
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chemistry and Biology Studies on 
Anti-inflammatory Bile Acid Derivatives  

 

A thesis submitted to the University of Dublin, Trinity College Dublin 

for the degree of Master by Research in Pharmaceutical Sciences 

By 

Su Liu, B.Sc. 

Under the supervision of Professor John Gilmer, PhD 

 

School of Pharmacy and Pharmaceutical Sciences 

Trinity College Dublin 

March 2019 





i 
 

Declaration 
I confirm that this submission that I submit to Trinity College Dublin is as a result 

of my original research. This dissertation has not been submitted by anyone for 

obtaining credit or degree. To the best of my knowledge, I ensure that my work 

dose not breach the Irish Copyright Legislation and all the publish and 

unpublished work was taken from others has been cited in the thesis. Besides, I 

would like to deposit this dissertation in the University Open Access Institutional 

Repository. 

 

________________ 

Su Liu 

March, 2019 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ii 
 

Abstract 
The objective of the dissertation is to clarify the potency, cytotoxicity and 

metabolism of novel steroidal anti-inflammatory compounds in the treatment 

inflammatory bowel disease (IBD). Biochemical methods with the purpose of 

understanding the relationship among chemical structure, potency and adverse 

effects.  

 

In the first chapter, there is a discussion in relation to bile acids (BAs) structure, 

function, metabolism and their effect on maintaining health in general 

circumstances and their role in causing enterohepatic disease under 

pathological conditions. In chapter two, there is a discussion on the physiology 

and diseases of colon and the potential role of bile acids in colorectal disease. 

This chapter also presents some studies into the effect of some endogenous 

BAs on cell death and on cytoprotection in the intestinal epithelial cell line 

Caco-2. 

 

The third Chapter reviews the medicinal chemistry and biological activities of 

ursodeoxycholic acid (UDCA). This Chapter describes the design and synthesis 

of novel UDCA derivatives including an amide, a triazole and a sulfonamide. 

The anti-inflammatory effect of these derivatives and their ability to activate the 

glucocorticoid receptor (GR) were examined in order to find a structural 

prototype with better potency/efficacy. The cytotoxicity in liver and colon cells of 

these compounds was also assessed in order to find a derivative with cell 

protection ability. Their evaluation in different cells reveals different levels of 

activity especially on NF-kB activity and the related secretion of proinflammatory 

cytokines IL-6 and IL-8. 
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Chapter 1. BAs in health and in diseases of colon and 

liver 

1.1 Structure and function of the BAs 

BAs (Bile acids), the principal components of bile, is an umbrella term for 

alkyl-derivative of 24-carbon cholic acid (CA) in humans[1, 2]. The term includes 

primary BAs and secondary BAs. Primary BAs are synthesized directly in the 

liver from cholesterol. Indeed, this is the main elimination pathway for 

cholesterol. Secondary BAs are a product of bacterial metabolism of BAs that 

make it to the bowel during enterohepatic circulation/elimination. BAs can be 

found conjugated with glycine and taurine[3-5], the former being more common in 

humans, the latter in mice. 

 

 
Figure 1. The relationship between CA and BAs 

 

BAs improve fats and fat-soluble vitamin digestion and absorption because they 

are amphipathic substances which include a hydrophilic group such as a 

hydroxyl[6, 7], carboxyl or sulfonic acid group and hydrophobic hydrocarbon and 

methyl groups.  The asymmetric distribution of hydrophobic and hydrophilic 

groups is the reason why BAs have strong interfacial activity enabling them to 

reduce surface tension between oil phase and water phase in order to promote 

fat and lipid emulsification[6]. Simultaneously, BAs can increase lipase interface 
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with ester droplets in the digestive tract following a meal, thus accelerating ester 

breakdown to more easily absorb or more soluble substances. BAs also have a 

role to play in preventing gallstone formation[8]. It is well known that cholesterol 

is insoluble in water, a property which makes cholesterol easily precipitate out 

as crystalline form which can accumulate forming so-called gallstones. BAs, in 

combination with lecithin, can form mixed micelles which helps cholesterol travel 

from bile ducts to small intestine without separating out.  

 
 

1.2 Synthesis of BAs from cholesterol and their conjugation, 

storage, release and recirculation 

Primary BAs derived from cholesterol are generated in the liver and there are 

two pathways of production termed the classic and alternative pathways[9]. 

 

The classic pathway is called the neutral way because the percentage of neutral 

sterols are high in the intermediates for bile acid synthesis in this pathway[10]. It 

is regarded as the main pathway for bile acid production and cholesterol 

elimination in humans. In the first step, cholesterol is converted to 

7α-hydroxycholesterol catalyzed by the cholesterol 7α-hydroxylase (CYP7A1). 

Then 3β-hydroxy-27-steroid (3β-HSD), the microsomal dehydrogenase/ 

isomerase, converts 7α-hydroxycholesterol into 7α-hydroxy-4-cholestane 

-3-one as an intermediate. Finally, through the C-12 position hydroxylation of the 

microsomal sterol 12α-hydroxylase (CYP8B1) and modification byCYP27A1, 

7α-hydroxy-4-cholestene-3-one is converted to CA. The enzyme, CYP8B1, 

participates as a catalyst in the classic pathway of BA synthesis (Figure 2) [11]. 

 

Around 10 % of bile acid synthesis will be regulated through the alternative 

pathway which takes place in the extrahepatic sites mainly. The alternative 

pathway begins with the mitochondrial sterol 27-hydroxylase (CYP27A1) which 
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converts cholesterol into 27-hydroxycholesterol[12]. It is hydroxylated and 

converted to chenodeoxycholic acid (CDCA) through 7α-hydroxylase 

(CYP7B1)[13, 14]. Besides, CYP27A1 also converts 7α-hydroxy-4-cholestene 

-3-one into CDCA. 

 

After primary BAs are synthesized in the liver, they are conjugated with amino 

acids taurine and glycine in hepatocytes[15]. The acidity of these conjugated BAs 

is stronger (pKa decreases) and the solubility increases. On the one hand this 

helps form micelles in the acid environment of the duodenum preventing 

conjugated BAs from being resorbed in the biliary tract and the small intestine. 

Conjugation which reduces lipid solubility also reduces toxicity and, in general, 

conjugated BAs are less prone to causing dell damage than free BAs. 

Approximately 50 % of newly synthesized BAs are transported to the intestine; 

the rest are stored in the gall bladder awaiting secretion postprandially. After 

BAs are released to the intestine leading to improved transportation of lipids and 

absorption in the bowel, they are reabsorbed to the liver in the terminal jejunum 

and ileum in a highly efficient active process. This overall process is called 

enterohepatic circulation[16], which can compensate for the lack of BAs 

produced by the liver and make the limited amount of BAs exert biggest impact 

in emulsification[17, 18]. Therefore, this process of BA reabsorption means they 

can be reused and improve the digestion and emulsification of fat and lipid 

soluble vitamins. 

