz, DMSO-d6) δ 

11.59 (s, 2H, NH), 7.52 - 7.63 (m, 2H, Ar-H), 7.42 (d, J = 8.71 Hz, 2H, Ar-H), 6.95 - 7.11 

(m, 4H, Ar-H), 3.35 - 3.48 (m, 2H, CH2), 2.61 – 2.70 (m, 2H, CH2), 2.36 – 2.45 (m, 2H, 

CH2), 1.54 – 1.62 (m, 2H, CH2), 1.31 – 1.41 (m, 3H, CH2 + CH), 1.07 - 1.15 (m, 2H, CH2); 

13
C NMR (101 MHz, DMSO-d6) δ 170.1, 156.7, 155.4, 149.4, 132.9, 130.7, 129.7, 121.3, 

118.3, 115.6, 74.4, 58.2, 48.0, 32.7, 32.2, 14.1; IR: (ATR) ν cm
-1

  3063.98, 2927.43, 

2845.15, 1701.50, 1480.69, 1235.92; HRMS: Found (M-H) = 500.0816, calculated for 

C23H23BrN3O5 = 500.0827 

 

 52 

Compound 51 (0.4137 g, 0.82 mmol) was dissolved in anhydrous DCM (5 mL) under N2. 

With usual precautions for exclusion of air, NEt3 (114 μL, 0.82 mmol, 1 eq.) and 

methanesulfonyl chloride (64 μL, 0.82 mmol, 1 eq.) were added over an iced-water bath. 

After 30 min, the iced-water bath was removed and the reaction mixture was allowed to 

RT. The reaction was monitored by TLC and after 5 h a further 0.5 eq. of each of NEt3 and 

methanesulfonyl chloride was added. After a total reaction time of 24 h, the reaction was 

poured onto iced-water (20 mL) and allowed to stir for 10 min and the cloudy aqueous 

layer was extracted with DCM (3 × 50 mL). The combined organic layers were washed 
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with aqueous 1 M HCl (20 mL), saturated NaHCO3 (20 mL) and brine (20 mL), dried over 

Na2SO4 and filtered. The solvent was removed to afford the product as a white crystalline 

solid (0.4028 g, 84.6%). 
1
H NMR (400 MHz, DMSO-d6) δ 11.87 (br. s., 2H, NH), 7.52 - 

7.64 (m, 2H, Ar-H), 7.43 (d, J = 8.29 Hz, 2H, Ar-H), 6.95 - 7.17 (m, 4H, Ar-H), 4.22 (t, J 

= 6.43 Hz, 2H, CH2-OS), 3.16 (s, 3H, CH3), 2.6  -  2.8 (m, 4H, CH2), 1.57 - 1.80 (m, 4H, 

CH2), 1.50 (br. s., 1H, CH), 1.2 - 1.35 (m, 2H, CH2); 
13

C NMR (101 MHz, DMSO-d6) δ 

170.3, 155.6, 154.5, 148.6, 132.6, 129.5, 121.3, 121.2, 118.2, 118.0, 115.7, 109.2, 74.0, 

67.8, 48.5, 42.6, 36.1; IR: (ATR) ν cm
-1

  3220.33, 2933.68, 2845.38, 1701.58, 1324.87, 

1235.82, 1168.47; HRMS: Found (M-H) = 578.0591, calculated for C24H25BrN3O7S = 

578.0597  
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To a solution of 52 in ACN (2 mL), DABCO (0.0606 g, 0.54 mmol, 2 eq.) was added. The 

reaction mixture was stirred at RT for 7 d. The solvent was removed in vacuo and the 

residue was dissolved in 0.5 mL MeOH:H2O (1:1). The pure product was isolated by solid 

phase extraction using MeOH:H2O (1:1) as the eluting solvent as a light brown solid 

(0.0332 g, 20.0%). Mp 275 - 280°C decomposition; 
1
H NMR (400 MHz, DMSO-d6) δ 

7.56 (d, J = 8.71 Hz, 2H, Ar-H), 7.41 (d, J = 8.29 Hz, 2H, Ar-H), 6.95 - 7.07 (m, 4H, Ar-

H), 3.16 - 3.27 (m, 8H, CH2-N
+
), 2.94 - 3.07 (m, 6H, DABCO CH2), 2.62 - 2.70 (m, 2H, 

CH2), 2.38 - 2.47 (m, 2H, CH2), 1.54 – 1.66 (m, 4H, CH2), 1.15 - 1.30 (m, 3H, CH + CH2); 

13
C NMR (101 MHz, DMSO-d6) δ 172.4, 156.1, 155.7, 152.8, 132.9, 132.4, 129.8, 121.0, 

118.2, 115.4, 73.8, 61.6, 51.5, 47.8, 44.7, 33.6, 32.34, 27.4 IR: (ATR) ν cm
-1 

2931.42, 

1700.91, 1577.88, 1480.92, 1234.26 HRMS: Found (M) = 596.1875, calculated for 

C29H35BrN5O4 = 596.186 
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5.3 Biological methods – Chapter 2 

5.3.1 Reagents and materials 

Chemicals and biological materials required were commercially purchased and used as 

supplied except where stated. Plastic consumables were supplied by Greiner Bio-One 

International GmbH. Solvents were supplied by Trinity college hazardous materials facility 

(HMF) solvent stores. 

5.3.2 Cell culture 

Caco-2 (ATCC
® 

HTB-37™) cells were purchased from American Type Culture Collection 

(ATCC) (Manassas, VA). Cells were cultured in Dulbecco’s Modified Eagle’s Medium 

(DMEM) supplemented to contain 1 mM sodium pyruvate, 20% v/v FBS, gentamicin 5 

mg/L, streptomycin 10 mg/L, and penicillin G 6 mg/L. The cells were cultured in T-75 cm
2
 

vented cap cell culture flasks and incubated at 37°C in a humidified atmosphere of 95% air 

and 5% CO2. Medium was changed approximately every second day until the cells reached 

70 – 80% confluence at which point they were detached with trypsin and pelleted by 

centrifugation at 900 rpm in 10% v/v FBS containing medium. The pellet was resuspended 

in fresh 20% v/v FBS containing medium and split to new flasks at a subcultivation ratio of 

1:3. Cryopreservation was carried out in complete growth medium supplemented with 5% 

v/v DMSO as cryoprotective agent and vials were stored in the liquid nitrogen vapour 

phase. 

5.3.3 MMP-9 inhibition assay 

Recombinant human MMP-9 protein, (R & D Systems, Ireland) was activated by a final 

concentration of 1 mM APMA at 37°C for 24 h in TCNB buffer (50 mM Tris, 10 mM 

CaCl2, 150 mM NaCl  and 0.05% w/v Brij
® 

35 adjusted to pH 7.5). The enzyme was then 

incubated at 2 nM in TCNB buffer with the test inhibitory compound in duplicate at 37°C 

for 45 min in a black flat-bottomed 96-well plate (volume/well = 90 µL). After incubation, 

10 µL of 100 µM substrate for a final substrate concentration of 10 µM was added to each 

well and the increase in fluorescence was monitored at 10 time points over the first 10 min 

of reaction in a FLUOstar OPTIMA microplate reader (BMG LABTECH) with excitation 

and emission wavelengths set to 330 and 405 nm, respectively. The fluorescent substrate 

used was MCA-Pro-Leu-Gly-Leu-DPA-Ala-Arg-NH2 (R&D systems, UK). The increase 

in fluorescence was proportional to product release by remaining MMP-9 proteolytic 

activity and is linear with time as monitored here. The increase in fluorescence was plotted 
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as a function of time in Microsoft® Excel and the slope was calculated. The reduction in 

comparison to the slope of the positive control prepared as for test wells but with buffer in 

place of inhibitor test solution yielded a measure of inhibition. Test concentrations covered 

0% to 100% inhibition and non-linear regression analysis of the % inhibition as a function 

of the Log of concentration in GraphPad Prism
® 

5 established an IC50 and 95% CI for the 

test compound. 

 

5.3.4 Stability of compound 53 in the environments of the GIT 

5.3.4.1 Stability of compound 53 in Gastric fluid, Simulated, TS 

Gastric fluid, Simulated, TS was prepared according to the test solution monograph in the 

USP 33-28NF (2010).
167

 

To prepare a final volume of 10 mL, 0.02 g NaCl and 0.0320 g of pepsin were dissolved in 

0.07 mL of conc. HCl and sufficient dd H2O to make 10 mL. 

 

Compound 53 was prepared at a concentration of 100 µM in 1.5 mL simulated gastric 

fluid. An aliquot of 150 µL was removed immediately as the time zero sample and the test 

solution was incubated in a water-bath at 37°C.  Further sample aliquots were taken at time 

10 min, 20 min, 30 min, 1 h, 2 h and 4 h. Once taken, samples were centrifuged at 14,000 g 

for 5 min and 100 µL was immediately analysed by HPLC. 

 

5.3.4.2 Stability of compound 53 in Intestinal fluid, Simulated, TS 

Intestinal fluid, Simulated, TS was prepared according to the test solution monograph in 

the USP 33-28NF (2010).
167

 

To prepare a final volume of 10 mL, 0.068 g of KH2PO4 was dissolved in 2.5 mL of ddH20 

and 0.77 mL of 0.2 M NaOH and 5 mL of ddH2O were added. Pancreatin (0.1 g) was 

added and gently mixed. The pH was adjusted to pH 6.8 and the solution was brought to 

final volume. 

 

Compound 53 was prepared at a concentration of 100 µM in 1.5 mL simulated intestinal 

fluid. An aliquot of 150 µL was removed immediately as the time zero sample and the test 

solution was incubated in a water-bath at 37°C.  Further sample aliquots were taken at time 
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10 min, 20 min, 30 min, 1 h, 2 h, 4 h and 6h. Once taken, samples were centrifuged at 

14,000 g for 5 min and 100 µL was immediately analysed by HPLC. 

 

5.3.5 Caco-2 cell uptake assay 

5.3.5.1 Assay procedure 

Caco-2 cells were cultured in T-25 flasks until confluent. For the uptake assay, the medium 

was removed and replaced by the test drug solution at 10 µM in supplement-free medium. 

The flask was incubated at 37°C for 30 min. After incubation, a 1 mL sample of the 

medium was collected. Medium remaining in the flask was aspirated to waste and the cells 

were washed three times with 1 mL of cold PBS. The cells were then scraped into 1 mL of 

PBS and collected. Conditioned media samples and cell samples were stored at -20°C for 

future analysis by HPLC.  

5.3.5.2 HPLC analysis 

The conditioned media samples were centrifuged at 13,000 rpm for 5 min and the 

supernatant transferred to a HPLC vial for direct analysis. The cell samples in PBS were 

gently centrifuged at 1,000 rpm for 5 min to form a cell pellet. The PBS was removed and 

200 µL of acetonitrile was added to the pellet and vortexed. The samples were sonicated 

for 30 min to aid cell lysis. The lysate was centrifuged at 13,000 rpm for 5 min and the 

supernatant transferred to a HPLC vial for analysis. HPLC analysis was performed on an 

XBridge C18 column (Waters, USA) in isocratic mode at 25°C. The mobile phase 

consisted of ddH2O + 0.1% v/v formic acid and acetonitrile (50:50 v/v) at a flow rate of 1 

mL/min. UV detection was carried out at 254 nm. 
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5.3.6 In vivo assessment of compound 53 in a murine DSS colitis model 

Male BALB/c mice were randomly assigned to experimental groups and allowed to settle 

to conditions for 10 days before induction of colitis. Animals were ear punched for 

identification. On day 0, the usual drinking water of the DSS group and the treatment 

group was replaced with DSS 5% w/v in the usual drinking water. The DSS dispersion was 

sonicated to a clear solution and monitored daily for any signs of turbidity and replenished 

or replaced as appropriate. The sham group continued to drink the usual drinking water. 

The treatment group were administered compound 53 at a dose of 10 mg/Kg by oral 

gavage once daily in the morning from day 0 to day 6 and the DSS group received the 

water vehicle by oral gavage. All animals were monitored daily and assigned a disease 

activity index (DAI) score for weight loss, stool consistency and presence of blood. These 

scores were combined and averaged to generate the daily score. At the endpoint of the 

experiment on day 6, animals were euthanized by cervical dislocation by Dr. Carlos 

Medina, School of Pharmacy, Trinity College, Dublin. A mid-laparotomy was performed 

and the distal colon was removed and divided into three. One specimen was immediately 

snap frozen in liquid nitrogen for protein analysis and transferred to -80°C for storage. One 

specimen was retained for RNA isolation by immersing in RNAlater® (Ambion™, 

Ireland) solution and stored at 4 - 8°C for 24 h to allow the solution to permeate the tissue 

and then transferred to -20°C for longer term storage. The final specimen for histological 

assessment was immersed in neutral buffered 10% formalin for 48 h before transfer to 70% 

v/v ethanol for longer term storage. 

 

5.3.7 Histological analysis 

5.3.7.1 Preparation of buffered 10% v/v formalin solution  

A phosphate solution was prepared by dissolving 0.55 g of NaH2PO4 and 2.27 g of 

Na2HPO4 in 90 mL of ddH2O. To 8 g of paraformaldehyde, a solution of two pellets of 

NaOH in 100 mL of ddH2O at 65°C was added and stirred to a clear solution. If the 

solution is not clear, more NaOH pellets are to be added until the pH is raised enough to 

cause the PFA to go into solution.  The phosphate solution was added to the PFA solution 

and allowed to cool to room temperature. The pH was adjusted to pH 7.4 and the solution 

brought to final volume of 200 mL with ddH2O. The buffered 10% v/v formalin solution 

was stored at 4°C and given an expiry of one month. 
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5.3.7.2 Tissue processing 

Colon tissue sections for histological analysis had been fixed in neutral buffered 10% v/v 

formalin for 48 h before transfer to 70% v/v ethanol for long term storage. A 5 mm section 

of each sample was cut and placed in an individually labelled embedding cassette and 

processed using the TP1020 Automatic Tissue Processor (Leica
®
, Microsystems, Ireland). 

This automated instrument subjected the tissue samples to the following 10 step treatment 

protocol.  

Tissue processing treatments 

Treatment                                                                                                    Duration (h) 

 

70% ethanol             1 

80% ethanol                1 

95% ethanol             1 

100% ethanol               1 

100% ethanol                    1 

50% ethanol / 50% xylene                               1 

100% xylene                                                  1 

100% xylene                                             1 

100% paraffin                                    1 

100% paraffin                                                  1                          

 

Following processing each colon sample was individually embedded in paraffin using the 

Leica EG1150H Heated Paraffin Embedding Module (Leica®, Microsystems, Ireland). 

Briefly, tissue samples were removed from their cassettes and sections were inserted into 

plastic moulds filled with molten liquid paraffin at 61°C. The moulds were moved to a 

cold plate and the samples quickly orientated with the longitudinal axis perpendicular to 

the base of the mould. The labeled cassette was placed on top of the mould for sample 

identification and set with more liquid paraffin. The moulds were kept on the cold plate 

until fully solidified. Paraffin wax embedded samples were stored at 4°C. 