 

Around 95 % of the BA pool is intestinally retrieved. This, along with the BAs 

freshly synthesized by the liver, are transported to the biliary tract again and 

most of the BAs are stored in the gall bladder [19]. The same process is repeated 

after a meal, indeed depending on the length of the meal several enterohepatic 

cycles are possible. 
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In the upper intestine, bile acids are associated with fat digestion and absorption. 

In the ileal mucosa, 95 % of BAs are reabsorbed and returned to the liver via the 

portal vein. Around 5% of luminal bile acid transits to the large bowel or colon[20]. 

Conjugated BAs are hydrolyzed to unconjugated primary BAs by bacteria in the 

upper part of ileum and colon. Then the primary BAs, CA and CDCA, maybe be 

converted to secondary BAs, DCA and LCA, through 7α- dehydroxylation by 

intestinal bacteria enzymes. Free secondary BAs may passively diffuse from the 

colon returning to the liver where they may undergo further metabolism and 

conjugation. Only 5% of that is unabsorbed and converted to cholanic acid 

derivatives by the intestinal bacteria action which are excreted from the body in 

the faeces.  

 
Figure 2. Two pathways of BA synthesis[21] There are two ways of generating 
the primary BAs, DCA and LCA. One way is the classic pathway, the other, the 
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alternative pathway. 
 

1.3 Receptors for BAs and their role in health and disease with 

focus on FXR and TGR 

Two specific receptors have been assigned to BAs. These are the farnesoid X 

receptor (FXR)[22] and a G-protein-coupled receptor or GPCR known as 

GPBAR1 or TGR5[23]. These play an important role in physiological processes 

and immune homeostasis. BAs interact with myriad other receptors including 

the vitamin D receptor (VDR), pregnane X receptor (PXR), muscarinic GPCRs, 

and constitutive androstane receptor (CAR). However, at present FXR and 

TGR5 are the assigned bile acid receptors because BAs are the prototypical 

endogenous ligands for these.  

 

During enterohepatic circulation, BAs synthesis is regulated by FXR on several 

levels[24]. Activation of ileal FXR causes upregulation and secretion of Fibroblast 

Growth Factor 15/19 (FGF 15/19)[25]. This diffuses to the liver and negatively 

regulates transcription of cholesterol 7α-hydroxylase (CYP7A1)[26], the 

rating-limited enzyme for primary BAs synthesis from cholesterol in the classic 

pathway. This process acts as a negative feedback on bile acid synthesis in 

response to bile acid retrieval from the intestinal tract postprandially. 

 

BAs are retrieved from portal blood by several highly efficient important proteins 

including Na+-taurocholate cotransporting polypeptide (Ntcp)[27]. In hepatocytes 

they bind to the FXR causing an indirect inhibition of CYP7A1 transcription. So 

FXR activation at ileal and hepatocyte levels negatively regulates bile acid 

synthesis in response to BAs, for which it acts as a kind of sensor.  
 
Apart from the above physiological function, in regulation of their own formation, 

BAs also regulate immune homeostasis. BAs exert effects on inflammation 
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through immune cells and activation of BA sensitive receptors including the FXR 

and TGR5. Under pathologic conditions, neutrophils are stimulated by BAs to 

induce inflammation. But BAs have a suppressive influence on Kupffer cells 

which secrete pro-inflammatory cytokines in animal model of obstructive 

cholestasis[28]. Therefore, BAs can have either anti-inflammatory or 

inflammatory effects depending on different immune cells. On the other hand, 

activation of dedicated bile acid receptors appears to exert anti-inflammatory 

effects. FXR has anti-inflammatory effects on the liver and bowel though the 

interaction with NF-kB signalling[29, 30]. Under the combined effects of FXR and 

TGR5, BAs play a role in controlling inflammatory responses by decreasing 

immunocyte infiltration[31]. Besides, BAs themselves such as CDCA, CA and 

UDCA have direct toxic effect on the intestinal epithelial cells. That is to say, 

mucosal barrier function is compromised and the intestinal permeability 

increases, which induces local inflammation. In recent years, clinical 

observation has indicated that an alteration of BA pool, including a decline in 

secondary form concentration and an increase in sulfate forms and BAs 

malabsorption is associated with inflammatory activity in IBD[32, 33]. For example, 

studies show a decline in secondary BA concentrations and a rise in the sulfate 

form of LCA in patients with Crohn’s disease (CD) and ulcerative colitis (UC)[34]. 

Even though there is link between the alteration of BAs and IBD, there is not 

much evidence that BAs directly lead to or cause IBD[35]. There is substantial 

contradictory evidence that increases in colorectal secondary bile acids 

associated with changes in diet or in the colorectal microflora, can negatively 

impact gut health and lead to inflammation and its more sinister long term 

consequence, cancer. Further work is needed to clarify the effects of the 

secondary BAs on cell viability and signalling in the colon. 
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Chapter 2. BAs in modulating apoptosis in the colonic 

epithelium 

 

2.1 Structure, function and physiology of the colon 

The large intestine is anatomically divided into four main regions: the cecum, the 

colon, the rectum, and the anus[36]. The colon begins from the end of the small 

intestine and extends down to the rectum, consisting of six sections: ascending 

colon, the right colic flexure (hepatic flexure), transverse colon, the left colic 

flexure (splenic flexure), descending colon, and the sigmoid colon[37]. It is a 

2.5-inch diameter, 5-feet long hollow tube, framing the jejunum and ileum on 

three sides (Figure 3)[38]. 

 

From the inside to the outside, the histological structure of the colon is mucosa, 

submucosa, muscularis, and serosa. The mucosa is in the innermost layer 

composing of three cell layers including the epithelium, the lamina propria, and 

the muscularis mucosae. The last two layers of the mucosa support the 

epithelium. In the submucosa, lymphatic vessels and blood vessels supply 

nutrients to the colon[39]. The muscle contractions in the muscularis make a 36-h 

peristalsis process. The outmost layer is the serosa[40].  

 

The mucosal layer is simple columnar epithelium composed of a single layer of 

cells that forms the wall of the large intestine. The vital functions of the intestinal 

epithelium are to absorb nutrients and act as a barrier against the harmful waste 

matter. The renewal process of epithelial cells takes 4–5 days and this process 

is completed by crypt cells which are the fundamental unit of the colon 

function[41]. The stem cells that reside at the crypt base form various new cells 

including enteroendocrine cells, colonocytes, goblet cells, paneth cells, 

microfold cells, cup cells, and tuft cells (Figure 3). These new cells migrate up, 
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out of the crypt and renew the colonic epithelium[42]. Each type of cell has 

different function and it is listed in the following table (Table 1). 