To section, the embedded samples were removed from the moulds and 5 μm sections were 

cut using the Leica RM2235 Manual Rotary Microtome (Leica®, Microsystems, Ireland). 

Sectioned tissue was mounted on labeled glass slides in a water bath at 45°C, placed in a 

slide rack and left at 55°C overnight to dry. 
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5.3.7.3 Hematoxylin and eosin (H&E) staining 

Slides were stained, in a slide rack, by the following sequence of treatments. Excess was 

removed between each treatment 

- 10 immersions in xylene  

- 10 immersions in  fresh xylene 

- 10 immersions in 100% ethanol 

- 10 immersions in 90% ethanol 

- 10 immersions in 70% ethanol,  

- 10 immersions in tap water 

- 5 min in Sellafield’s hematoxylin, dipping periodically 

- 40 immersions in running tap water 

- 2 min in standard eosin 

- 40 immersions in running tap water 

- 10 immersions in 70% ethanol 

- 10 immersions in 90% ethanol 

- 10 immersions in 100% ethanol 

- 10 immersions in xylene 

Finally, the entire slide rack was immersed in fresh xylene. The slides were removed one at 

a time, mounted with 2-3 drops of Surgipath
®
 Sub-X

®
 mounting medium (Leica

®
, 

Microsystems, Ireland) and coverslipped. 

5.3.7.4 H&E histological analysis  

H&E slides were viewed using the Olympus BX51 research microscope (Olympus Inc., 

Tokyo, Japan). Colitis severity was assessed by blind scoring of colon inflammatory cell 

infiltration (0-3) and tissue damage (0-3) as outlined below in Table 5. 
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Table 5. Histological scoring system for colon samples from the DSS colitis model 

Infiltration                                                                                                                Score 

Occasional infiltration in lamina propria                                  0 

Increased infiltrate in lamina propria (predominantly at base of crypts)       1 

Extension of infiltrate into mucosa                                                              2 

Transmural extension of infiltrate                                              3 

                                                                                                                                            

Tissue damage                                                                                                       Score 

No mucosal damage                                                                        0 

Partial (<50%) loss of crypts in large areas                               1 

Partial to total (50-100%) loss of crypts in large areas                   2  

Total loss of crypts in large areas and epithelial loss                      3  

 

5.3.8 Zymography 

5.3.8.1 Zymography buffer and reagent solution preparation 

Stacking buffer was prepared by dissolving Tris base (6.05 g) in 40 mL ddH2O and 

adjusting to pH 6.8. SDS (0.4 g) was dissolved in the Tris solution and it was brought to 

100 mL final volume with ddH2O. Stacking buffer was stored at 4 - 8°C. 

Zymography loading buffer 4×  was prepared by dissolving SDS (0.8 g) and 

bromophenol blue (0.2 mg) in stacking buffer (5 mL), glycerol (4 mL) and ddH2O (400 

µL) with sonication. The solution was stored in aliquots at -20°C. 

Resolving buffer was prepared by dissolving Tris base (91 g) in 300 mL ddH2O and 

adjusting to pH 8.8 before bringing to 500 mL final volume with ddH2O. Resolving buffer 

was stored at 4 - 8°C. 

Separating gel sufficient for two gels was prepared immediately before use by mixing 

acrylamide 30% (2 mL), resolving buffer (1.875 mL), gelatin (750 µL (20 mg/mL, 1% w/v 

SDS)) and ddH2O (2.875 mL) before adding APS (25 µL) and TEMED (5 µL) and 

vortexing vigorously. 
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Stacking gel sufficient for two gels was prepared immediately before use by mixing 

acrylamide 30% (650 µL), stacking buffer (1.25 mL) and ddH2O (3 mL) before adding 

APS (25 µL) and TEMED (5 µL) and vortexing vigorously. 

Zymography incubation buffer was prepared by dissolving NaCl (9 g), CaCl2 (0.735 g) 

and NaN3 (0.5 g) in 500 mL ddH2O, adding 2M Tris HCl pH 7.6 and making to 1000 mL 

final volume with ddH2O. Zymography incubation buffer was stored at 4 - 8°C. 

Staining solution was prepared by dissolving Coomassie blue G-250 (250 mg) in MeOH 

(250 mL), CH3COOH (100 mL) and ddH2O (650 mL). Staining solution was stored at RT. 

Destaining solution was prepared by mixing MeOH (40 mL), CH3COOH (80 mL) and 

ddH2O (880 mL). Destaining solution was stored at RT. 

5.3.8.2 Tissue preparation 

Tissue samples for protein analysis were prepared in 300 µL homogenization buffer 

(Trizma HCl 50 mM, NaCl 150 mM, Igepal CA 640 1% w/w in ddH2O adjusted to pH 7.5 

with aprotinin 60 µg/mL and leupeptin 10 µg/mL as protease inhibitors) with a 

Microson™ ultrasonic cell disrupter over ice and aliquoted to avoid multiple freeze-thaw 

cycles. 

5.3.8.3 Bradford Protein assay 

The dye reagent was prepared by diluting 1 part dye reagent concentrate with 4 parts 

double deionised water. Bovine serum albumin was used as a protein standard and serial 

dilutions were prepared in ddH2O water from 400 µg/mL to 25 µg/mL as well as a blank of 

0 µg/mL. Each standard and sample (10 µL) was pipetted into separate 96-well plate wells 

and 200 µL of diluted dye reagent was added to each well. All samples and standards were 

assayed in duplicate and samples were diluted as required to within the working range of 

the assay. The plate was incubated at room temperature for a minimum of 5 minutes with 

mixing on a plate rocker. No sample was incubated for more than 60 minutes. The 

absorbance of each well was measured at 595 nm on a FLUOstar OPTIMA microplate 

reader (BMG LABTECH) and Optima software. A standard curve of absorbance as a 

function of concentration was prepared and used to calculate the total protein concentration 

in the samples. 
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5.3.8.4 Zymography 

Samples were normalized for total protein and mixed with one part loading buffer to three 

parts sample (18 µL normalized sample + 6 µL loading buffer). The samples were 

vortexed, centrifuged briefly at 13,000 rpm to spin the contents to the bottom of the tube 

and placed on ice until loaded onto the gel. A positive control was prepared by taking 4 µL 

conditioned media from PMA stimulated HT1080 cells, 14 µL ddH2O and 6 µL loading 

buffer. 

The zymography gel was prepared between glass plates with spacers. The separating gel 

was prepared, vortexed vigorously and pipetted between the glass plates. It was overlaid 

with ddH2O and allowed to set (40 – 60 mins). Once set, the H2O was poured from the 

separating gel and the stacking gel was pipetted on to the separating gel. A comb was 

inserted between the plates to create the lanes for sample loading in the stacking gel and it 

was allowed to set. The gels were assembled in the electrophoresis clamp, the combs 

removed and 20 µL of sample was loaded into each lane using a fine gel loading tip always 

loading the HT1080 control on the left hand side of the gel. The electrophoresis was run in 

electrophoresis buffer (25 mM Tris, 192 mM glycine, 0.1% w/v SDS, pH 8.3) using a Bio-

Rad Power Pac HC at 150 V for approximately 2 h until approximately 15 min after the 

blue dye front had exited the gel. The gels were removed from the glass, the stacking 

portion of the gel was removed and the gels were washed by rocking in 2.5% v/v triton 

buffer three times for 20 min. The gels were then washed twice for 20 min in zymography 

buffer before incubation at 37°C in a water-bath in fresh zymography buffer until 

appearance of the digested bands. The gels were stained by rocking in staining solution for 

three hours before destaining by rocking in destaining solution. The gels were stored in 

destaining solution until analysis. The gelatinase bands were detected as clear bands 

against a blue background and quantified by densitometry using the gel documentation 

system ChemiDoc™ XRS system Universal hood II (Bio-Rad laboratories, Inc.) and 

Quantity One 4.6 software. 
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5.3.9 RNA isolation, reverse transcription and PCR analysis of the 

retained colon samples 

5.3.9.1  RNA Isolation 

Total RNA was isolated using the RNAqueous® Kit (Applied Biosystems) and all reagent 

components required were provided in the kit. Tissue samples were removed from 

RNAlater® solution and excess solution was removed by blotting on a tissue culture wipe. 

In a nuclease-free eppendorf, the lysate was prepared for RNA isolation by manual 

homogenisation with a plastic tissue disruption pestle in 200 µL of lysis/binding solution. 

An equal volume of 64% v/v ethanol was added and gently vortexed to mix. This 

lysate/ethanol mixture was pipetted on to a filter cartridge assembled in a collection tube 

and drawn through the filter by centrifugation at 14,000 rpm for 1 min. The flow-through 

was discarded and the collection tube and filter cartridge were reassembled. Wash solution 

#1 (700 µL) was applied to the filter cartridge, drawn through the filter by centrifugation at 

14,000 rpm for 30 sec and discarded. The filter was then washed in the same manner with 

500 µL of Wash Solution #2/3. The flow through was then discarded and the filter washed 

with a second 500 µL aliquot of wash Solution #2/3. After discarding the flow-through of 

the last wash, the filter cartridge was subjected to another centrifugation step to remove 

any remaining wash solution. The RNA was then eluted from the filter cartridge by 

treatment with elution solution preheated to 80°C. The cartridge was assembled in a clean 

collection tube and 40 µL of elution buffer was pipetted onto the centre of the filter. The 

RNA containing elution buffer was collected by centrifugation at 14,000 rpm for 30 sec. 

To maximise recovery of RNA, a second elution step was carried out using 10 µL of 

elution buffer. Isolated RNA was stored at -80°C. 

5.3.9.2 RNA Quantification 

Isolated RNA was quantified using a NanoDrop ND-1000 spectrophotometer (Fisher 

Scientific Ireland Ltd., Dublin, Ireland) and ND-1000 software. The instrument was 

initialized with 1 µL of nuclease free water and blanked with elution solution. RNA 

concentration wass calculated from the absorbance of the sample at 260 nm by loading 1 

µL of sample onto the lower optical platform.The software returned the concentration in 

ng/µL as well as the 260 nm/280 nm ratio which provided a measure of RNA purity. 
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5.3.9.3 Reverse Transcription 

Total RNA was quantitatively converted to single-stranded cDNA for PCR applications 

using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) according 

to the manufacturer’s protocol. The kit components were allowed to thaw on ice. A 2× 

mastermix was prepared for the number of reactions to be performed as in Table 6 with an 

excess of 10% to allow for losses in reagent transfer. The mastermix was mixed gently and 

placed on ice. 
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Table 6 Reaction components for reverse transcription 

Kit component Volume (µL)/Reaction 

10× RT Buffer 2.0 

25× dNTP Mix (100 mM) 0.8 

10× RT Random Primers 2.0 

Multiscribe™ Reverse Transcriptase 1.0 

Nuclease-free H2O 4.2 

Total per reaction 10.0 

 

The prepared mastermix (10 µL) was pipetted into an individual nuclease free 50 µL tube 

for each reaction. The RNA templates were diluted with nuclease free water to 1 µg/ 100 

µL and 10 µL was added to the mastermix for a final concentration of 100 ng/20 µL for 

reverse transcription. The tubes were inverted several times to mix and centrifuged briefly 

to spin down the contents and remove air bubbles. Reverse transcription was performed in 

a Realplex Mastercycler (Eppendorf UK Ltd.) The reaction volume was set to 20 µL and 

the heat cycles programmed as in Table 7. 

Table 7 Thermocycler program for reverse transcription 

Settings Step 1 Step 2 Step 3 Step 4 

Temperature 25°C 37°C 85°C 4°C 

Time 10 min 120 min 5 min ∞ 

 

The samples were kept at 4°C in the thermal cycler until collection, briefly centrifuged and 

stored at -20°C.  

5.3.9.4 Polymerase chain reaction 

The Taqman assays and cDNA samples were thawed on ice. When fully thawed, they were 

vortexed gently to resuspend and centrifuged briefly.  The cDNA samples (1.5 µL) were 

transferred to the required wells of a MicroAmp® Fast Optical 96-well reaction plate 

(ThermoFisher scientific) which was chilled in a 96-well freeze block while the plate was 

prepared. For each sample, the assay for the endogenous control 18S was performed as 

well as the gene expression assay(s) of interest. The gene expression assays employed are 

listed in Table 8.  A no template control (NTC) was also included. 
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Table 8 Gene symbols and assay IDs of Taqman gene expression assays used. All 

primer/probe sets were pre-designed by Applied Biosystems 

Target gene Taqman gene expression assay ID 

18S Hs99999901_s1 

TNF Mm00443258_m1 

IL-1β Mm00446190_m1 

IL-6 Mm00446190_m1 

 

A reaction mix was prepared for 18S and the gene(s) of interest as outlined in Table 9. 

Sufficient mastermix was prepared for each reaction plus 10% excess to allow for loss in 

pipette transfer. The reaction mixes were vortexed to mix and briefly centrifuged to spin 

down the contents and eliminate air bubbles. The reaction mix (18.5 µL) was transferred to 

the required wells and the plate was sealed with a MicroAmp
®
 Optical Adhesive Film. 

 

Table 9 Components of reaction mix for a PCR reaction to be mixed with 1.5 µL cDNA for 

a total reaction volume of 20 µL 

Components Volume (µL) per reaction 

Taqman
® 

Universal PCR MasterMix II, with UNG 10.0 

Taqman® gene expression assay 1.0 

Nuclease-free H2O 7.5 

 18.5 (Total volume) 

 

The plate was centrifuged briefly to spin down the contents and eliminate air bubbles. The 

reaction was performed in a Viia™ 7 Real-Time PCR System (ThermoFisher Scientific 

Ma, USA) in standard mode with a reaction volume of 20 µL using the thermal cycling 

parameters in Table 10. 
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Table 10 Thermocycler program for PCR 

 

Reaction Phase 

UNG 

Incubation 

Polymerase 

activation 

 

PCR (40 cycles) 

Temp (°C) 50 95 95 60 

Time (mm:ss) 2:00 10:00 00:15 1:00 

 

5.3.10  Statistical analysis 

Analysis of results was carried out using GraphPad Prism® 5 for Windows (GraphPad 

software, USA). Results for more than three groups were analysed using one way ANOVA 

and Bonferroni’s post-hoc test was run only if p < 0.05 unless otherwise stated. Histograms 

are presented as the mean ± SEM and statistical significance was judged as a p value < 

0.05. Linear regression analysis was used for correlations with r
2
 quoted and graphs were 

plotted in Microsoft® Excel. 

 

5.4 Synthesis – Chapter 3 
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Compound 39 (0.3500 g, 0.77 mmol) was dissolved in MeOH (5 mL) and piperazine 

(0.1327 g, 2 eq.) was added. The reaction was stirred at RT. After 24 h, the precipitate 

formed was collected by filtration, washed with MeOH (2 × 1 mL) and allowed to dry 

affording the product as an off-white solid (0.1906 g, 53.9%). Mp 240 – 245°C 

decomposition; 
1
H NMR (400 MHz, DMSO-d6) δ 9.02 (br. s., 2H, N - H), 7.85 - 7.95 (m, 

J = 8.71 Hz, 2H, Ar-H), 7.46 - 7.52 (m, J = 8.71 Hz, 2H, Ar-H), 6.86 - 6.92 (m, J = 8.71 

Hz, 2H, Ar-H), 6.75 - 6.83 (m, J = 8.71 Hz, 2H, Ar-H), 2.72 – 2.79 (m, 4H, CH2), 2.54 – 

2.61 (m, 4H, CH2); 
13

C NMR (101 MHz, DMSO-d6) δ 170.7, 157.1, 155.9, 150.5, 133.3, 

132.9, 130.3, 121.7, 118.8, 116.1, 74.7, 48.7, 46.2, 44.6; IR: (ATR) ν cm
-1

 3050.71, 
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1699.82, 1665.72, 1541.00, 1481.31, 1395.39, 1231.14; HRMS: Found (M+H) = 

459.0660, calculated for C20H20BrN4O4 = 459.0662 

 

 71 

 

Compound 39 (0.3500 g, 0.77 mmol) was dissolved in MeOH (5 mL) and homopiperazine 

(0.1542 g, 2 eq.) was added. The reaction was stirred at RT. After 24 h, the precipitate 

formed was collected by filtration, washed with MeOH (2 × 1 mL) and allowed to dry 

affording the product as a pale yellow solid (0.1225 g, 33.6%). Mp 233 - 234°C 

decomposition; 
1
H NMR (400 MHz, DMSO-d6) δ 7.51 - 7.69 (m, 2H, Ar-H), 7.31 - 7.51 

(m, 2H, Ar-H), 6.85 - 7.14 (m, 4H, Ar-H), 2.85 – 3.06 (m, 2H, CH2), 2.55 – 2.84 (m, 6H, 

CH2), 1.50 – 1.69 (m, 2H, CH2);
 13

C NMR (101 MHz, DMSO-d6) δ 172.1,157.3,155.8, 

150.6, 130.2, 129.4, 124.0, 121.3, 119.3, 118.0, 115.7, 76.3, 53.0, 50.7, 49.6, 45.7, 29.8; 

IR: (ATR) ν cm
-1

  3060.40, 1710.28, 1660.71, 1482.64, 1396.92, 1248.83, 828.90; MS: 

Found (M – H) = 471.2906, calculated for C21H20BrN4O4 = 471.0668 

 

 72 

To a stirred solution of LCA (0.1205 g, 0.32 mmol, 1 eq.), 70 (0.1470 g, 0.32 mmol, 1 eq.) 

and DIPEA (111 µL, 0.0827 g, 2 eq.) in anhydrous DMF (4 mL) over an ice-water bath, 

COMU (0.1370 g, 0.32 mmol, 1 eq.) was added. The reaction mixture was stirred under N2 

at 0°C for 1 h before allowing to RT overnight. The yellow  solution was poured onto H2O 
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(50 mL) and extracted with DCM (3 × 60 mL).The combined organic layers were washed 

with aqueous 1 M HCl (50 mL), saturated NaHCO3 solution (30 mL), H2O (30 mL) and 

brine (30 mL), dried over Na2SO4, filtered and concentrated. The product was isolated by 

flash column chromatography using EtOAc:Hex (2:1) as the mobile phase as a white 

crystalline solid (0.1992 g, 76.1%). Mp 195 - 200°C decomposition; 
1
H NMR (600 MHz, 

DMSO-d6) δ 11.64 (s, 2H, 2 × N-H), 7.57 (d, J = 9.03 Hz, 2H, Ar-H), 7.41 - 7.47 (m, J = 

9.03 Hz, 2H, Ar-H), 7.05 - 7.10 (m, J = 9.04 Hz, 2H, Ar-H), 7.03 (d, J = 9.04 Hz, 2H, Ar-

H), 4.43 (d, J = 4.52 Hz, 1H, 3α-OH), 3.53 - 3.59 (m, 2H, -N-CH2), 3.34 - 3.39 (m, 1H, 

shouldered on H2O peak, 3β-H), 3.03 - 3.10 (m, 2H, -N-CH2), 2.57 – 2.62 (m, 2H, -N-

CH2), 2.51 - 2.55 (m, 2H, -N-CH2), 0.84 - 0.89 (m, 6H, 2 × CH3 ), 0.60 (s, 3H, CH3); 
13

C 

NMR (151 MHz, DMSO-d6) δ 170.9, 169.8, 157.0, 155.2, 149.3, 132.9, 129.8, 129.7, 

121.4, 118.5, 115.8, 74.1, 69.8, 65.9, 56.0, 55.5, 47.6, 47.0, 42.3, 41.5, 40.0, 36.3, 35.4, 

35.1, 35.0, 34.2, 31.0, 30.4, 29.3, 27.7, 26.9, 26.1, 23.9, 23.2, 20.4, 18.3, 11.8; IR: (ATR) ν 

cm
-1

  2927.49, 2860.25, 1736.35, 1702.36, 1608.73, 1481.51, 1236.81, 828.19; MS: Found 

(M – H) = 815.5923, calculated for C44H56BrN4O6 = 815.33 
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To a stirred solution of LCA (0.1205 g, 0.32 mmol), 71 (0.1505 g, 0.32 mmol, 1 eq.) and 

DIPEA (111 µL, 0.0827 g, 2 eq.) in anhydrous DMF (4 mL) over an ice-water bath, 

COMU (0.1370 g, 0.32 mmol, 1 eq.) was added. The reaction mixture was stirred under N2 

at 0°C for 1 h before allowing to RT overnight. The yellow-orange solution was poured 

onto H2O (50 mL) and extracted with DCM (3 × 60 mL). The combined organic layers 

were washed with aqueous 1 M HCl (50 mL), saturated NaHCO3 solution (30 mL), H2O 

(30 mL) and brine (30 mL), dried over Na2SO4, filtered and concentrated to a white solid. 

The product was isolated by flash column chromatography using EtOAc:Hex (2:1) a 

mobile phase as a yellow solid (0.1298 g, 48.8%). Mp 185 – 189°C decomposition; 
1
H 
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NMR (600 MHz, DMSO-d6) δ 11.54 (br. s., 2H, barbiturate N-Hs), 7.53 - 7.61 (m, 2H, Ar-

H), 7.43 (d, J = 9.03 Hz, 2H, Ar-H), 6.99 - 7.10 (m, 4H, Ar-H), 3.54 - 3.58 (m, 1H, CH2), 

3.50 -3.52 (m, 1H, CH2), 3.48 - 3.51 (m, 3H), 2.75 – 2.8 (m, 1H, CH2), 2.59 - 2.69 (m, 3H, 

CH2s), 0.85 - 0.90 (m, 6H, 2 × CH3), 0.60 (d, J = 5.27 Hz, 3H, CH3); 
13

C NMR (151 MHz, 

DMSO-d6) δ 171.9, 170.7, 157.1, 155.1, 149.4, 132.9, 131.4, 129.2, 121.5, 118.4, 115.9, 

76.7, 69.8, 56.0, 55.6, 53.0, 51.0, 49.3, 45.9, 42.3, 41.5, 36.3, 35.4, 35.1, 35.0, 34.2, 31.2, 

31.1, 30.4, 29.4, 27.7, 26.9, 26.1, 23.8, 23.2, 20.4, 18.4, 11.9; IR: (ATR) ν cm
-1

  2927.94, 

2854.75, 1735.13, 1702.55, 1481.24, 1234.40, 827.43; MS: Found (M – H) = 829.5978, 

calculated for C45H58BrN4O6 = 829.3545 
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To a solution of 39 (0.50 g, 1.10 mmol) in DMPU (10 mL), NaN3 (0.08 g, 1.21 mmol, 1.1 

eq.) was added and the mixture was stirred at RT for 24 h. The reaction mixture was 

poured onto H2O (40 mL) and extracted with EtOAc (50 mL × 3). The combined organic 

layers were washed successively with H2O (100 mL × 5) and brine (50 mL), dried over 

Na2SO4, filtered and concentrated. The product was isolated by flash column 

chromatography with a mobile phase of hexane:ethyl acetate( 2:1)  as an off-white solid 

(0.2540 g, 55.5%). The product was stored protected from light. Mp 180ºC decomposition; 

1
H NMR (400 MHz, DMSO-d6) δ 11.79 (s, 2H, 2 × N-H), 7.54 - 7.63 (m, 2H, Ar-H), 7.37 

- 7.46 (m, 2H, Ar-H), 7.11 - 7.19 (m, 2H, Ar-H), 7.03 - 7.10 (m, 2H, Ar-H); 
13

C NMR 

(101 MHz, DMSO-d6) δ 167.5, 158.3, 155.3, 149.9, 133.4, 128.9, 128.7, 122.1, 119.3, 

116.6, 70.9; IR: (ATR) ν cm
-1 

3099.39, 2123.11, 1723.72, 1697.35, 1247.53; HRMS: 

Found (M – H) = 413.9833, calculated for C16H9BrN5O4 = 413.9843 
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Copper sulfate pentahydrate (1.8 mg, 0.0072 mmol, 0.03 eq.) and sodium ascorbate (15.8 

mg, 0.08 mmol, 0.33 eq.) were mixed in of t-butanol: H2O (1:1) (1 mL) and added to a 

dispersion of 74 (0.1 g, 0.24 mmol, 1 eq.) in t-butanol: H2O (1:1) (5 mL). Propargyl 

alcohol (28 µL, 0.48 mmol, 2 eq.) was added and the mixture was stirred at RT for 48 h. 

The t-butanol was removed in vacuo to an aqueous residue. H2O (20 mL) was added and 

the cloudy mixture was extracted with EtOAc (3 × 30 mL). The combined organic layers 

were successively washed with H2O (50 mL) and brine (20 mL), dried over Na2SO4, 

filtered and concentrated in vacuo. The product was isolated by flash column 

chromatography using a step gradient of EtOAc:Hex (2:1) to EtOAc as an off-white solid 

(0.0907 g, 80.27%). Mp 160 -165ºC decomposition; 
1
H NMR (400 MHz, DMSO-d6) δ 

12.16 (br. s., 2H, NH), 7.93 (s, 1H, triazole), 7.61 (d, J = 7.88 Hz, 2H, Ar-H), 7.40 (d, J = 

7.88 Hz, 2H, Ar-H), 7.05 - 7.28 (m, 4H), 5.25 (br. s., 1H, OH), 4.53 (s, 2H, CH2); 
13

C 

NMR (101 MHz, DMSO-d6) δ 166.3, 158.4, 154.7, 149.1, 147.3, 133.1, 130.0, 125.4, 

124.5, 121.9, 118.7, 116.3, 54.9; IR: (ATR) νcm
-1 

3066.53, 1716.94, 1480.42, 1239.91; 

HRMS: Found (M – H) = 470.0112, calculated for C19H13BrN5O5 = 470.0106 
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LCA (0.5 g, 1.33 mmol) was dissolved in anhydrous DMF (5 mL). DIPEA (464 µL, 2.66 

mmol, 2 eq.) and propargyl amine (0.1217 g, 1.33 mmol, 1 eq.) were added and the 

mixture was cooled under N2 over an ice-water bath before addition of COMU (1.1392 g, 

2.66 mmol, 1 eq.). After 30 min the ice-water bath was removed and the reaction mixture 
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was allowed to RT and stirred overnight maintaining usual precautions for exclusion of air. 

The reaction mixture was poured onto H2O (40 mL) and extracted with DCM (50 mL × 3). 

The combined organic extractions were washed sequentially with aqueous 1 M HCl (100 

mL), saturated NaHCO3 aqueous solution (50 mL), water (50 mL) and saturated brine 

solution (20 mL). The organic layer was dried over Na2SO4, filtered and concentrated in 

vacuo to a straw-yellow oil. The product was isolated by flash column chromatography 

using Hex:EtOAc (2:1) as mobile phase as a white solid. (0.2961 g, 53.83%). Mp 203 - 

205 ºC; 
1
H NMR (400 MHz, DMSO-d6) δ 8.20 (b. s.,1H, N-H), 4.43 (d, J = 4.56 Hz, 1H), 

3.82 (dd, J = 2.49, 5.39 Hz, 2H), 3.34 - 3.43 (m, 1H, 3β-H), 3.06 (t, J = 2.28 Hz, 1H), 0.82 

- 0.91 (m, 6H, 2 × CH3), 0.60 (s, 3H, CH3); 
13

C NMR (101 MHz, CDCl3) δ 173.1, 79.7, 

71.8, 71.5, 56.5, 56.0, 42.7, 42.1, 40.4, 40.2, 36.4, 35.8, 35.4, 35.3, 34.6, 33.3, 31.5, 30.5, 

29.2, 28.2, 27.2, 26.4, 24.2, 23.4, 20.8, 18.4, 12; IR (ATR) ν cm
-1

  2934.72, 2863.08, 

2848.76, 1700.50, 1479.82, 1258.65, 1231.40, 1010.87, 803.52; MS Found (M+H) = 

414.4473, calculated for C27H44NO2 = 414.3367 
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Copper sulfate pentahydrate ( 3.6 mg,  0.01 mmol, 0.03 eq.) and sodium ascorbate (31.7 

mg, 0.16 mmol, 0.33 eq.) were mixed together in 1 mL of t-butanol: H2O (1:1), and added 

to a dispersion of  74 (0.2012 g, 0.48 mmol, 1 eq.) in 5 mL t-butanol: H2O (1:1). 

Compound 76 (0.2 g, 0.48 mmol, 1 eq.) was added and the mixture was stirred at room 

temperature for 24 h. The t-butanol was removed in vacuo to an aqueous residue. H2O (50 

mL) was added and the cloudy mixture was extracted three times with EtOAc (60 mL). 