 

 
Figure 3. Colonic cells structure[43] 

 

Cell type Function 

Sterm cell 
Proflierate and differentiate into other type of 

cells 

Globlet cell Secrete mucus to protect the mucosa layer 

Enteroendocrine 

cell 
Secrete different gut hormones 

Paneth cell Secrete host defense peptides 

Microfold cell Sample antigens 

Cup cell Unkown 

Tuft cell Immune response 

Table 1. Cell type and function in the colon[44] 

 

Though the large intestine is the end of alimentary tract, it does not have 

digestion functions itself. That is to say, the colon does not play as important a 

role as the small intestine in nutrient absorption. However, the colon is still a 

significant organ with many vital functions including absorption, secretion, 



9 
 

bacterial digestion and peristaltic mechanical digestion of food. The water and 

fat-soluble nutrients are reabsorbed from food residue that passed through the 

colon. Other unabsorbed wastes are fermented by microorganisms and 

bacteria[45]. Goblet cells in the colonic mucosa secrete alkaline liquid to protect 

the mucosa layer of the colon and moisten faeces to ensure a good bowel 

movement. Even though the colon does not produce enzymes and digest food, 

gut bacteria digest cellulose and synthesize various vitamins depending on what 

vitamins the body needs. The role of the colon is to extract the water, maintain 

water balance, generate vitamins such as vitamin K, vitamin B1, vitamin B2 and 

so on, provide a site for flora-aided fermentation and to store the waste in 

sigmoid.  

 

 

2.2 Inflammatory diseases of the colon 

IBD, being chronic, recurrent inflammation conditions in the intestine, are 

caused by the aberrant response to microbes in the bowel[46] and probably 

results from a complex set of factors such as environment, genetic and 

immune[47, 48]. The term IBD includes two distinct diseases, UC and CD, whose 

cause is unknown. The two diseases affect different parts of the colon. For UC, 

the surface of the mucosal layer has inflammation and it readily bleeds into the 

colon. Generally, up to 20% of patients whose entire large intestine  is affected 

while in 30% of patients the disorder affects the rectum[49]. The whole 

gastrointestinal tract is affected by CD and the bowel wall inflammation through 

all layers. These disease sites are interspersed with the normal bowel. 

Compared with UC, there is 20% of patients with inflammation confined in the 

colon while its presence in the small intestinal is more common[49]. IBD becomes 

more and more common globally[50]. The factor of diet plays a significant role in 

the incidence of IBD because several substances have an influence on 

microbiota composition in the gut. It is also found that restricted diet has a good 
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effect on childhood CD[51].   

 

It is common that hepatobiliary diseases and IBD coexist in patients. Among 

them, the most common one is primary sclerosing cholangitis (PSC)[52] and the 

uncommon one is the primary biliary cirrhosis (PBC). PSC is a chronic 

progressive disease which is characterised by inflammation and fibrosis in bile 

ducts which resulted in multi-focal biliary duct narrowing (strictures) and 

hardening (sclerosis). It is associated with IBD with both diseases present 

together in many patients[53]. It is reported that the percentage of UC patients 

with concomitant PSC is 2.4-7.5% and PSC is the most common hepatobiliary 

disease in the UC patients[54-58]. The progression of colitis is independent  of 

PSC coexistence[57]. PBC has some symptoms, such as fatigue and itching, that 

are similar to PSC but they affect different parts of the hepatobiliary system[59]. 

PBC is an autoimmune liver disease characterized by long-term cholestasis and 

it also results in liver fibrosis and cirrhosis[60, 61]. As mentioned above, according 

to clinical history IBD does not have a close association with PBC and the 

incidence of PBC in IBD patients is rare [62, 63] As such it is not certain whether 

there is some relationship between PBC and IBD[62]. 

 

 

2.3 Role of apoptosis in the inflammatory disease of the colon 

Apoptosis is referred to as programmed cell death regulated at a genetic level[64]. 

Programmed or regulated cell death allows injured, senescent or useless cells 

to be removed without causing inflammation and damage to the 

microenvironment. It is essential for microenvironment balance, various 

physiological functions of tissues and pathological reactions [65]. 

 

In human physiology, immature stem cells located in the basement of colon 

crypts turn into new epithelial cells migrating upward along the microvillus axis 
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of crypt[66]. Abnormal colon epithelial cells which reside in the colonic mucosa 

are eliminated through apoptosis, in such a way that the colon can maintain its 

turnover and homeostasis[67]. Under pathophysiological conditions, epithelial 

cells follow a sequence of proliferation-differentiation-apoptosis along the 

microvillus axis of crypt[68]. 

 

Under IBD conditions, abnormal apoptosis of intestinal mucosal tissues’ cells, 

such as excessive apoptosis of intestinal epithelial cells and apoptosis of 

immature stem cells of colonic crypt, break the balance between intestinal 

epithelial cells’ proliferation and apoptosis[69]. That is to say, the speed of 

apoptosis is faster than cell compensatory proliferation leading to the damage of 

epithelial tissue and gut mucosal barrier breakdown. On the other hand, T cells 

resist apoptosis[70] in gut mucosa resulting in T cell aggregation which leads to 

immunological responses targeting intestinal tissues. Collectively these 

observations indicate that apoptosis plays an important role in IBD. Interactions 

of BAs, especially secondary BAs with this phenomenon is interesting for 

understanding disease pathogenesis and progression and opportunities for 

therapy. 

 

 

2.4 Role of BAs in causing or preventing colorectal epithelial 

cell death 

As described already here, BAs are synthesized from cholesterol in the liver and 

secreted to the intestine postprandially, facilitating digestion and absorption of 

lipids[71]. In addition to this, it is found that BAs also have influence on causing or 

preventing the cell death of colorectal epithelial cells with influence on 

absorption and ingress of substances and bacteria. The epithelial cells interface 

at the intestinal tract surface and it is, as described, renewed over time[72]. 
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During this renewal process, some cells are needed to be eliminated and new 

cells are generated, while BAs can cause the colorectal epithelial cell death and 

proliferation[73]. 

 

BAs have the capacity to stimulate cell proliferation by activating epidermal 

growth factor receptor (EGFR) through membrane perturbations in a ligand 

independent way when at low concentration[74, 75]. The other way of activating 

EGFR is that low concentration BAs activate the G protein-coupled receptors 

(GPCRs) that release some ligands to transactivate the EGFR – for example by 

causing the release or stimulation of matrix metalloproteinases (MMPs). After 

the EGFR activation, the extracellular signal-regulated kinase (ERK) and 

mitogen-activated protein kinases (MAPKs) are activated subsequently that can 

stimulate cell proliferation[76] by prostaglandins and cyclooxygenase-2 

upregulation. At the same time, the EFGR activation can also stimulate NF-κB 

which can prevent cell death. So secondary BAs and the free primary bile acid 

CDCA are able to act cytoprotectively in some circumstances through 

stimulation of growth factor pathways (Figure 4). 

 

In contrast, when the concentration of BAs is at a high level [43], it induces 

colorectal epithelial cell death that is the intrinsic pathway through reactive 

oxygen species (ROS)[77] accumulation first and then mitochondrial membrane 

permeability (MMP)[78] and the cytochrome c release. Following this, apoptotic 

protease activating factor 1 (APAF1) is activated by cytochrome c, caspases 3,6 

and 7 are activated and apoptosis is induced. In other words, the concentration 

of BAs has an important influence on colorectal epithelial cell proliferation and 

death. In a further complication, the two effects can co-exist in the same cell 

type and tissue. 
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Figure 4. Cell proliferation and cell death regulation by BAs[79] 

 

 

2.5 Aims and objectives of the work in this Chapter 

It is known that apoptosis plays an important role in the inflammatory diseases 

of the colon and it is found that some BAs are able to prevent colorectal 

epithelial cell death. Therefore, the aim of this Chapter is to create a colon 

apoptosis model and this model was used to screen the cytoprotective actions 

of BAs compounds in the colon cells. 

 

This chapter describes an attempt to create a colon apoptosis model. It is 

preferable to trigger colonic cell death by a cocktail of TNF-α (tumor necrosis 

factor-alpha) and IFN-γ (interferon-gamma) because they are released by the 

colon epithelial cells to cause cell death under the pathophysiological condition 

of IBD. However, the cocktails of these two cytokines do not cause obvious 

apoptosis so alternatively primary BAs was added to create a colon apoptosis 

model depending on its cytotoxicity. This provides a tool with which to study 

whether there is a relationship between BAs chemical structure and 

cytoprotection/cytotoxicity.  
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2.6 Results for TNF-α, IFN-γ and BAs in causing bile acid 

induced cell death in colorectal cell lines 

 

2.6.1 Results for TNF-α, IFN-γ effect on proliferation 
 

2.6.1.1 MTT Assay  

Caco-2 cells were treated with different concentrations of TNF-α, IFN-γ and 

cocktail of TNF-α and IFN-γ respectively for 24 h in the 37 oC incubator. 10 µL of 

2.5 mg/mL MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was 

added into the supernatant in the last 2 h of treatment. Finally, the medium was 

removed and formazan was dissolved in 100 µL DMSO. The 96-well plate was 

read by absorbance at 570 nm. The vehicle was 1% H2O in cell medium 

(DMEM). 

 

 

 

Figure 5. MTT result of TNF-α     Caco-2 cells were treated with different 
concentrations of TNF-α for 24 h in the 37 oC incubator. The vehicle was 1% 
H2O. Values of TNF-α were expressed as fold different to the vehicle as mean ± 
SEM of triplicate experiments, ns P > 0.05 was determined by oneway ANOVA 
with Dunnett’s post-hoc correction. 

 

Figure 5 reveals that there is a modest decrease in the cell viability at 100 ng/ml 

TNF-α and 200 ng/ml TNF-α. But the difference between 200 ng/ml TNF and 
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control group is not significant so it means that the 200 ng/mL TNF-α did not 

have the expected or desired effect on Caco-2 cell proliferation. 

 

 

 
Figure 6. MTT result of IFN-γ            Caco-2 cells treated with different 
concentrations of IFN-γ for 24 h in the 37oC incubator. The vehicle was 1% H2O. 
Values of IFN-γ were expressed as fold different to the vehicle as mean ± SEM 
of triplicate experiments, ns P > 0.05 was determined by oneway ANOVA with 
Dunnett’s post-hoc correction. 
 
 

Similarly, Figure 6 reveals that there is a slight decrease in the concentration 

range of IFN-γ from 10 ng/ml to 200 ng/ml while there is mild increase in 300 

ng/mL IFN-γ. But the differences between these concentrations and control 

group are not significant suggesting that at these concentrations of IFN-γ do not 

affect Caco-2 cell proliferation as measured by MTT. 
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Figure 7. MTT result of mixture of TNF-α and IFN-γ    Caco-2 cells treated 
with different concentrations of TNF-α and IFN-γ for 24 h in the 37 oC incubator. 
The vehicle was 1 % H2O. Values of TNF-α & IFN-γ were expressed as fold 
different to the vehicle as mean ± SEM of triplicate experiments, ****P <0.0001 
was determined by oneway ANOVA with Dunnett’s post-hoc correction. 
 
 

Figure 7 shows that the mixture of 100 ng/mL TNF-α and 300 ng/mL IFN-γ has 

an effect on reducing cell proliferation, which was significant statistically. But 

other concentrations of cocktails of TNF-α and IFN-γ do not cause much cell 

viability inhibition of Caco-2 cells. 
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Figure 8. MTT result of TNF-α and IFN-γ      HT-29 cells were treated with 
different concentrations of TNF-α and IFN-γ for 24 h in the 37oC incubator. The 
vehicle was 1 % H2O. Values were expressed as fold difference compared to 
the vehicle as mean ± SEM of triplicate experiments, **p<0.01, *** p<0.001, 
****P <0.0001 was determined by oneway ANOVA with Dunnett’s post-hoc 
correction and by t test. 
 
 

Figure 8 shows that IFN-γ has stronger effect on cell viability compared with 

TNF-α on the HT-29 cells but it does not cause much cell death which is less 

than 20 %). In order to determine if a low level of apoptosis was occurring that 

was not detectable by MTT, we characterized the treated cells using a flow 

cytometry PI protocol that could detect the uptake of propidium iodide into late 

apoptotic cells. As shown in Table 2 there was a negligible increase in apoptotic 

cells in HT-29 cells treated with TNF-α and IFN-γ. Nevertheless, this kind of 

approach appears to be most appropriate for studying the effect of IBD relevant 

cytokines on cell death in colorectal cell culture.  

 

 
2.6.1.2 Flow cytometry  

Caco-2 cells were treated with different concentrations of TNF-α, IFN-γ and 
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cocktail of TNF-α and IFN-γ respectively for 24 h in the 37 oC incubator. Cells 

were trypsinized and neutralized with 10% FBS cell medium (DMEM) after 24 h 

incubation. Cell pellets were collected after being spun down and resuspended 

in 200 µL PBS. 12.5 µL RNase (10mg/mL) and 37.5 µL propidium iodide (1 

mg/mL) were added and then cells were incubated at room temperature for 30 

min avoiding from direct light. Finally, flow cytometry was run in the BD Accuri 

C6 flow cytometer.  
 

 
Sample Apoptosis % G0G1 % S % G2M % M1 % 

PBS vehicle 0.6 53.0 2.6 24.1 16.1 
Cell Media  0.7 46.4 4.9 21.6 20.2 

IFN 30 ng/mL 0.7 47.1 4.8 22.5 18.6 
TNF 100 ng/mL 1.6 60.4 6.1 16.8 11.1 

TNF200 ng/mL   
IFN 30 ng/mL 1.7 51.9 7.2 17.6 15.5 

TNF100 ng/mL 
IFN 30 ng/mL 1.3 57.0 6.8 18.0 12.4 

TNF200 ng/mL 2.0 55.1 8.7 15.6 13.2 

 
Table 2. Flow cytometry result of TNF-α and IFN-γ       HT-29 cells were 
treated with different concentrations of TNF-α and IFN-γ at around 80% 
confluency for 24 h in the 37oC incubator before fixing and staining with PI. The 
vehicle was PBS. Values were expressed as mean ± SEM of one experiment. 
 