The combined organic layers were washed with water (30 mL), brine (20 mL), dried over 

Na2SO4, filtered and concentrated. The product was isolated by flash column 

chromatography as a white solid (0.1026 g, 25.8%). Mp 200 - 202 ºC; 
1
H NMR (400 MHz, 

DMSO-d6) δ 12.17 (br. s., 2H, barbiturate  N-Hs), 8.34 (s, 1H, C=ON-H), 7.86 (s, 1H, 
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triazole H), 7.67 – 7.48 (m, 2H, Ar - H), 7.43 – 7.26 (m, 2H, Ar - H), 6.95 – 7.23 (m, 4H, 

Ar - H), 4.40 (br. s., 1H, 3α-OH), 4.33 – 4.14 (m, 2H, C=ONHCH2), 0.92 – 0.70 (m, 6H, 2 

× CH3), 0.55 (s, 3H, CH3); 
13

C NMR (151 MHz, DMSO-d6) δ 172.5, 166.2, 158.4, 154.7, 

149.0, 144.4, 133.0, 130.0, 125.3, 124.4, 121.9, 118.7, 116.3, 72.8, 69.8, 59.7, 56.0, 55.5, 

42.2, 41.5, 40.0, 36.3, 35.4, 35.1, 34.9, 34.2, 33.9, 32.2, 31.4, 30.4, 27.7, 26.9, 26.1, 23.8, 

23.2, 20.4, 18.2, 11.8; IR: (ATR) ν cm
-1

  2929.21, 2863.72, 1747.97, 1719.64, 1482.07, 

1352.35, 1242.39; MS: Found (M – H) = 829.3328, calculated for C43H52BrN6O6 = 

827.3137 
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To a stirred solution of LCA (1 g; 2.66 mmol) in THF: ACN (17:3) (20 mL), crushed DCC 

(1.6465 g; 7.98 mmol; 3 eq.) and N-hydroxysuccinimide (0.9184 g; 7.98 mmol; 3 eq.)  

were added. The pale yellow clear solution was stirred at RT. It turned to a white 

precipitate within 1 h and was allowed to complete over 24 h. The white solid formed was 

filtered off and the filtrate was concentrated in vacuo to yield a white crude product that 

was used in the next step without further purification. This activated ester was dissolved 

with sonication in DMF (20 mL) and 28% ammonia solution (666 µL; 5.32 mmol; 2 eq.) 

was added. The reaction mixture was refluxed at 50°C and after 20 h TLC indicated full 

consumption of starting material. The reaction mixture was allowed to cool and poured 

onto 100 mL of saturated brine solution. The crude product was collected as a white 

precipitate by suction filtration and purified by flash column chromatography using ethyl 

acetate as the mobile phase (0.8154 g, 81.6%). 
1
H NMR (400 MHz, CDCl3) δ 5.32 (d, 1H, 

C=ONH2), 3.63 (m, 1H, 3β-H), 0.90 - 0.96 (m, 6H, 2 × CH3), 0.65 (s, 3H, CH3); 
13

C NMR 

(101 MHz, CDCl3) δ 175.8, 71.9, 56.5, 56.0, 42.8, 42.1, 40.4, 40.2, 36.5, 35.9, 35.4, 35.3, 

34.6, 32.8, 31.6, 30.6, 28.3, 27.2, 26.4, 24.2, 23.4, 20.8, 18.4, 12.1; IR: (ATR) ν cm
-1

  

2930.49, 2861.93, 1625.49, 727.19; MS: Found (M + H) = 376.3206, calculated for 

C24H42NO2 = 376.321 
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Required glassware was oven-dried and N2 flushed. A commercial preparation of 1M 

LiAlH4 in THF (9.3 mL, 9.32 mmol, 10 eq.) was added to anhydrous THF (15 mL) under 

N2. To this stirred solution, 79 (0.3500 g; 0.93 mmol; 1 eq.) dispersed in anhydrous THF 

(15 mL) was added dropwise at RT maintaining usual precautions for exclusion of air. The 

reaction mixture was refluxed for 5 h at 65°C at which time TLC indicated full 

consumption of starting material. The reaction mixture was allowed to cool to RT. Over an 

ice-water bath and under N2, methanol was added dropwise to deactivate remaining 

LiAlH4. Aqueous sulfuric acid 10% v/v (10 mL) was added and stirred for 10 min. The 

solution was brought to pH 12 by addition of 2M aqueous NaOH and extracted three times 

with DCM (50 mL). The combined organic layers were washed with 10 mL saturated brine 

solution, dried over Na2SO4, filtered and solvent removed to a white-pink solid which was 

used immediately in the next step. The crude amine intermediate was dissolved in MeOH 

(5 mL) and 39 (0.2134 g, 0.47 mmol, 0.5 eq.) was added and stirred at RT for 24 h. The 

product was isolated by flash column chromatography in two steps, using EtOAc:MeOH 

9:1 as the mobile phase in the first column and EtOAc:DCM 1:1 in a second column, as a 

white solid (0.0386, 11.18%). Mp 145 - 147°C; 
1
H NMR (400 MHz, DMSO-d6) δ 11.64 

(br. s., 2H, 2 × C=ON-H), 7.56 (d, J = 8.55 Hz, 2H, Ar-H), 7.45 (d, J = 8.55 Hz, 2H, Ar-

H), 6.93 - 7.10 (m, 4H, Ar-H), 4.42 (d, J = 4.27 Hz, 1H, 3α-OH), 3.35 - 3.42 (m, 1H, 3β-

H), 2.79 (br. s., 1H, N-H), 2.25 – 2.41 (m, 2H, CH2-NH), 0.83 - 0.90 (m, 6H, 2 × CH3), 

0.61 (s, 3H, CH3); 
13

C NMR (101 MHz, DMSO-d6) δ 170.9, 156.5, 155.6, 149.5, 133.2, 

132.9, 128.3, 121.0, 118.6, 115.5, 70.1, 69.8, 56.1, 55.8, 45.0, 42.2, 41.5, 36.3, 35.4, 35.1, 

35.0, 34.2, 32.9, 30.4, 29.3, 27.8, 26.9, 26.2, 23.8, 23.3, 20.4, 18.5, 11.9; IR: (ATR) ν cm
-1

  

2929.88, 2858.67, 1702.10, 1480.91, 1235.08, 823.95; MS: Found (M – H) = 732.5678, 

calculated for C40H51BrN3O5 = 732.5678 
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To a stirred solution of LCA (0.5 g, 1.33 mmol) in DMF (15 mL), DIPEA (695 µL, 3.99 

mmol, 3 eq.) and methylamine hydrochloride (0.0898 g,  1.33 mmol, 1 eq.) were added 

under N2 and sonicated to a cloudy mixture. The reaction was cooled over an ice-water 

bath and COMU (0.5696 g; 1.33 mmol; 1 eq.) was added to immediately give a clear 

yellow solution. After 30 min, the ice-water bath was removed and the solution was 

allowed to come to RT and stirred overnight under N2. The reaction mixture was poured 

onto 50 mL of water and DCM (3 × 60 mL). The combined organic layers were washed 

with aqueous 1 M HCl (50 mL), saturated NaHCO3 solution (30 mL), water (30 mL) and 

brine (30 mL), dried over Na2SO4, filtered and concentrated to a white solid. The product 

was isolated by flash column chromatography using EtOAc as the mobile phase as a white 

crystalline solid (0.4625, 89.3%). 
1
H NMR (400 MHz, CDCl3) δ 3.63 (ddd, J = 5.39, 6.22, 

9.95 Hz, 1H, 3β-H), 2.80 (s, 3H, C=ONH-CH3), 0.83 - 0.95 (m, 6H, 2 × CH3), 0.64 (s, 3H, 

CH3); 
13

C NMR (101 MHz,  CDCl3) δ 174.2, 71.9, 56.5, 56.0, 42.7, 42.1, 40.4, 40.2, 36.5, 

35.8, 35.5, 35.3, 34.6, 33.5, 31.8, 30.5, 28.2, 27.2, 26.4, 26.3, 24.2, 23.4, 20.8, 18.4, 12.0; 

IR: (ATR) ν cm
-1

  3367.19, 2929.95, 2863.06, 1647.38, 1445.61, 1042.48; MS: Found (M 

+ H) =390.3355, calculated for C25H44NO2 = 390.3372 
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  84 

 

 

Required glassware was oven-dried and N2 flushed. A commercial preparation of 1M 

LiAlH4 in THF (4.7 mL; 4.7 mmol; 10 eq.) was added to anhydrous THF (15 mL) under 

N2. To this stirred solution, 82 (0.1825 g; 0.47 mmol; 1 eq.) dispersed in anhydrous THF 

(15 mL) was added dropwise at RT maintaining usual precautions for exclusion of air. The 

reaction mixture was refluxed for 5 h at 65°C at which time TLC indicated full 

consumption of starting material. The reaction mixture was allowed to cool to RT. Over an 

ice-water bath and under N2, methanol was added dropwise to deactivate remaining 

LiAlH4. Aqueous sulfuric acid 10% (10 mL) was added and stirred for 10 min. The 

solution was brought to pH 12 by addition of aqueous 2M NaOH and extracted with DCM 

(3 × 50 mL). The combined organic layers were washed with 10 mL saturated brine 

solution, dried over Na2SO4, filtered and solvent removed to a white-pink solid which was 

used immediately in the next step. The crude amine intermediate was dissolved in 

methanol (5 mL) and 39 (0.1058g; 0.233 mmol; 0.5 eq.) was added and stirred at RT for 24 

h. The product was isolated by flash column chromatography using EtOAc:Hex 1:1 as 

mobile phase (0.0422 g, 24.2%). Mp 154 - 157°C; 
1
H NMR (400 MHz, DMSO-d6) δ 

11.57 (br. s., 2H, N-H), 7.49 – 7.72 (m, 2H, Ar-H), 7.30 -7.48 (m, 2H, Ar-H), 6.93 - 7.10 

(m, 4H, Ar-H), 4.42 (b., s, 1H, 3α-OH), 2.25 (s, 1H, N-CH3), 0.73 - 0.93 (m, 6H, 2 × CH3), 

0.58 (s, 3H, CH3); 
13

C NMR (151 MHz, DMSO-d6) δ 170.4, 156.8, 155.4, 149.4, 132.9, 

129.6, 127.5, 121.2, 118.4, 115.7, 75.4, 69.8, 56.0, 55.7, 52.9, 42.2, 41.5, 40.0, 36.8, 36.3, 

35.4, 35.1, 34.9, 34.2, 32.6, 30.4, 27.7, 26.9, 26.1, 24.5, 23.8, 23.2, 20.4, 18.5, 11.9; IR: 

(ATR) ν cm
-1  

1655.54, 1617.76, 1495.98, 1249.86, 1154.60, 1131.28  HRMS: Found (M-

H) =746.3154, calculated for C41H53BrN3O5 = 746.3174 
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  85 

 

 

LCA (1 g, 2.66 mmol) was dissolved in 10 mL of anhydrous DMF (10 mL). DIPEA 

(0.9260 mL, 5.32 mmol, 2 eq.) and H-Lys(Boc)-OMe.HCl (0.7894 g, 2.66 mmol, 1 eq.) 

were added and the mixture was cooled under N2 over an ice-water bath before addition of 

COMU (1.1392 g; 2.66 mmol; 1 eq.). The orange solution was stirred over the ice water 

bath for 30 min before allowing to room temperature maintaining usual precautions for 

exclusion of air. After 6 h, TLC indicated remaining starting material in the reaction 

mixture and a further 0.2 eq. (0.2278 g) of COMU were added and the reaction mixture 

was stirred at RT overnight. The reaction mixture was poured onto H2O (40 mL) and 

extracted with DCM (50 mL × 3). The combined DCM extractions were washed 

sequentially with aqueous 1 M HCl (100 mL), saturated NaHCO3 aqueous solution (50 

mL), water (50 mL) and saturated brine solution (30 mL). The organic layer was dried over 

Na2SO4,  filtered and concentrated in vacuo to a straw yellow oil. The product was isolated 

by flash column chromatography using EtOAc:DCM (1:1) as mobile phase as a white 

crystalline solid. (1.55 g, 94.13%). Mp 115 - 117°C; 
1
H NMR (400 MHz, DMSO-d6) δ 

8.12 (d, J = 7.32 Hz, 1H, NHC=O), 6.75 (br. s., 1H, NHC=O ), 4.43 (d, J = 4.27 Hz, 1H, 

3α-OH ), 4.10 - 4.23 (m, 1H, C=ONHCHC=OOCH3), 3.60 (s, 3H, -OCH3), 3.33 - 3.44 (m, 

1H, 3β-H), 2.79 - 2.97 (m, 2H, CH2NH-BOC), 1.37 (s, 9H, NHC=OOC(CH3)3), 0.81 - 0.92 

(m, 6H, 2 × CH3), 0.61 (s, 3H, CH3); 
13

C NMR (101 MHz, CDCl3) δ 173.5, 173.1, 156.1, 

79.1, 71.7, 56.4, 55.9, 52.3, 51.8, 42.7, 42.0, 40.4, 40.1, 36.4, 35.8, 35.4, 35.3, 34.5, 33.3, 

32.0, 31.5, 30.4, 29.6, 28.4, 28.2, 27.1, 26.4, 24.1, 23.3, 22.4, 20.8, 20.6, 18.3, 12.0; IR: 

(ATR) ν cm
-1

  3315.59, 2928.53, 2863.63, 1741.43, 1689.26, 1654.13, 1529.63, 1249.37, 

1168.44; MS: Found (M+H) = 619.2587, calculated for C36H62N2O6 =619.4686 
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Compound 85 (0.2 g, 0.32 mmol) was deboced in TFA 10%  v/v in DCM (10 mL). After 1 

h, TLC indicated the deprotection was finished and the DCM solvent was removed in 

vacuo. DCM (5 mL) was added and removed in vacuo 5 times to aid in removal of TFA. 

The residue was dissolved in DCM (10 mL) and DIPEA (111 µL, 0.64 mmol, 2 eq.) and 

acetic anhydride (30.2 µL 0.32 mmol, 1 eq) were added. The reaction was stirred at RT. 

After 2 h, the reaction was poured onto H2O (30 mL) and extracted with DCM (3 × 50 

mL). The combined organic layers were washed with aqueous 1M HCl (50 mL), saturated 

NaHCO3 solution (20 mL), H2O (20 mL) and brine (10 mL), dried over Na2SO4, filtered 

and concentrated in vacuo. The product was isolated by flash column chromatography as a 

white solid (0.0994 g, 55.2%). Mp 128 -130°C; 
1
H NMR (400 MHz, CDCl3) δ 6.41 (d, J = 

7.88 Hz, 1H, N-H), 6.24 (t, J = 5.18 Hz, 1H, N-H), 4.53 (dt, J = 4.77, 8.19 Hz, 1H, -

C=ONHCHC=O), 3.70 (s, 3H, -C=OOCH3), 3.58 (ddt, J = 4.56, 5.39, 10.57 Hz, 1H, 3β-

H), 3.15 – 3.22 (m, 2H, -CH2NHC=OCH3), 1.94 (s, 3H, CH3, -NHC=OCH3), 0.82 - 0.92 

(m, 6H, 2 × CH3), 0.60 (s, 3H, CH3); 
13

C NMR (101 MHz, CDCl3) δ 173.8, 173.0, 170.5, 

71.6, 56.4, 55.9, 52.3, 51.5, 42.6, 42.0, 40.3, 40.1, 38.8, 36.3, 35.7, 35.3, 35.3, 34.5, 33.1, 

31.9, 31.5, 30.4, 28.6, 28.1, 27.1, 26.3, 24.1, 23.3, 23.1, 22.3, 20.7, 18.3, 11.9; IR: (ATR) ν 

cm
-1

  3262.38, 2933.76, 2855.41, 1751.16, 1649.50, 1560.27, 1231.94; MS: Found (M+H) 

= 561.5818, calculated for C33H57N2O5 = 561.4262 
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  88 

 

Compound 87 (0.1728 g, 0.31 mmol) was dissolved in MeOH (9.5 mL) and 2M aqueous 

NaOH (500 µL) for a final NaOH concentration of 0.1 M.  After 22 h, TLC indicated full 

consumption of starting material. The reaction mix was acidified to pH 1 – 2 by addition of 

1M aqueous HCl. H2O (40 mL) was added and the product was seen to precipitate. The 

product was extracted into EtOAc (3 × 75 mL). The combined organic layers were 

successively washed with H2O (2 × 100 mL) and brine (100 mL), dried over Na2SO4 and 

filtered. Removal of the solvent in vacuo afforded the product as a white solid (0.1558 g, 

92.46%). Mp 145 - 148°C; 
1
H NMR (400 MHz, DMSO-d6) δ  12.42 (br. s., 1H, -COOH), 

7.98 (d, J = 7.88 Hz, 1H, N-H), 7.79 (t, J = 4.98 Hz, 1H, N-H), 4.43 (br. s., 1H, 3α-OH), 

4.06 - 4.19 (m, 1H, -C=ONHCHC=O), 2.91 – 3.07 (m, 2H, -CH2NHC=OCH3), 1.77 (s, 3H, 

-NHC=OCH3), 0.77 - 0.94 (m, 6H, 2 × CH3), 0.60 (s, 3H, CH3); 
13

C NMR (101 MHz, 

DMSO-d6) δ  173.8, 172.7, 168.9, 69.8, 56.1, 55.6, 51.7, 42.2, 41.5, 40.0, , 38.2, 36.3, 35.4, 

35.1, 34.9, 34.2, 32.0, 31.5, 30.7, 30.4, 28.7, 27.7, 26.9, 26.2, 23.8, 23.3, 22.9, 22.6, 20.4, 

18.3, 11.8; IR: (ATR) ν cm
-1

  3051.66, 2940.58, 2853.52, 1700.25, 1611.44, 1539.55, 

1480.43, 1231.95; MS: Found (M+H) = 547.5377, calculated for C32H54N2O5  =  547.4105 
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  89 

 

Compound 85 (0.2 g, 0.32 mmol) was deboced in 10% TFA v/v TFA in DCM (10 mL). 