 

2.6.2 Results for effect of secondary BA on Caco-2 cell proliferation 

Caco-2 cells were treated with different concentrations of BAs respectively for 

24 h in the 37 oC incubator. 10 µL of 2.5 mg/mL MTT was added into the 

supernatant in the last 2 h of treatment. Finally, the medium was removed and 

formazan was dissolved in 100 µL DMSO. The 96-well plate was read by 

absorbance at 570 nm. The vehicle was 1% DMSO. 
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Figure 9. MTT result of DCA        Caco-2 cells were treated with different 
concentrations of DCA for 24 h in the 37oC incubator. The vehicle was 1 % 
DMSO. Values of DCA were expressed as fold different to the vehicle as mean 
± SEM of triplicate experiments, ****P <0.0001 was determined by oneway 
ANOVA with Dunnett’s post-hoc correction. 
 
 

Figure 9 shows that the cell viability effect of DCA depends on the 

concentration. When the concentration is equal or lower than 200 µM DCA, 

there is no significant difference with the control group.  

 

 

  
 
Figure 10. MTT result for LCA       Caco-2 cells were treated with different 
concentrations of LCA for 24 h in the 37oC incubator. The vehicle was 1% 
DMSO. Values of DCA were expressed as fold different to the vehicle as mean 
± SEM of triplicate experiments, ****P <0.0001 was determined by oneway 
ANOVA with Dunnett’s post-hoc correction. 
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The cell viability trend of LCA is similar with the DCA, which depends on the 

concentration. But the LCA had a larger cytotoxicity effect on Caco-2 cells 

compared with DCA. It did not cause cell death when the concentration was < 

10 µM. 

 

 

2.6.3 Results for LCA derivatives effects on Caco-2 cell viability in the MTT 

assay 

 
 
Figure 11. MTT result of sodium TLCA      Caco-2 cells were treated with 
different concentrations of sodium TLCA for 24 h in the 37oC incubator. The 
vehicle was 1 % DMSO. Values of TLCA were expressed as fold different to the 
vehicle as mean ± SEM of triplicate experiments, *P <0.05 was determined by 
oneway ANOVA with Dunnett’s post-hoc correction. 
 
 

Next, we examined another derivative of LCA, its 3-sulfate metabolite (Figure 

12) which can be produced in the intestinal wall and is relevant to the physiology 

of the colon. Surprisingly, treatment with LCA 3-sulfate caused a significant 

increase in cell proliferation in a concentration dependent manner with greatest 

effect at 1 mM (Figure 11). This may mean that the 3-sulfate can exert a 

proliferative or even cytoprotective effect in the colon and oppose the 
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pro-inflammatory effect of other BAs and microflora metabolites. The difference 

in toxicity between LCA and its 3-sulfate is striking, even if it is more polar. 

 

 
 
Figure 12. MTT result of LCA 3-sulfate       Caco-2 cells were treated with 
different concentrations of 3-sulfate LCA for 24 h in the 37 oC incubator. The 
vehicle was 1 % DMSO. Values of LCA 3-sulfate were expressed as fold 
different to the vehicle as mean ± SEM of triplicate experiments, *** p<0.001, 
****P <0.0001 was determined by oneway ANOVA with Dunnett’s post-hoc 
correction. 
 

TLCA 3-sulfate also exerted a significant proliferative/cytoprotective effect on 

Caco-2 cells that was again unlike its free analogue LCA (Figure 13). The effect 

on cell proliferation depends on the concentration with greatest effects seen at 

higher concentration. This is contrary to what we expected because in the free 

BAs that are not 3-conjugated, higher concentrations in the milimolar range 

cause cell death through multiple mechanisms. 
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Figure 13. MTT result of TLCA 3-sulfate         Caco-2 cells were treated 
with different concentrations of TLCA 3-sulfate for 24 h in the 37 oC incubator. 
The vehicle was 1 % DMSO. Values of TLCA 3-sulfate were expressed as fold 
different to the vehicle as mean ± SEM of triplicate experiments, *** p<0.001, 
****P <0.0001 was determined by oneway ANOVA with Dunnett’s post-hoc 
correction. 
 
 

2.6.4 Result for treatment with DCA and combination with TNF-α  

Because of the difficulties in obtaining a consistent anti-proliferative effect by the 

cytokine cocktail by itself we conducted several studies to see the effect of 

including DCA in order to generate a better model for screening for 

cytoprotection effect. DCA even at low concentration was able to induce Caco-2 

cell death in combination with TNF-α (Figure 14). It was concluded that DCA 

alone or in cocktail could be a better option for a model of colon cytotoxicity with 

which to screen for cytoprotection effects of potential UDCA cytoprotection 

analogues. It is unlikely that the TNF is able to contribute to the effect of DCA 

under these circumstances because TNF did not exert an effect by itself. 

Nevertheless, the DCA concentration is low considering the magnitude of the 

effect. 
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Figure 14. MTT result of cocktail of DCA and TNF-α          Caco-2 cells 
were treated with different concentrations of DCA with 200 ng/mL TNF-α for 24 
h in the 37 oC incubator. The vehicle was 0.5 % DMSO. Values were expressed 
as fold difference to the vehicle as mean ± SEM of triplicate experiments, ** 
p<0.01, was determined by oneway ANOVA with Dunnett’s post-hoc correction. 
 

 

2.6.5 Studies into the potential cytoprotecive effect for 3α-hydroxy-7β- 

(methanesulfonamido)-5β-cholanoate (35) with DCA induced cell death as 

a model of pathophysiological epithelial apoptosis 
 

Compound 35 is a UDCA analogue that has shown cytoprotective 

characteristics in the liver cell line Huh 7 (data from the Gilmer group, Gavin 

PhD). This compound is potentially of interest in the treatment of chronic liver 

disease conditions involving a cholestasis dimension for example PBC and PSC. 

Since IBD is an important comorbidity in PSC it was of interest to see if the 

cytoprotective effects of this compound evident in the liver cell line could be 

recapitulated in the colon cell line. This might indicate increased potential in 

PSC treatment but also possible application in IBD where inappropriate 

apoptosis is a disease driver. The Caco-2 cell line was therefore treated with the 

compound 35, first without any apoptosis stimulus – to ensure that the 

compound itself caused neither proliferation nor inhibition of proliferation.  
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Figure 15. MTT assay result of 3α-hydroxy- 7β-(methanesulfonamido) 
-5β-cholanoate (35)             Caco-2 cells were treated with different 
concentrations of compound and 35 for 24 h in the 37 oC incubator. The vehicle 
was 0.5 %DMSO. Values were expressed as fold difference to the vehicle as 
mean ± SEM of triplicate experiments, *p<0.05, was determined by oneway 
ANOVA with Dunnett’s post-hoc correction. 

 

The data in Figure 15 show that 35 does not reduce cell proliferation in the 

concentration range 100 to 500 µM with a suggestion that it may even increase 

proliferation at highest concentration. 

 

Next, we studied the effect of 35 on cells that were cotreated with DCA to 

determine its potential to exert a cytoprotective effect, that is to prevent 

DCA-induced cell death or reduction in cell proliferation. The data for the 

cotreatment experiment is presented in Figure 16. It shows that 35 affects cell 

proliferation in manner that depends on DCA concentration. When the 

concentration of DCA is higher than around 350 µM, 35 has cell protection effect 

i.e. it reduces the inhibitory effect of DCA. When cells were treated with 

compound 35 and DCA at lower concentration, the cell viability was reduced 

compared to treatment with DCA alone.  

 

untre
ate

d
DMSO

50
0 µ

M 35

25
0 µ

M 35

10
0 µ

M 35
0

50

100

150

Concentration

Ce
ll 

vi
ab

ili
ty

(%
) *



25 
 

 

Figure 16. MTT assay result of DCA and 3α-hydroxy-7β-(methane 
sulfonamido)-5β-cholanoate (35)   Caco-2 cells were treated with 250 µM 35 
for 24 h followed by adding different concentrations of DCA. The vehicle is 1% 
DMSO. 

 

 

2.6.6 Discussion  

The main objective of this Chapter was to establish a cell culture model of 

colonic apoptosis that would be relevant to IBD so that compounds could be 

screened for their potential to elicit a cytoprotective effect. This was achieved to 

a limited extent using DCA to stimulate apoptosis in Caco-2 cells and we were 

able to witness a modest protective effect from compound 35, a UDCA analogue 

produced in this lab. Although cell death can be induced by secondary BAs, we 

chose to look first at models incorporating TNF-α since this is a 

pathophysiologically relevant cytokine produced in IBD. Furthermore, it is 

believed that TNF-α causes disease progression in part through triggering 

apoptosis in the colorectal mucosa. Surprisingly there was little evidence of cell 

death in response to TNF-α in Caco-2 or HT-29 cell culture following 24 h 

treatment. The data are inconsistent with several literature reports including 

from the Laukens group[80]. In this work cell death was reportedly detected using 

a highly sensitive apoptosis protocol. It was further suggested in this work that 

the apoptotic effect of the cytokine cocktail could be blunted by treatment with 

TUDCA which made this an attractive approach potentially for screening new 
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bile acids for cytoprotective effects. It was possible that the level of apoptosis 

achieved in the present work by TNF-α and TNF-α/ IFN-γ cocktails was not 

reflected in a reduced cell MTT signal since this measure overall metabolic 

activity in the cell population. A more sensitive assay detecting apoptosis 

against a negative background may have been more suitable to detect a 

pro-apoptotic effect and its rescue by potentially cytoprotective BAs. However, 

when we studied HT-29 treatment with the cytokine cocktail using flow 

cytometry with PI staining, there was no evidence of increased apoptotic cells. It 

is possible that the sensitivity of TNF-α receptor was reduced due to the high 

passage number of the cells used so IFN-γ was added in order to enhance the 

sensitivity through increase in TNF-α receptor number. However, the effect on 

cell death was still not obvious. Having failed to generate a useful model of 

epithelial cell death in response to cytokines we turned out attention to 

secondary BAs that are known to induce cell death through necrosis and 

apoptosis. The MTT assay was used to test the cell viability in response to 

secondary BAs, DCA and LCA. It was possible to detect a cytotoxic effect of 

these two secondary BAs, although there are experimental difficulties caused by 

the undesirably high level of DMSO required to introduce the BAs into solution 

at high concentration. It is a puzzle in the BA field that many observations about 

these BAs are made in the context of concentrations in water that are 

unachievable considering their very low aqueous solubility (<30 µM). LCA and 

DCA caused around 50% reduction in MTT response at 24 h at around 100 µM. 

Surprisingly, TLCA caused a modest stimulatory effect at 1 mM but no cell death 

compared with DMSO alone. More surprisingly, LCA sulfate and to a lesser 

extent its tauro-analogue TLCA sulfate both caused a significant increase in 

proliferation compared with DMSO treatment alone in the treatment range 0.1-1 

mM. This was also a concentration dependent effect. This effect may be worth 

further study because it shows potential for the LCA metabolites to contribute to 

homeostatic resolution of colorectal inflammation and potential application of 
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these substances to regulate colorectal inflammation. In the liver, primary BAs 

are produced from cholesterol and then conjugated with taurine or glycine.[81] 

After being released to the intestine, conjugated primary BAs turns into free 

secondary BAs, DCA and LCA, through complex dehydroxylation reaction lead 

by colonic bacteria. After that, these secondary BAs are reabsorbed to liver 

where DCA is also conjugated with taurine or glycine but LCA is conjugated with 

sulfates.[82] During the enterohepatic recycling, the LCA-sulfates are released to 

the small intestine where only small amount of them is absorbed to the liver and 

the rest of them transports to the large intestine. The LCA-sulfates are 

desulfated in the large intestine then the released sulfate and some 

unconjugated LCA are resorbed to the liver while other LCA is excreted in feces. 

In the systemic blood, LCA-sulfates are extracted in urine because of its higher 

solubility. It is well-known that UDCA has cytoprotective actions and 

anti-inflammatory. Compared with UDCA, LCA is capable of reducing cytokine 

(TNF-α, IL-6, IL-1β, IFN-γ) release from colon epithelial cells more potently and 

the ability of suppressing mucosal inflammation in the DSS (dextran sulfate 

sodium) model of colitis.[83] In contrast to LCA physiologic functions, LCA is 

cytotoxic BA and it causes colonic membrane disruption resulted from its 

detergent properties.[84] It is found that LCA-sulfates are the most common 

status of conjugated LCA in the liver and intestine. After LCA is 3-sulfated , its 

water solubility increases resulting in more elimination and its micellar critical 

concentration increase lead to eliminate detergent properties against colon 

membrane.[85] Besides above side effects, LCA also has hepatobiliary toxicity 

that induce to cholestasis but this cholestatic activity can be prevented by the 

taurine-amidation LCA-sulfates.[86] It is valuable to explore the potency and 

cellular actions of TLCA and LCA-sulfates. 