After 1 h, TLC indicated the deprotection was finished and the DCM solvent was removed 

in vacuo. DCM (5 mL) was added and removed in vacuo 5 times to aid in removal of TFA. 

The amine was freed from the TFA salt with 1 M NaOH, extracted into DCM and the 

DCM was removed in vacuo. The amine residue was reacted immediately with 39 (0.1453 

g, 0.16 mmol) in MeOH (5 mL). After 24 h, the MeOH was removed in vacuo and the 

product was isolated by flash column chromatography using a step gradient of DCM: 

EtOAC (1:1) to EtOAc as a white solid (22 mg, 8%). Mp 195 – 200°C decomposition; 
1
H 

NMR (400 MHz, DMSO-d6) δ 11.65 (br. s., 2H, barbiturate ring N-Hs), 8.13 (d, J = 7.83 

Hz, 1H, C=ONH), 7.56 (d, J = 8.80 Hz, 2H, Ar-H), 7.45 (d, J = 8.80 Hz, 2H, Ar-H), 7.05 

(d, J = 9.29 Hz, 2H, Ar-H), 6.98 (d, J = 9.29 Hz, 2H, Ar-H), 4.45 (d, J = 4.40 Hz, 1H, C3-

αOH), 4.11 - 4.20 (m, 1H, C=ONHCHC=O), 3.59 (s, 3H, -C=OOCH3), 2.31 – 2.40 (m, 

2H, -CH2NH), 0.84 – 0.88 (m, 6H, 2 × CH3), 0.59 (s, 3H, CH3); 
13

C NMR (101 MHz, 

CDCl3) δ  173.8, 173.4, 170.2, 158.1, 155.3, 148.6, 132.9, 131.0, 128.3, 121.1, 118.8, 

116.7, 71.9, 71.4, 56.5, 55.8, 52.4, 51.9, 44.7, 42.7, 42.0, 40.4, 40.2, 36.3, 35.8, 35.4, 35.3, 

34.5, 33.1, 32.1, 31.5, 30.4, 29.5, 28.2, 27.1, 26.4, 24.2, 23.3, 22.5, 20.8, 18.3, 12.0; IR: 

(ATR) ν cm
-1

  2927.76, 2860.82, 1735.22, 1709.22, 1655.08, 1481.56, 1236.94; MS: 

Found (M+H) = 891.5123, calculated for C47H64BrN4O8 = 891.3902 
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  90 

 

Compound (0.0540 g, 0.06 mmol) was dissolved in MeOH (9.5 mL) and 2M aqueous 

NaOH (500 µL) for a final NaOH concentration of 0.1 M. After 17 h, TLC indicated full 

consumption of starting material. The reaction mix was acidified to pH 1 – 2 by addition of 

1M aqueous HCl. H2O (20 mL) was added and the product was extracted into ethyl acetate 

(50 mL) three times. The combined organic layers were successively washed with H2O (2 

× 60 mL) and brine (20 mL), dried over Na2SO4 and filtered. Removal of the solvent in 

vacuo afforded the product as a white solid (0.0531g, 99.7%). Mp 225 – 230°C 

decomposition; 
1
H NMR (400 MHz, DMSO-d6)) δ 11.61 (br. s., 2H, barbiturate ring N-H), 

7.94 (d, J = 7.93 Hz, 1H, C=ONH), 7.52 (d, J = 9.16 Hz, 2H, Ar-H), 7.39 - 7.45 (m, J = 

9.16 Hz, 2H, Ar-H), 6.98 - 7.04 (m, J = 9.16 Hz, 2H, Ar-H), 6.92 - 6.98 (m, 2H, Ar-H), 

4.42 (br. s., 1H, 3α-OH), 4.05 - 4.11 (m, 1H, C=ONHCHC=O), 2.34 (t, J = 6.41 Hz, 2H, - 

CH2NH), 0.80 - 0.85 (m, 6H, 2 × CH3), 0.55 (s, 3H, CH3); 
13

C NMR (151 MHz, DMSO-

d6) δ 173.9, 172.6, 170.8, 156.5, 155.6, 149.5, 133.2, 132.9, 128.3, 120.9, 118.6, 115.5, 

70.2, 69.8, 56.1, 55.6, 51.7, 44.2, 42.2, 41.5, 40.0, 36.3, 35.4, 35.1, 34.9, 34.2, 32.1, 31.5, 

30.8, 30.4, 29.3, 27.7, 26.9, 26.1, 23.8, 23.3, 23.1, 20.4, 18.3, 11.8; IR: (ATR) ν cm
-1

  

2926.38, 2860.94, 1711.11, 1646.76, 1482.14, 1239.62; MS: Found (M + H) = 877.6574, 

calculated for C46H62BrN4O8 = 877.3746 
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  91 

 

LCA (0.5 g, 1.33 mmol) was dispersed in Et2O (20 mL) and cooled over an ice-bath. NEt3 

(241.2 µL, 1.73 mmol, 1.3 eq.) was added followed by ethyl chloroformate (151.3 µL, 1.59 

mmol, 1.2 eq.). The reaction was stirred for 10 min. Homoserine (0.1743 g, 1.46 mmol, 1.1 

eq.) was dispersed in MeOH (10 mL) and NEt3 (389 µL, 2.79 mmol, 2.1 eq.) was added. 

This was sonicated for 5 min and then added dropwise to the stirring anhydride 

intermediate. The reaction mixture was stirred over an ice-water bath for 1 h by which time 

it had become a clear solution. The ice-water bath was removed and the reaction stirred at 

RT overnight. The solvent was removed in vacuo and the crude material was dispersed in 

aqueous 1 M HCl (30 mL) and extracted with DCM (3 × 50 mL). The combined organic 

layers were washed with H2O (2 × 50 mL) and brine (20 mL), dried over Na2SO4, filtered 

and concentrated in vacuo. The product was isolated by flash column chromatography 

using a mobile phase step gradient of EtOAc:DCM 1:1 + 0.33% v/v CH3COOH to EtOAc 

+ 0.33% v/v CH3COOH as a white solid. (0.1204 g, 19.0%). 
1
H NMR (400 MHz, MeOD) 

δ 4.30 (dd, J = 4.98, 8.29 Hz, 1H, N-H), 3.48 - 3.68 (m, 4H), 3.29 - 3.33 (m, 1H), 0.91 - 

1.00 (m, 6H, 2 × CH3), 0.69 (s, 3H, CH3); 
13

C NMR (101 MHz, MeOD) δ 178.8, 176.0, 

72.3, 60.2, 57.8, 57.4, 53.7, 43.8, 43.5, 41.8, 41.5, 37.2, 37.1, 36.9, 36.4, 35.6, 34.2, 33.2, 

31.1, 29.2, 28.3, 27.6, 25.2, 23.9, 21.9, 18.9, 18.3, 12.4; IR: (ATR) ν cm
-1

  3302.12, 

2927.75, 2862.34, 1589.44, 1542.28, 1399.94 MS: Found (M – H) = 476.4900, calculated 

for C28H46NO5 = 476.3381 

 

 92 

 

To a stirred solution of KOH (0.84 g, 15 mmol) in MeOH (4 mL) at 0°C, hydroxylamine 

hydrochloride (1 g, 15 mmol) was added and stirred at 0°C. After 15 min, the KCl 

precipitate was filtered off and the free hydroxylamine solution filtrate was used 
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immediately in the next step. LCA (2 g, 5.31 mmol) was dispersed in Et2O (20 mL) and 

cooled over an ice-bath. NEt3 (962 µL, 6.90 mmol, 1.3 eq.) was added followed by ethyl 

chloroformate (607 µL, 6.37 mmol, 1.2 eq.). The reaction was stirred for 10 min. Freshly-

prepared hydroxylamine solution (7 mL, 10.62 mmol, 2 eq.) was added and the reaction 

was stirred at RT for 2 h. Precipitated solids were filtered off and the filtrate was 

concentrated in vacuo to a crude white solid. The pure product was isolated by a double 

recrystallisation from C2H5OH as a white solid (0.2622 g, 12.6%). Mp 205°C; 
1
H NMR 

(400 MHz, DMSO-d6) δ 10.31 (s, 1H), 8.63 (s, 1H), 4.43 (d, J = 4.15 Hz, 1H, 3α-OH), 

3.36 - 3.49 (m, 1H, 3β-H), 0.87 (br. s., 6H, 2 × CH3), 0.61 (s, 3H, CH3); 
13

C NMR (101 

MHz, DMSO-d6) δ 169.4, 69.8, 56.1, 55.5, 42.2, 41.5, 36.3, 35.4, 35.1, 34.8, 34.2, 31.4, 

30.4, 29.2, 27.7, 26.9, 26.1, 23.8, 23.3, 20.4, 18.2, 11.9; IR: (ATR) ν cm
-1

  3189.39, 

2923.47, 2860.89, 1702.20, 1447.38, 1039.31; MS: Found (M+H) = 392.3972, calculated 

for C24H42NO3 = 392.3159 

 

 

  93 (LCA methyl ester) 

 

To a stirred solution of LCA (2.000 g, 5.31 mmol) in MeOH (50 mL), conc. HCl (0.5 mL) 

was added and the mixture was refluxed at 70°C. After 8h, TLC indicated that the reaction 

was complete and the solvent was evaporated to a white solid. This residue was dissolved 

in DCM (50 mL) and washed successively with saturated aqueous NaHCO3 solution (2 × 

20 mL), water (20 mL) and brine (20 mL).  The organic layer was dried over Na2SO4, 

filtered and the solvent removed in vacuo to yield the product as a white solid which did 

not require further purification (2.0388 g, 98.3%). Mp 129°C; 
1
H NMR (400 MHz, 

CDCl3) δ 3.66 (s, 3H, O-CH3), 3.58 - 3.65 (m, 1H, 3β-H), 0.88 - 0.94 (m, 6H), 0.64 (s, 

3H); 
13

C NMR (101 MHz, CDCl3) δ 174.8 (C=O, 24-C), 71.8 (3-C), 56.4, 55.9, 51.5, 42.7, 

42.0, 40.4, 40.1, 36.4, 35.8, 35.3, 35.3, 34.5, 31.0, 31.0, 30.5, 28.2, 27.1, 26.4, 24.2, 23.3, 

20.8, 18.2, 12.0; IR: (ATR) ν cm
-1

  3516.55, 2932.75, 2861.62, 1712.57; MS: Found (M-

H) = 389.3251, calculated for C25H41O3 =389.3056 
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  94 

 

To a stirred solution of LCA (0.2 g, 0.51 mmol, 1 eq.) in HPLC grade DCM (15 mL), PCC 

(0.1324 g, 0.61 mmol, 1.2 eq.) was added and the reaction was stirred at RT for 15 h at 

which time TLC indicated the starting material was fully consumed. The reaction mixture 

was filtered through a plug of celite and the product was washed through with DCM. The 

filtrate was washed with water (50 mL × 3) and saturated brine solution (20 mL), dried 

over Na2SO4, filtered and concentrated in vacuo to a red-brown oil. The product was 

isolated as a white crystalline solid by flash column chromatography using Hex:EtOAc 

(2:1) as the mobile phase (0.1782 g, 89.91%). Mp 132 – 134°C; 
1
H NMR (400 MHz, 

CDCl3) δ 3.66 (s, 3H), 1.02 (s, 3H), 0.92 (d, J = 6.63 Hz, 3H), 0.68 (s, 3H); 
13

C NMR (101 

MHz, CDCl3) δ 213.3, (C=O, 3-C) 174.7 (C=O, 24-C), 56.4, 55.9, 51.5, 44.3, 42.7, 42.3, 

40.7, 40.0, 37.2, 37.0, 35.5, 35.3, 34.9, 31.0, 30.9, 28.1, 26.6, 25.7, 24.1, 22.6, 21.2, 18.2, 

12.0; IR: (ATR) ν cm
-1

  3190.14, 2924.98, 2862.61, 1735.70, 1708.65, 1447.84, 1223.26; 

MS: Found (M - H) = 389.2960, calculated for C25H41O3 = 389.3056 

 

 

 95 

 

 

Compound 94 (0.15 g, 0.38 mmol) was dissolved in MeOH (18 mL) and aqueous 2 M 

NaOH (2 mL) was added for a final NaOH concentration of 0.2 M. The reaction was 

stirred at RT. After 40 h, TLC indicated full consumption of the starting material. The 

mixture was acidified to pH 1 -2 by the addition of aqueous 1M HCl and poured onto 100 

mL of H2O precipitating the product. The aqueous layer was extracted three times with 

EtOAc (3 × 150 mL). The combined organic layers were washed with H2O (100 mL) and 

brine (50 mL), dried over Na2SO4 and filtered. The solvent was removed in vacuo to afford 
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the product as a white solid which did not require further purification (0.1408 g, 97.2%). 

Mp 144 - 145°C; 
1
H NMR (400 MHz, DMSO-d6) δ 11.94 (s, 1H, -COOH), 0.96 (s, 3H, 

CH3), 0.88 (d, J = 6.22 Hz, 3H, C-21 CH3), 0.64 (s, 3H, CH3); 
13

C NMR (101 MHz, 

DMSO-d6) δ 211.6 (C-3 C=O), 174.8 (C-24 COOH), 55.6, 55.6, 43.6, 42.3, 41.8, 39.6, 

39.5, 36.7, 36.4, 35.1, 34.8, 34.4, 30.7, 30.7, 27.7, 26.2, 25.3, 23.8, 22.2, 20.8, 18.1, 11.8; 

IR: ν cm
-1

  3180.92, 2925.03, 2862.04, 1699.72, 1666.21, 1447.36; MS: Found (M-H) = 

373.1667, calculated for C24H38O3 = 373.2748 

 

 

 97 (ciprofloxacin methyl ester) 

 

Ciprofloxacin (1 g, 3.02 mmol) was dispersed in MeOH (50 mL). Ten drops of conc. 