 

Finally, the putative cytoprotective compound 35, a sulfonamide analogue of 

UDCA was studied first by itself for its effects on cell viability of Caco-2 cell 
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culture. As already seen in Huh 7 cells from the liver, this compound is without 

toxic effects even at high concentration in colorectal cell lines. This is a peculiar 

feature for a free bile acid analogue to not be at all toxic and it is consistent with 

its putative cytoprotective effects. The potential for these in colon cell culture 

was then studied in combination with DCA at concentration levels at which this 

bile acid causes cell death. There was some evidence of cytoprotection in the 

presence of high concentrations of DCA, but at lower concentrations there was 

a reduction in cell viability. The next Chapter is partly dedicated to further 

biochemical evaluation of 35 in the context of its anti-inflammatory effects and 

investigations into the GR activating effects of BAs.  
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Chapter 3. UDCA analogues as anti-inflammatory 

agents in cholestatic disease 
 

3.1 Glucocorticoids (Natural and Synthetic GCs) 

The term glucocorticoid (GCs) refers to a collection of endogenous steroid 

hormones[87, 88] and their synthetic analogues unified by their ability to activate 

the glucocorticoid receptor (GR)[89]. Compounds in this class, whether 

endogenous or exogenous, exert important influence on metabolism and on 

immune responses.  

 

The main endogenous glucocorticoid is cortisol (Figure 17). The synthetic 

version of this is known as hydrocortisone ((11β)-11, 17, 21-trihydroxypregn 

-4-ene-3, 20-dione). Cortisol is produced in the cortex of adrenal glands. Within 

the cell it can be metabolised to cortisone by the enzyme 11 beta-hydroxysteroid 

dehydrogenase 1 (11-beta-HSD1)[90]. Conversely, cortisone is converted into 

cortisol by 11 beta-hydroxysteroid dehydrogenase 2 (11-beta-HSD2)[90] (Figure 

17). The balance of glucocorticoid activity within a cell can be influenced by 

whichever is the more abundant enzyme. Cells with high levels of HSD1 will 

have low levels of cortisol or hydrocortisone activity. Cells with high levels of 

HSD2 will conversely have high levels of cortisol activity. These enzymes are 

therefore important modern drug discovery targets because of their influence on 

overall tissue glucocorticoid ‘tone’. 

 

 
Figure 17. Interconversion between cortisol and cortisone 
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Cortisol has two basic physiological influences including immune system[91] 

suppression and carbohydrate, fat and protein metabolism regulation. Cortisol 

can supress the immune system and it also can reduce inflammation[91]. Its 

synthetic forms and analogues are therefore described as immunomodulatory[92]. 

Cortisol inhibits the production of substances that result in inflammation such as 

IFN-γ, IFN-α, TNF-α, interleukin-12 (IL-12). However, it increases IL-4, IL-10 

and IL-13. For metabolic response, in the fasting state, cortisol stimulates 

gluconeogenesis or glycogenesis at different stages in order to maintain and 

increase blood sugar level in the body. Cortisol levels therefore correspond to 

diurnal variation in energy demand, and are highest in the morning.  

 

Apart from these two essential functions, cortisol also has an effect on 

sympathetic nervous system activation, blood vessel constriction, bone 

formation and myriad other physiological systems[93]. Moreover, cortisol as a 

naturally-occurring glucocorticoid is able to transmit signals through 

mineralocorticoid receptors (MR). The MR, which regulates sodium retention at 

kidney level[94] and which also plays an important role in the central nervous 

system (CNS)[95] is activated by cortisol, but less so by its synthetic analogues 

such as prednisolone as described below. The endogenous agonist for MR, 

aldosterone, is produced in much lower quantity than cortisol in the body. 

MR ,which also has a lower prevalence in humans than cortisol, can be 

protected from undesired activation by endogenous cortisol through local 

deactivation by HSD enzymes in a form of selectivity sometimes referred to as 

enzyme gated[96]. 

 

As mentioned, beyond the natural adrenal corticoids there are also many widely 

used synthetic GCs that have significant clinical utility of anti-inflammation and 

immunosuppression. They are frequently used anti-inflammatory drugs which 
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are effective in fighting inflammation caused by numerous immune system 

disorders ranging from IBD to autoimmune diseases, haematological cancers 

and neurological disorders. The glucocorticoid drugs have a basic chemical 

structure of steroid core carbon skeleton the same as endogenous GCs. 

(Figure 18) 

 

In order to decrease the adverse effects and improve the pharmacologic effect 

and selectivity, many man-made GCs have been produced. Because of the 

chemical modification such as functional groups changes, these synthetic GCs 

are more selective for the GR than the mineralocorticoid receptor (MR)[97], 

whose activation is responsible for sodium retention. For example, prednisolone 

(4) is more potent by around 5-fold than cortisol with 1/6 of MR activity activation 

of cortisol. Dexamethasone (3) has an over forty-fold increase in GR activity 

activation and much less MR activity activation than cortisol. 

 

        
Figure 18. Clinical synthetic GCs Dexamethasone (3) and prednisolone (4) 

 

Aside from the treatment of inflammation[98, 99], other synthetic GCs and 

derivatives such as beclomethasone, betamethasone, mometasone, 

fludrocortisone and so on. are used to treat a wide range of health conditions[100] 

including allergies (respiratory reactions, skin responses, anaphylaxis), 

endocrine issues, adrenal insufficiency, rheumatological diseases, asthma[101], 

gastrointestinal problems and so on. 
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3.2 Side effect of GCs 

GCs can exert many beneficial effects and they have widespread use and 

almost indispensable status in modern medicine. However，GCs cause serious 

side effects with  chronic use[102]. Some of these include blood sugar level 

increase that can trigger short-term or permanent diabetes, water retention, 

weight gain, thinning of skin, immune system suppression, wound healing delay 

and reduction in bone density[103]. The collective term for the undesirable human 

responses to chronic GC use is ‘Cushing’s Syndrome’.  As of yet, and despite 

many efforts, there are no GCs that only have an anti-inflammatory effect 

without adverse effects.  

 

3.3 GR Signaling Pathway 

In order to understand the reasons for the many effects of the GCs it is 

necessary to consider their mechanism of action (MOA). Through genomic 

mechanisms, the GCs activate the GR in the cytoplasm[104-106]. GR activation 

followed by translocation and transactivation resulting in a wide range of 

effects[107]. Whereas, the other way, transrepression, leads to the decrease in 

the expression of proinflammatory proteins. Transrepression does not induce 

the adverse effects of GCs and much effort has been devoted to identifying or 

designing substances that might cause selective transrepression effects. The 

GR, a transcription factor activated by a ligand, is localized in the cytosol 

together with various proteins as heterocomplexes including heat shock protein 

90 (hsp90)[108],  heat shock protein 70 (hsp70)[109] and the immunophilin 

FKBP52 (FK506-binding protein 52)[107]. After a glucocorticoid diffuses into the 

cell, usually through passive transport, it binds to the GR. The receptor 

dissociates from the heterocomplexes, exposing a nuclear localisation signal. 