H2SO4 were added and the mixture was refluxed at 80°C for a total of 12 h over 2 d. The 

MeOH solvent was removed and the yellow residue was neutralised with saturated 

NaHCO3 solution. The aqueous solution was extracted with DCM (3 × 50 mL). The 

combined organic layers were washed with saturated NaHCO3 solution (30 mL), H2O (30 

mL) and brine (20 mL), dried over Na2SO4 and filtered. The solvent was removed in vacuo 

to afford the product as a white solid (0.64 g, 61.3%) which was stored protected from 

light. Mp 226 - 230°C decomposition; 
1
H NMR (400 MHz, DMSO-d6) δ 8.52 (s, 1H, -N-

CH=C), 8.00 (d, J = 13.27 Hz, 1H, Ar-H), 7.26 (d, J = 7.05 Hz, 1H, Ar-H), 3.91 (s, 3H, 

CH3), 3.43 (s, 1H, N–CH(CH2)2), 3.23 (dd, J = 3.52, 6.01 Hz, 4H, N-CH2), 3.09 (dd, J = 

3.73, 5.80 Hz, 4H, N - CH2), 1.90 (br. s., 1H, N-H), 1.28 – 1.36 (m, 2H,  CH2s), 1.09 - 1.18 

(m, 2H, CH2s); 
13

C NMR (101 MHz, DMSO-d6) δ 173.0 (d, 
4
JC, F = 3.03 Hz), 166.4, 153.4 

(d, 
1
JC, F = 250.48 Hz), 148.3, 144.9, 137.9 (d, 

4
JC, F = 1.01 Hz), 122.9 (d, 

3
JC, F = 7.07 Hz),  

113.2 (d, 
2
JC, F = 24.24 Hz),  109.98, 104.7 (d, 

3
JC, F = 3.03 Hz), 52.0, 51.1, 51.1(d, 

4
JC, F = 

4.04 Hz), 45.9, 34.5, 8.1; IR: (ATR) ν cm
-1

  3051.88, 1699.57, 1480.56, 1231.21, 821.16; 

HRMS: found (M + H) = 346.1581, calculated for C18H21FN3O3 = 346.1561  
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 98 

 

 

To a solution of 39 (0.0727 g, 0.16 mmol, 1 eq.) in MeOH (10 mL), 97 (0.1106 g, 0.32 

mmol, 2 eq.) was added. The reaction was stirred at RT for 48 h. The MeOH solvent was 

removed in vacuo and the yellow residue was dispersed in EtOAc (20 mL). This organic 

layer was washed with aqueous 1M HCl (50 mL), saturated NaHCO3 solution (50 mL) and 

saturated brine (20 mL). The organic phase was dried over Na2SO4, filtered and 

concentrated. The product was isolated by flash column chromatography using 

EtOAc:MeOH (9:1) as the mobile phase as a white solid (0.0773 g, 67.28%). Mp 245 - 

249°C decomposition; 
1
H NMR (400 MHz, DMSO-d6) δ 11.69 (s, 2H, N-H), 8.43 (s, 1H, -

N-CH=C-), 7.73 (d, J = 13.27 Hz, 1H, Ar-H), 7.58 (d, J = 8.71 Hz, 2H, Ar-H), 7.48 (d, J = 

8.71 Hz, 2H, Ar-H), 7.44 (d, J = 7.46 Hz, 1H, Ar-H), 7.00 - 7.15 (m, 4H, Ar-H), 3.73 (s, 

3H, CH3), 3.64 (br. s., 1H, CH), 3.23 (br. s., 4H, CH2), 2.83 (br. s., 4H, CH2), 1.26 (m, 2H, 

CH2), 1.08 (br. s., 2H, CH2); 
13

C NMR (101 MHz, CDCl3) δ 169.9, 164.9, 157.0, 155.3, 

153.9, 151.4, 149.4, 148.2, 143.9, 143.8, 138.0, 132.9, 129.9, 129.7, 122.0, 121.9, 121.4, 

118.6, 115.8, 111.6, 111.3, 108.9, 106.5, 74.1, 51.2, 50.4, 47.4, 34.8, 7.5; IR (ATR) ν cm
-1

  

3192.68, 2957.80, 2847.74, 1734.43, 1708.65, 1612.74, 1480.42, 1235.25; HRMS Found 

(M + H) = 718.1322, calculated for C34H30BrFN5O7 = 718.1313 
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 99 

 

 

Compound 98 (0.05 g) was dispersed in MeOH and aqueous 2 M NaOH (5 mL) was 

added. The reaction was stirred at RT for 12 h. The MeOH was removed in vacuo to leave 

an aqueous residue which was neutralised and acidified by addition of aqueous 1 M HCl. 

The cloudy aqueous layer was extracted with EtOAc (3 × 50 mL). The combined organic 

layers were washed with H2O (50 mL) and saturated brine (20 mL), dried over Na2SO4 and 

filtered. The solvent was removed in vacuo to afford the product as a yellow solid (0.04 g, 

79%). Mp 265 - 270°C decomposition; 
1
H NMR (400 MHz, DMSO-d6) δ 11.70 (s, 2H, N-

H), 8.66 (s, 1H, C=CH), 7.91 (d, J = 13.27 Hz, 1H, Ar-H), 7.54 - 7.64 (m, 3H, Ar-H), 7.48 

(d, J = 8.71 Hz, 2H, Ar-H), 7.01 - 7.15 (m, 4H, Ar-H), 3.82 (br. s., 1H, CH), 2.85 (br. s., 

4H, CH2), 1.32 (m, 2H, CH2), 1.17 (m, 2H, CH2); 
13

C NMR (101 MHz, DMSO-d6) δ 

176.4, 170.0, 166.1, 157.2, 155.3, 151.9, 149.4, 148.0, 145.3, 145.2, 139.2, 133.0, 133.0, 

129.9, 129.8, 121.5, 121.1, 118.7, 118.6, 115.9, 106.8, 106.7, 74.2, 50.3, 47.4, 36.0, 30.8, 

7.7; IR: (ATR) ν cm
-1  

1763.81, 1702.22, 1625.48, 1481.77, 1230.37 HRMS Found (M – 

H) = 702.3660, calculated for C33H26BrFN5O7 = 702.1000 

 

 

  100 

 

LCA (2 g; 5.31 mmol) dispersed in anhydrous THF (20 ml) was added dropwise to a 

stirred commercial 1M solution of lithium aluminium hydride in anhydrous THF (53 mL) 

under anhydrous conditions. When addition was complete, the mixture was refluxed at 

65°C for 6 h under N2. The reaction mixture was allowed to cool and remaining LiAlH4 
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was deactivated by gradual addition of EtOAc. A 10% v/v aqueous solution of sulfuric 

acid (50 mL) was added to dissolve the formed salts and the cleared aqueous solution was 

extracted with Et2O (100 mL × 3). The combined extractions were successively washed 

with saturated aqueous NaHCO3 solution (150 mL), water (100 mL) and brine (50 mL). 

The organic phase was dried over Na2SO4, filtered and concentration to a white solid in 

vacuo. The pure product was isolated by flash column chromatography using Hex:EtOAc 

(1:1) as mobile phase as a white solid (1.2871 g, 51.94%). 
1
H NMR (400 MHz, MeOD) δ 

3.45 - 3.58 (m, 3H, 3β-H and 24-CH2), 0.90 - 0.98 (m, 6H), 0.69 (s, 3H); 
13

C NMR (101 

MHz, MeOD) δ 72.6, 63.7, 58.1, 57.8, 44.0, 43.7, 42.1, 41.7, 37.4, 37.3, 37.1, 36.6, 35.8, 

33.3, 31.3, 30.4, 29.5, 28.5, 27.8, 25.4, 24.1, 22.1, 19.3, 12.7; IR: (ATR) ν cm
-1

  3053.77, 

2924.38, 1479.93, 1230.55, 1011.28; MS:  Found (M + Na) = 385.4463, calculated for 

C24H42O2Na = 385.3083 

 

 

 

  101 

 

To a stirred solution of 100 (0.2 g, 0.55 mmol.) in anhydrous DCM (10 mL) over an ice-

water bath, a solution of methanesulfonyl chloride (0.0758 g, 51.4 µL, 0.66 mmol, 1.2 eq.) 

and NEt3 (0.0668 g, 92 µL, 0.66 mmol, 1.2 eq) in DCM (5 mL) was added dropwise over 

30 min maintaining usual precautions for exclusion of air. When addition was complete, 

the ice-water bath was removed and the reaction stirred for a further 4 h at RT. When TLC 

indicated the reaction was not proceeding further, approximately 40 g of crushed ice was 

gradually added to the reaction mixture and stirred for 10 min. This mixture was extracted 

with DCM (60 mL × 3). The combined organic layers were washed successively with 

aqueous 1M HCl (100 mL), saturated aqueous NaHCO3 solution (100 mL), water (100 mL) 

and brine (50 mL), dried over Na2SO4, filtered and concentrated in vacuo. The product was 

isolated from the crude residue by flash column chromatography using Hex:EtOAc (3:2) as 

mobile phase as a white solid (0.1629 g, 67.26%); 
1
H NMR (400 MHz, CDCl3) δ 4.20 

(tdd, J = 3.21, 6.58, 9.80 Hz, 2H, 24-CH2), 3.63 (dt, J = 4.98, 10.37 Hz, 1H, 3β-H), 3.01 (s, 

3H, -OSO2CH3), 0.91 - 0.96 (m, 6H), 0.65 (s, 3H); 
13

C NMR (101 MHz,CDCl3) δ 71.8, 
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70.7, 56.5, 56.0, 42.7, 42.1, 40.4, 40.2, 37.4, 36.4, 35.8, 35.3, 35.3, 34.5, 31.5, 30.5, 28.3, 

27.2, 26.4, 25.8, 24.2, 23.3, 20.8, 18.5, 12.0; IR: (ATR) ν cm
-1

  2927.27, 2863.73, 1448.73, 

1349.21, 1172.16, 914.05; MS:Found (M + Na) = 463.3557, calculated for C25H44O4SNa = 

463.2858 

 

 102 

 

Compound (0.0635 g, 0.14 mmol) was dissolved in ACN (2 mL).  DABCO (0.0314 g, 0.28 

mmol, 2 eq.) was added and the reaction was stirred at RT for 48 h. The solid formed was 

isolated by filtration and washed with acetonitrile (2 × 1 mL) to afford the product as a 

white solid (0.0774 g, 55.0%). Mp 282 - 285 C decomposition; 
1
H NMR (400 MHz, 

MeOD) δ 3.55 (ddt, J = 4.58, 5.49, 10.53 Hz, 1H, 3β-H), 3.33 - 3.39 (m, 6H, 3 × N-CH2), 

3.11 - 3.26 (m, 8H, 4 × N-CH2), 2.70 (s, 3H, -S-CH3), 1.02 (d, J = 6.71 Hz, 3H, CH3), 0.95 

(s, 3H, CH3), 0.71 (s, 3H, CH3); 
13

C NMR (101 MHz, MeOD) δ 72.5, 66.3, 66.3, 66.2, 

58.1, 57.5, 53.6, 53.6, 53.6, 46.2, 44.1, 43.6, 42.0, 41.7, 39.7, 37.4, 37.3, 37.0, 36.6, 35.8, 

33.8, 31.3, 29.5, 28.5, 27.8, 25.4, 24.1, 22.1, 19.7, 19.1, 12.6; IR: (ATR) ν cm
-1

  2928.53, 

2862.69, 1590.97, 1400.14, 1377.06, 11170.33, 1039.84; MS: Found (M) = 457.5413, 

calculated for C31H53N2O = 457.4152 

 

 

  104 

Compound 54 (0.0464 g, 0.11 mmol) was dissolved in acetone (1 mL) in a microwave tube 

and NaI (0.0173 g, 0.12 mmol, 1.1 eq.) was added. The reaction mixture was microwaved 

at constant temperature for 1 h at 85°C. Et2O (10 mL) was added and precipitated solid 

was removed by filtration. The yellow filtrate was washed with H2O (3 × 10 mL) and the 

organic layer was concentrated to yield crude iodate which was used immediately in the 

next step. Na2SO3 (0.0332 g, 0.26 mmol, 2.5 eq.) was weighed into a microwave tube and 
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dissolved in ddH2O (2 mL). The crude iodate was dispersed in acetone (1.5 mL) and added 

to the tube. After sonication, the reaction mixture was microwaved at a constant 

temperature of 120°C for 3 h. The acetone was removed in vacuo and the product was 

isolated by SPE on reverse phase silica using MeOH:H2O (1:1) as the eluting solvent as a 

white solid (0.02855 g, 63.9%).  
1
H NMR (400 MHz, MeOD) δ 3.53 (ddd, J = 5.49, 6.22, 

10.26 Hz, 1H, 3β-H), 2.66 - 2.82 (m, 2H, CH2SO3), 0.97 (d, J = 6.63 Hz, 3H, CH3 C-21 ), 

0.95 (s, 3H, CH3), 0.69 (s, 3H, CH3); 
13

C NMR (101 MHz, MeOD) δ 72.6, 58.1, 57.7, 

53.4, 44.0, 43.7, 42.0, 41.7, 37.4, 37.4, 37.1, 36.7, 36.4, 35.8, 31.4, 29.5, 28.5, 27.8, 25.4, 

24.1, 22.9, 22.1, 19.2, 12.6; MS: Found (M) = 425.5649, calculated for C24H41O4S = 

425.2731 

 

 

General method A for sulfonamide synthesis by the reaction of an aminobenzoic acid 

derivative and a sulfonyl chloride 

A dispersion of the aminobenzoic acid in water was adjusted to pH 8 by the addition of 1M 

Na2CO3. Sulfonyl chloride (1 eq.) was added and the reaction mixture was stirred at 

RT.The pH was maintained at approximately pH 8 as the reaction progressed by addition 

of aqueous 1M Na2CO3 as required. When the reaction was complete, the mixture was 

acidified to pH 1-2 with conc. HCl. The precipitate formed was collected by suction 

filtration and allowed to dry. Recrystallisation was carried out if required. 
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Compound 113 was prepared by General method A from anthranilic acid (1.00 g, 7.3 

mmol) and 4-methylbenzenesulfonyl chloride (1.39 g, 7.3 mmol, 1 eq.) as an off-white 

solid (0.51 g, 23.9%). Mp 225 - 227°C; 
1
H NMR (400 MHz, DMSO-d6) δ 11.09 (br. s., 

1H), 7.85 - 7.93 (m, 1H), 7.65 - 7.75 (m, J = 8.29 Hz, 2H), 7.47 - 7.58 (m, 2H), 7.28 - 7.38 

(m, J = 8.29 Hz, 2H), 7.10 (ddd, J = 2.07, 6.32, 8.19 Hz, 1H), 2.32 (s, 3H); 
13

C NMR (101 

MHz, DMSO-d6) δ 169.8, 144.1, 139.9, 135.7, 134.5, 131.5, 129.9, 126.9, 123.2, 118.2, 

116.5, 21.0; IR: (ATR) ν cm
-1

 3036.53, 1665.03, 1490.74, 1153.07, 1087.57; HRMS: 

Found (M + Na) = 314.0460, calculated for C14H13NO4SNa = 314.0463 
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Compound 107 was prepared by General method A from anthranilic aicd (0.2715 g, 1.98 

mmol) and benzenesulfonyl chloride (253 μL, 1.98 mmol, 1 eq.) as an off-white solid 

(0.2391 g, 43.6%). Mp 204 - 208°C decomposition; 
1
H NMR (400 MHz, DMSO-d6) δ 

13.91 (br, w., 1H, OH) 11.11 (br. s., 1H, NH), 7.89 (dd, J = 1.24, 7.88 Hz, 1H, Ar-H), 7.78 

- 7.85 (m, 2H, Ar-H), 7.61 - 7.67 (m, 1H, Ar-H), 7.49 - 7.59 (m, 4H, Ar-H), 7.12 (dt, J = 

3.11, 5.70 Hz, 1H, Ar-H); 
13

C NMR (101 MHz, DMSO-d6) δ 169.7, 139.7, 138.5, 134.5, 

133.6, 131.5, 129.5, 126.8, 123.4, 118.5, 116.7; IR (ATR) ν cm
-1 

3178.69, 1671.25, 

1490.20, 1254.23, 1157.56; HRMS Found (M + Na) = 300.0305, calculated for 

C13H11NO4SNa = 300.0306  
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Compound 108 was prepared by General method A from anthranilic acid (0.1440 g, 1.05 

mmol, 1 eq.) and phenylmethanesulfonyl chloride (0.2000 g, 1.05 mmol, 1 eq.) as an off-

white solid (0.1049 g, 34.3%). Mp 220 - 223°C; 
1
H NMR (400 MHz, DMSO-d6) δ 13.84 

(br. s., 1H, OH), 10.68 (br. s., 1H, NH), 8.00 (d, J = 7.88 Hz, 1H, Ar-H), 7.54 - 7.64 (m, 

2H, Ar-H), 7.25 - 7.37 (m, 3H, Ar-H), 7.12 - 7.24 (m, 3H, Ar-H), 4.69 (s, 2H, CH2); 
13

C 

NMR (101 MHz, DMSO-d6) δ 169.7, 140.8, 134.7, 131.6, 130.7, 128.9, 128.5, 128.4, 

122.5, 117.2, 115.4, 57.3; IR: (ATR) ν cm
-1  

2921.76, 2853.00, 1739.97, 1459.96; HRMS: 

Found (M - H) = 290.0500, calculated for C14H12NO4S = 290.0487 
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 109 

 

Compound 109 was prepared by General method A from anthranilic acid (0.2138 g, 1.56 

mmol) and methanesulfonyl chloride (100 μL, 1.56 mmol, 1 eq.) as a light brown solid 

(0.0627 g, 18.7%). Mp 230 - 231°C; 
1
H NMR (400 MHz, DMSO-d6) δ 10.68 (br., 1H, 

NH), 8.00 (dd, J = 1.66, 7.88 Hz, 1H, Ar-H), 7.62 (dd, J = 1.66, 7.05 Hz, 1H, Ar-H), 7.52 - 

7.59 (m, 1H, Ar-H), 7.18 (m, 1H, Ar-H), 3.17 (s, 3H, CH3); 
13

C NMR (101 MHz, DMSO-

d6) δ 170.0, 140.7, 134.9, 131.9, 123.0, 117.9, 116.2, 40.1; IR: (ATR) ν cm
-1  

1663.33, 

1491.14, 1255.40, 1140.46; HRMS: Found (M - H) = 214.0159, calculated for C8H8NO4S 

= 214.0174 

 

 110 

Compound 110 was prepared by General method A from anthranilic acid (0.3379 g, 2.4 

mmol) and ethanesulfonyl chloride (227 μL, 2.4  mmol, 1 eq.) as a light brown solid 

(0.1566 g, 28.46%). Mp 232 - 233°C; 
1
H NMR (400 MHz, DMSO-d6) δ 13.93 (br. 1H, 

OH), 10.72 (br. s., 1H, NH), 7.95 - 8.06 (m, 1H, Ar-H), 7.50 - 7.67 (m, 2H, Ar-H), 7.17 

(ddd, J = 2.49, 5.80, 7.88 Hz, 1H, Ar-H), 3.29 (q, J = 7.46 Hz, 2H, CH3), 1.18 (t, J = 7.46 

Hz, 3H, CH2); 
13

C NMR (101 MHz, DMSO-d6) δ 169.9, 140.7, 134.8, 131.7, 122.7, 117.5, 

115.8, 45.8, 7.9; IR: (ATR) ν cm
-1  

1672.68, 1490.43, 1255.87, 1142.14 HRMS: Found (M 

- H) = 290.0332, calculated for C9H10NO4S = 228.0331 

 

 111 

Compound 111 was prepared by General method A from anthranilic acid (0.4059 g, 2.96 

mmol) and propanesulfonyl chloride (333 μL, 2.96 mmol, 1 eq.) as a light brown solid 

(0.0864 g, 12.9%). Mp 228°C; 
1
H NMR (400 MHz, DMSO-d6) δ 10.73 (br. s., 1H, NH), 
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7.96 - 8.06 (m, 1H, Ar-H), 7.52 - 7.70 (m, 2H, Ar-H), 7.17 (ddd, J = 1.87, 6.22, 8.09 Hz, 

1H, Ar-H), 3.21 - 3. (m, 2H, CH2), 1.59 - 1.74 (m, 2H, CH2), 0.93 (t, J = 7.46 Hz, 3H, 

CH3); 
13

C NMR (101 MHz, DMSO-d6) δ 169.9, 140.7, 134.8, 131.7, 122.6, 117.5, 115.7, 

52.9, 16.8, 12.4 IR (ATR) ν cm
-1

 3208.76, 1665.80, 1490.12, 1143.56, 1256.81; HRMS: 

Found (M - H) = 242.0501, calculated for C10H12NO4S = 242.0487 

 

 112 

 

To a solution of anthranilic acid (0.5000 g, 3.65 mmol) in 10 mL of H2O:THF (1:1), NEt3 

(1.5 mL, 10.95 mmol, 3 eq.) and 4-bromobenzenesulfonyl chloride (0.9326 g, 3.65 mmol, 

1 eq.) were added. The reaction mixture was stirred at RT. After 16 h, 1 M HCl (50 mL) 

was added to the mixture and it was extracted with ethyl acetate. The combined organic 

layers were washed with saturated NaHCO3 solution and dried over Na2SO4. The solvent 

was removed to yield a pale brown solid which did not require further purification (0.7053 

g 54.3%). Mp 265 - 269
o
C;  

1
H NMR (400 MHz, DMSO-d6) δ 11.00 - 11.30 (m, 1H, NH), 

7.91 (dd, J = 1.87, 8.09 Hz, 1H, Ar-H), 7.67 - 7.84 (m, 4H, Ar-H), 7.44 - 7.61 (m, 2H, Ar-

H), 7.11 - 7.19 (m, 1H, Ar-H); 
13

C NMR (101 MHz, DMSO-d6) δ 169.6, 139.3, 137.9, 

134.5, 132.6, 131.6, 128.9, 127.5, 123.7, 118.8, 117.2; IR: (ATR) ν cm
-1

 3083.23, 1666.10, 

1490.80, 1256.15, 1153.71; HRMS: Found (M - H) = 353.9413, calculated for 

C13H9BrNO4S = 353.9436 
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Compound 113 was prepared by General method A from 2-amino-5-fluorobenzoic acid 

(0.1800 g, 1.16 mmol) and benzenesulfonyl chloride (148 μL, 1.16 mmol, 1 eq.) as an off-

white solid (0.1752 g, 51.2%). Mp 217°C; 
1
H NMR (400 MHz, DMSO-d6) δ 10.83 (br. s., 

1H, NH), 7.73 - 7.79 (m, 2H, Ar-H), 7.57 - 7.67 (m, 2H, Ar-H), 7.51 - 7.57 (m, 3H, Ar-H), 

7.40 - 7.48 (m, 1H, Ar-H); 
13

C NMR (101 MHz, DMSO-d6) δ 168.4 (d, 
4
JH, F = 2.02 Hz), 
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157.6 (d, 
1
JH, F = 243.41 Hz), 138.4, 135.8 (d, 

4
JH, F = 3.03 Hz), 133.6, 129.5, 126.8, 121.9 

(d, 
3
JH, F = 8.08 Hz), 121.4 (d, 

2
JH, F = 23.23 Hz), 119.7 (d, 

3
JH, F = 7.07Hz), 117.4 (d, 

2
JH, F = 

23.23 Hz) IR: (ATR) ν cm
-1  

1686.25, 1491.81, 1167.96, 906.71; HRMS: Found (M -H) = 

294.0238, calculated for C13H9FNO4S = 294.0236 
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Compound 114 was prepared by General method A from 2-amino-5-fluorobenzoic acid 

(0.1551 g, 1 mmol) and 4-methylbenzenesulfonyl chloride (0.1907 g, 1 mmol, 1 eq.) as an 

off-white solid (0.1956 g, 63.42%). Mp 218 - 219 °C; 
1
H NMR (400 MHz, DMSO-d6) δ 

10.47 (br. s., 1H, NH), 7.70 (d, J = 7.05 Hz, 1H, Ar-H), 7.55 (m, 1H, Ar-H), 7.47 (m., 1H, 

Ar-H), 7.06 – 7.39 (m, 5H, Ar-H), 4.68 (br. s., 2H, CH2); 
13

C NMR (101 MHz, DMSO-d6) 

δ 168.5 (d, 
4
JH, F = 2.02 Hz), 156.9 (d, 

1
JH, F = 242.4 Hz), 137.1 (d, 

4
JH, F = 2.02 Hz), 130.8, 

128.9, 128.5, 128.4, 121.6 (d, 
2
JH, F = 23.23 Hz), 119.9 (d, 

3
JH, F = 8.08 Hz), 117.6 (d, 

3
JH, F 

= 7.07 Hz), 117.2 (d, 
2
JH, F = 24.24 Hz), 57.42; IR: (ATR) ν cm

-1  
1656.51, 1495.77, 

1351.11, 1154.28; HRMS: Found (M-H) = 308.0396, calculated for C14H11FNO4S = 

308.0393 
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Compound 115 was prepared by General method A from 2-amino-5-fluorobenzoic acid 

(0.1551 g, 1 mmol) and methanesulfonyl chloride (65 μL, 1 mmol, 1 eq.) as a light brown 

solid (0.0898 g, 38.5%). Mp 208 - 209°C; 
1
H NMR (400 MHz, DMSO-d6) δ 7.72 (dd, J = 

3.11, 9.33 Hz, 1H, Ar-H), 7.59 (dd, J = 4.98, 9.12 Hz, 1H, Ar-H), 7.43 - 7.52 (m, 1H, Ar-

H), 3.13 (s, 3H, CH3); 
13

C NMR (101 MHz, DMSO-d6) δ 168.3 (d, 
4
JH, F = 2.02 Hz), 157.0 

(d, 
1
JH, F = 242.40 Hz), 136.5 (d, 

4
JH, F = 3.03 Hz), 121.0 (d, 

2
JH, F = 22.22 Hz), 120.5 (d, 

3
JH, 

F = 7.07 Hz), 119.2 (d, 
3
JH, F = 9.09 Hz), 117.2 (d, 

2
JH, F = 23.23 Hz), 20.79; IR: (ATR) ν 
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cm
-1  

1675.65, 1494.31, 1326.87, 1156.04, 1136.89 HRMS: Found (M -H) = 232.0080, 

calculated for C8H7FNO4S = 232.008 
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Compound 116 was prepared by General method A from 2-amino-5-fluorobenzoic acid 

(0.1551 g, 1 mmol) and ethanesulfonyl chloride (95 μL, 1 mmol, 1 eq.) as a light brown 

solid (0.1761 g, 71.2%). Mp 212°C; 
1
H NMR (400 MHz, DMSO-d6) δ 10.46 (br. s., 1H, 

NH), 7.72 (dd, J = 3.11, 9.33 Hz, 1H, Ar-H), 7.62 (dd, J = 4.98, 9.12 Hz, 1H, Ar-H), 7.51 

(dddd, J = 2.90, 3.94, 5.81, 7.26 Hz, 1H, Ar-H), 3.26 (q, J = 7.33 Hz, 2H, CH2), 1.17 (t, J = 

7.26 Hz, 3H, CH3); 
13

C NMR (101 MHz, DMSO-d6) δ 168.7 (d, 
4
JH, F = 2.02 Hz), 157.2 (d, 

1
JH, F = 242.40 Hz), 136.9 (d, 

4
JH, F = 2.02 Hz), 121.8 (d, 

2
JH, F = 23.23 Hz), 120.6 (d, 

3
JH, F = 

8.08 Hz), 118.3 (d, 
3
JH, F = 7.07 Hz), 117.5 (d, 

2
JH, F = 23.23 Hz), 45.9, 7.9; IR: (ATR) ν 

cm
-1  

1670.98, 1493.36,
 
1423.55, 1337.08, 1233.76, 1156.24, 1136.54; HRMS: Found (M -

H) = 246.0243, calculated for C9H9FNO4S = 246.0236 
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Compound 117 was prepared by General method A from 2-amino-5-fluorobenzoic acid 

(0.1551 g, 1 mmol) and propanesulfonyl chloride (113 μL, 1 mmol, 1 eq.) as a brown solid 

(0.1087 g 41.7%). Mp 212 - 215°C; 
1
H NMR (400 MHz, DMSO-d6) δ 10.46 (br. s., 1H, 

NH), 7.72 (dd, J = 3.32, 9.12 Hz, 1H, Ar-H), 7.63 (dd, J = 4.98, 9.12 Hz, 1H, Ar-H), 7.52 

(dddd, J = 3.11, 4.04, 5.80, 7.36 Hz, 1H, Ar-H) 3.14 - 3.33 (m, 2H, CH2), 1.6 – 1.72 (m, 

2H, CH2), 0.93 (t, J = 7.46 Hz, 3H, CH3); 
13

C NMR (101 MHz, DMSO-d6) δ 168.7 (d, 
4
JH, 

F = 2.02 Hz), 157.1 (d, 
1
JH, F = 242.40 Hz), 136.8 (d, 

4
JH, F = 2.02 Hz), 121.7 (d, 

2
JH, F = 

23.23 Hz), 120.5 (d, 
3
JH, F = 7.07 Hz), 118.2 (d, 

3
JH, F = 7.07 Hz), 117.4 (d, 

2
JH, F = 23.23 

Hz), 53.0, 16.8, 12.4; IR: (ATR) ν cm
-1  

1686.17, 1491.83, 1423.28, 1156.69, 1137.35; 

HRMS: found (M – H) 260.0402, calculated for C10H11FNO4S = 260.0393 
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Compound 117 was prepared by General method A from 2-amino-5-fluorobenzoic acid 

(0.1551 g, 1 mmol) and 4-bromobenzenesulfonyl chloride (0.2555 g, 1 mmol, 1 eq.) as a 

pink-brown solid (0.0842g, 27.3%). Mp >250°C; 
1
H NMR (400 MHz, DMSO-d6) δ 10.74 

(br. s., 1H, NH), 7.74 - 7.80 (m, 2H, Ar-H), 7.64 - 7.70 (m, 2H, Ar-H), 7.61 (dd, J = 2.90, 

9.12 Hz, 1H, Ar-H), 7.43 - 7.53 (m, 2H, Ar-H); 
13

C NMR (101 MHz, DMSO-d6) δ 168.1 

(d, 
4
JH, F = 1.01 Hz), 157.9 (d, 

1
JH, F = 244.42 Hz), 137.7, 135.8 (d, 

4
JH, F = 2.02 Hz), 132.6, 

128.8, 127.5, 122.6 (d, 
3
JH, F = 8.08 Hz), 121.4 (d, 

2
JH, F = 23.23 Hz), 120.6 (d, 

3
JH, F = 

7.07Hz), 117.5 (d, 
2
JH, F = 24.24 Hz); IR: (ATR) ν cm

-1
 3169.47, 1678.28, 1493.13, 

1166.37, 1140.86; HRMS: Found (M – H) = 371.9343, calculated for C13H8BrFNO4S = 

371.9341 
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Compound 119 was prepared by General method A from 2-amino-5-chlorobenzoic acid 

(0.1716 g, 1 mmol) and p-toluenesulfonyl chloride (0.1907 g, 1 mmol, 1 eq.) as a white 

solid (0.1868 g,57.3%). Mp 162°C; 
1
H NMR (400 MHz, DMSO-d6) δ 10.98 (br. s., 1H, 

NH), 7.83 (d, J = 2.49 Hz, 1H, Ar-H), 7.66 - 7.74 (m, J = 8.29 Hz, 2H, Ar-H), 7.58 - 7.64 

(m, 1H, Ar-H), 7.49 - 7.55 (m, 1H, Ar-H), 7.32 - 7.39 (m, J = 7.88 Hz, 2H, Ar-H), 2.33 (s, 

3H, CH3); 
13

C NMR (101 MHz, DMSO-d6) δ 168.4, 144.3, 138.6, 135.5, 134.1, 130.7, 

130.0, 127.2, 126.9, 120.4, 118.6, 21.0; IR: (ATR) ν cm
-1

 3222.69, 1655.10, 1483.87, 

1438.32, 1244.55, 1159.98; HRMS: Found (M – H) = 324.0109, calculated for 

C14H11ClNO4S = 324.0097 
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 120 

 

Compound 120 was prepared by General method A from 2-amino-5-chlorobenzoic acid 

(0.1716 g, 1 mmol) and benzenesulfonyl chloride (0.1551 g, 1 mmol, 1 eq.)as an off-white 

solid (0.1752 g, 56.2%). Mp 167-169°C; 
1
H NMR (400 MHz, DMSO-d6) δ 11.01 (br. s., 

1H, NH), 7.71 - 7.91 (m, 3H, Ar-H), 7.44 - 7.70 (m, 5H, Ar-H); 
13

C NMR (101 MHz, 

DMSO-d6) δ 168.4, 138.4, 138.3, 134.1, 133.7, 130.7, 129.6, 127.4, 126.8, 120.7, 118.9; 

IR: (ATR) ν cm
-1

 3389.67, 3257.94, 1655.28, 1482.78, 1233.31, 1141.85; HRMS: Found 

(M – H) = 309.9938, calculated for C13H9ClNO4S = 309.9941 
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Compound 121 was prepared by General method A from 2-amino-5-chlorobenzoic acid 

(0.1716 g, 1 mmol) and benzenesulfonyl chloride (0.1907 g, 1 mmol, 1 eq.) as an off-white 

solid (0.1568 g 48.4%). Mp 158 - 161°C; 
1
H NMR (400 MHz, DMSO-d6) δ

 
7.88 (br. s., 

1H), 7.13-7.46 (m, 7H, Ar-H), 4.39 (s, 2H, CH2); 
13

C NMR (101 MHz, DMSO-d6) δ 

168.0, 142.0, 131.1, 131.1, 130.7, 130.3, 130.0, 128.2, 127.9, 124.1, 118.4, 57.2 IR: (ATR) 

ν cm
-1

 3575.55, 3368.90, 1479.78, 1406.73, 1365.19, 1125.97; HRMS: Found (M – H) = 

371.9340, calculated for C13H8BrFNO4S = 371.9341 

 

 122 

 

Compound 122 was prepared by General method A from 2-amino-5-chlorobenzoic acid 

(0.1716 g, 1 mmol) and methanenesulfonyl chloride (0.1907 g, 1 mmol, 1 eq.) as an off-

white solid (0.5119 g 20.5%).  Mp 168-169°C; 
1
H NMR (400 MHz, DMSO-d6) δ

 
10.58 
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(br. s., 1H), 7.94 (d, J = 2.90 Hz, 1H), 7.56 - 7.64 (m, 2H), 3.21 (s, 3H); 
13

C NMR (101 

MHz, DMSO-d6) δ 168.5, 139.3, 133.5, 130.7, 126.6, 119.9, 118.3, 40.0; IR: (ATR) ν cm
-1

 

3356.97, 2825.22, 1664.10, 1236.20; HRMS: Found (M – H) = 247.9795, calculated for 

C8H7ClNO4S = 247.9784 
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Compound 123 was prepared by General method A from 2-amino-5-chlorobenzoic acid 

(0.1716 g, 1 mmol) and ethanesulfonyl chloride (95 μL, 1 mmol, 1 eq.) as an off-white 

solid 

 (0.0841 g, 31.9%). Mp 160°C; 
1
H NMR (400 MHz, DMSO-d6) δ 10.63 (br. s., 1H, NH), 

7.94 (d, J = 2.49 Hz, 1H, Ar-H), 7.50 - 7.73 (m, 2H, Ar-H), 3.30 (q, J = 7.26 Hz, 2H), 1.18 

(t, J = 7.26 Hz, 3H); 
13

C NMR (101 MHz, DMSO-d6) δ 168.8, 139.5, 134.4, 130.9, 126.7, 

119.8, 117.9, 46.1, 8.0; IR: (ATR) ν cm
-1  

1662.54, 1482.76, 1233.48, 1141.72; HRMS: 

Found (M-H) = 261.9946, calculated for C9H9ClNO4S 

 

 124 

 

Compound 124 was prepared by General method A from 2-amino-5-chlorobenzoic acid 

(0.1716 g, 1 mmol) and 4-bromobenzenesulfonyl chloride (0.2555 g, 1 mmol, 1 eq.) as a 

pale brown solid (0.9545 g, 24.4%). Mp >250°C; 
1
H NMR (400 MHz, DMSO-d6) δ 11.12 

(br. s., 1H, NH), 7.84 (d, J = 2.49 Hz, 1H, Ar-H), 7.67 - 7.82 (m, 4H, Ar-H), 7.62 (dd, J = 

2.49, 9.12 Hz, 1H, Ar-H), 7.49 (d, J = 8.71 Hz, 1H, Ar-H); 
3
C NMR (101 MHz, DMSO-

d6) δ 168.2, 138.0, 137.8, 134.0, 132.6, 130.7, 128.8, 127.7, 127.6, 121.1, 119.7; IR: 

(ATR) ν cm
-1 

3095.05, 1655.39, 1438.17, 1245.71, 1167.5; HRMS: Found (M – H) = 

387.9047, calculated for C13H8BrClNO4S = 387.9046 
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2-(4-bromophenylsulfonamido)benzoic acid (0.0550 g, 0.15 mmol, 1 eq.) was dissolved in 

1 mL of anhydrous THF. Phenylboronic acid (0.0274 g, 0.225 mmol, 1.5 eq) tetrakis 

(triphenylphospine)palladium (0) (0.0087 g, 0.0075 mmol, 0.05 eq) and potassium 

carbonate (0.0622 g, 0.45 mmol, 3 eq.) were added at room temperature. The reaction 

mixture was sonicated under N2 to degas and then refluxed under N2 at 75°C for 12 h over 

2 days. A further equivalent of phenylboronic acid was added during the course of the 

reaction. After 2 days, the reaction mixture was filtered through celite. THF solvent was 

removed under vacuum and the residue was dispersed in 1M HCL. This was extracted with 

ethyl acetate three times. The combined organic layers were washed with water, then brine, 

dried over Na2SO4 and concentrated. The product was isolated by flash column 

chromatography using a step gradient elution of Hex:EtOAc (3:2) as a pale pink solid 

(0.0253 g, 47.7%). Mp 239 - 242°C; 
1
H NMR (400 MHz, DMSO-d6) δ 13.97 (br., 1H, 

OH), 11.21 (br., s., 1H, NH), 7.79 - 8.08 (m, 5H, Ar-H), 7.64 - 7.75 (m, 2H, Ar-H), 7.53 - 

7.62 (m, 2H, Ar-H), 7.34 - 7.51 (m, 3H, Ar-H), 7.13 (td, J = 4.25, 8.09 Hz, 1H, Ar-H); 
13

C 

NMR (101 MHz, DMSO-d6) δ 169.6, 144.7, 139.5, 137.8, 137.1, 134.4, 131.4, 128.9, 

128.5, 127.4, 127.3, 126.9, 123.1, 118.1, 116.5 IR: (ATR) νmax cm
-1 

3025.91, 1222.36, 

757.0 HRMS: Found (M – H) = 352.0649, calculated for C19H14NO4S = 352.0644 
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 127 

 

 

To a solution of anthranilic acid (0.2 g, 1.5 mmol) in H2O:THF (1:1) (10 mL), NEt3 (627 

µL, 4.5 mmol, 3 eq.) and phenoxybenzenesulfonyl chloride (0.4031 g, 1.5 mmol, 1 eq.) 

were added. The reaction mixture was stirred at RT. After 16 h, aqueous 1 M HCl (30 mL) 

was added to the mixture and it was extracted with EtOAc (3 × 50 mL). The combined 

organic layers were washed with water and dried over Na2SO4 and filtered. The solvent 

was removed to yield an off-white solid which did not require further purification. (0.1270 

g, 23%); 
1
H NMR (400 MHz, DMSO-d6) δ 11.24 (br. s., 1H, NH), 7.87 – 7.95 (m, 1H, Ar-

H), 7.77 - 7.84 (m, J = 9.12 Hz, 2H, Ar-H), 7.49 - 7.58 (m, 2H, Ar-H), 7.42 - 7.49 (m, 2H, 

Ar-H), 7.26 (t, J = 7.46 Hz, 1H, Ar-H), 7.08 - 7.16 (m, 3H, Ar-H), 7.02 - 7.08 (m, J = 9.12 

Hz, 2H, Ar-H) ;
13

C NMR (101 MHz, DMSO-d6) δ 173.62, 161.2, 154.4, 145.1, 134.4, 

132.4, 131.6, 130.4, 129.5, 125.1, 123.2, 120.3, 118.4, 117.5, 116.3 IR: (ATR) ν cm
-1  

16661.48, 1342.25, 1157.25, 933.35; MS: Found (M-H) = 368.0595, calculated for 

C19H14NO5S = 368.0593 
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5.5 Biological methods – Chapter 3 

5.5.1 Cell culture 

NCI-h716 [H716] (ATCC
® 

CCL-251™) cells were purchased form American Type 

Culture Collection (Manassas, VA). NCI-h716 were maintained  in suspension culture in 

RPMI-1640 medium (ATCC
®
 30-2001™) supplemented with 10% v/v FBS and 

subsequently in RPMI-1640 (Lonza 12-167F) supplemented to contain 4.5 g/L D-glucose, 

2.383 g/L HEPES,  2 mM L-Glutamine, 1 mM sodium pyruvate and 10% v/v FBS. The 

cells were cultured in T-75 cm
2
 vented cap cell culture flasks and incubated at 37°C in a 

humidified atmosphere of 95% air and 5% CO2. Cultures were maintained by the addition 

of fresh medium to the flask every 2 to 3 days. Subculturing was carried out by 

centrifugation at 130 g for 5 mins with subsequent resuspension in fresh medium at a 

subcultivation ratio of 1:3. Cryopreservation was carried out in complete growth medium 

supplemented with 5% v/v DMSO as cryoprotective agent and vials were stored in the 

liquid nitrogen vapour phase. 

5.5.2 cAMP assay 

5.5.2.1 Plating of cells 

BD Matrigel™ Basement Membrane Matrix was used to coat the plates to induce 

adherence of the cells to the plate. The matrix was diluted from the Lot specific protein 

concentration of 9.5 mg/mL to a working concentration of 0.75 mg/mL using serum free 

Dulbecco’s Modified Eagles’s medium. Using cooled pipette tips and a cold block, the 

wells of a 96-well plate were coated with 50 µL of the diluted matrix and incubated at RT 

for 1 h. Unbound material was aspirated and the coating rinsed with serum free medium. 

Medium (100 µL) was put in each well and the plated was incubated overnight at 37°C 

before use. NCI-h716 cells were plated in the matrigel coated plate at a density of 6 × 10
4 

cells per well in Dulbecco’s Modified Eagles’s medium modified to contain 2 mM L-

glutamine, 1 mM sodium pyruvate and 10% v/v FBS and cultured for 24 h before assay. 

5.5.2.2 cAMP assay procedure 

After 24 h incubation, the medium was gently aspirated and the cells washed twice with 

PBS. The assay medium of DMEM containing 0.5 mM 3-isobutyl-1-methylxanthine 

(IBMX) was added to each well and the plate incubated for 30 mins at 37°C. The medium 

was then removed and the cells were treated with the drug candidate or vehicle in fresh 
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assay medium for 30 min. After treatment, the medium was removed and intracellular 

cAMP was determined using a Tropix® cAMP-Screen® System (Applied Biosystems) 

according to the kit instructions.  The kit Assay/Lysis buffer (100 µL) was added to each 

well and the plate was incubated at 37 for 40 minutes at which time the cells were seen to 

be lysed by microscopic observation. Dilutions of the cAMP standard provided were 

prepared in Assay/Lysis buffer at 6000, 600, 60, 6, 0.6, 0.06, 0.006 and 0 pmol/60 µL. To 

the pre-coated assay plate, 60 µL of sample or standard and 30 µL of cAMP-AP conjugate 

were added to each well and mixed on a plate shaker. Each sample and standard were 

analysed in triplicate. Anti-cAMP antibody (60 µL) was added to each well and the plate 

was incubated at RT on a plate shaker for 1 h. After incubation, the solution was removed 

from the wells and washed well six times with the provided wash buffer. 

CSPD®/Sapphire-II™ RTU substrate/enhancer solution (100 µL) was added to each well 

and the plate was incubated at RT for 30 min. The signal from each well was measured in a 

Luminoskan™ Ascent Microplate Luminometer (Thermo Scientific™). A sigmoidal 

standard curve was prepared and fit with a weighted four-parameter logistic curve from 

which values for cAMP in pmol/well could be interpolated. 
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