The ligand-bound receptor moves to the nucleus by active transport where it is 

found as monomers or homodimers (Figure 19). The activated GR has two 
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kinds of direct transcriptional response[110, 111]. One direct mechanism of action is 

transactivation. The homodimers bind to glucocorticoid response elements 

(GREs)[112] and induces gene transcription that regulates over 100 genes. In this 

way, some of these genes code for anti-inflammatory proteins and some for 

proteins involved in inflammation. The homodimeric receptor[113] may also bind 

directly to DNA in a manner that suppresses transcription. This is called 

cisrepression. The other mechanism of action is transrepression. The 

monomeric form of the receptor can interact with the transcription factors such 

as NF-κB or activating protein-1 (AP-1)[114], which can stop them binding their 

target genes. This kind of glucocorticoid effect is presumed to exert an 

anti-inflammatory effect through decreased expression of cytokines such as 

IL-1β, IL-8, TNF-α (Figure 19).  

 
Figure 19. GR Signaling Pathway [115, 116] 

SBP: steroid binding proteins; GREs: glucocorticoid responsive elements; 
TFREs: transcription factor responsive elements; HSPs: heat shock proteins; TF: 
transcription factor.  
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3.4 NF-κB Signaling Pathway 

NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells)[117], a 

protein complex, is a family of transcription factors in many mammalian cell 

types. It plays a key role in DNA transcription, cellular survival, cytokine 

production and also is involved in regulating inflammatory response. [118] As we 

have seen it plays a key role in transmitting signals originating from TNF-α 

binding at the cell surface. Molecular NF-κB is a homodimer or heterodimer 

formed by the NF-κB family proteins. As of now, it is found that in mammals the 

NF-κB family has five members including RelA (p65), RelB, c-Rel, NF-κB1 

(p50/p105) and NF-κB2 (p52/p100). In the N-termini of dimers, each protein of 

the NF-κB family has a Rel homology domain (RHD) consisting of a nuclear 

localization signal (NLS)[119], a DNA binding region and a dimer region. [120] 

These three regions have corresponding functions of combining with enzyme 

complexes of IκB family, binding the κB sequence on the DNA chain and forming 

dimers with homologous or heterologous subunits. Beyond that, in their 

C-termin, p65, RelB and c-Rel share a transactivation domain that can regulate 

transcription factors in order to active transcription. But p50 and P52 do not 

have this domain so they are not able to active transcription. Among dimers, 

p50/p65 dimer[121] is the most common present in almost all cells[122]. Under 

resting state, NF-κB protein dimers are associated with IκB proteins which 

causes them to be retained in the cytoplasm. The IκB protein family[123] 

containing IkBa, IkBb and IkBg are inhibitors that can bind to the RHD and 

modulate the function of NLS. Therefore, the first step of the activation of NF-κB 

molecular is to dissociate the NF-kB protein from the NF-kB protein inhibitors 

allowing the trafficking of NF-κB dimers to the nucleus.  

 

There are two principal signalling pathways of NF-κB activation process[124]. 

One pathway of NF-κB activation is the canonical/classical cascade 

signalling,[125] beginning from the pro-inflammatory cytokine receptors binding 
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the ligand. When the extracellular signals are transferred across the 

cytomembrane through the receptors, the IkB kinase (IKK)[126] complex is 

activated. The complex is composed of a heterodimer of the IKKα, IKKβ 

catalytic subunits and an IKKγ regulatory subunit termed NF-κB essential 

modulator (NEMO). The IkBs of the IKK complex are activated by 

phosphorylation and then serines 32 and 36, located in IκBα, are 

phosphorylated. After the phosphorylated IκBα proteins have undergone a 

ubiquitination process, they are degraded by the 26S proteasome. The released 

p50/p65 dimers enter the nucleus, bind κB site of the specific gene and active 

gene transcription[127]. 

 

The other activation cascade affecting NF-kB is called non-canonical/alternative 

pathway cascade[128]. This pathway is independent of the classical cascade. It 

activates the NF-κB dimer of p100/p105. In specific cell types, when activated 

by the signal transferred by the LT-β or BAFF receptor from outside the cell, the 

NF-κB inducing kinase (NIK) induces the IKKα homodimers phosphorylation 

and then NF-kB2/p100 sites of the IKKα homodimers is phosphorylated at 

C-terminal portion. Phosphorylation, polyubiquitination and proteasomal 

degradation at these sites let the large precursor p100 process to the activated 

NF-κB subunits p52-RelB dimers due to the reason that p100 is united with RelB 

most commonly. The p52-RelB dimers translocate from the cytoplasm into the 

nucleus, bind to the target gene and active gene transcription[129]. 

 

In conclusion, NF-κB signalling pathway serves a dual function: it can mediate 

inflammation and promote apoptosis. The type and number of NF-κB subunit 

plays a decisive role in apoptosis. When p65 (RelA) is overexpressed, the 

NF-κB pathway can inhibit apoptosis. On the other hand, the NF-κB pathway 

can promote apoptosis when the expression of c-Rel is increased[130]. In 

pathophysiological process such as immunity, inflammation, cancer formation 
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and so on, NF-κB signaling pathway has an effect on supressing apoptosis 
[131-133]. 

 

 
Figure 20. Key NF-κB Signaling pathways [134] This figure includes the 
canonical and non-canonical NF-kB signaling pathway. The enzyme IκB kinase 
(IKK) or NF-κB-inducing kinase (NIK) is activated by various extracellular 
signals and then and triggers a serial of reactions. 
 
 

3.5 Dissociated Steroids 

The well-known therapeutic effects of GCs are, as described, limited by the side 

effects accompanying their chronic use. Due to the important role GCs play in 

disease treatment, many researchers have attempted to design novel selective 

nuclear ligands as agonists or antagonists to improve the therapeutic index 

associated with GC receptor activation.[135] As already mentioned, one approach 

to improving the GC therapeutic effect and decrease systemic adverse effects, 
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is the design of GR ligands that can dissociate transactivation and 

transrepression transcriptional effects. These called dissociated steroids act 

similarly to classical GCs ligands. These ligand types also bind the GRs causing 

GR dissociation from the chaperone proteins entering the nucleus. However, the 

dissociated steroids bias the receptor towards the monomeric form achieving a 

selective inhibition of proinflammatory factors NF-ΚB or AP-1 while minimizing 

direct transcriptional activities that are associated with side effects.  

 

Although there is much promise in this approach, and the idea is interesting, 

there has been little progress in dissociated steroid discovery and clinical 

development in the past decade. However, there are some vital clues that the 

approach could work. For example, RU24858[136, 137] (Figure 21), a GR 

antagonist, has a similar effect to dexamethasone on repressing the 

transcriptional activity of AP-1 but compared with dexamethasone, its 

transactivation activity associated with binding to glucocorticoid responsive 

elements (GREs) is dramatically lower. This dissociated GC has demonstrated 

anti-inflammatory properties both in vitro and in vivo but it had a disappointing 

clinical profile possibly because of poor dissociation in vivo that could be cell 

type specific. [138] It was reported that this dissociated GC still has side effects 

such as osteopenia. This side effect appears because this ligand altered ratio of 

osteoprotegerin (OPG)/ receptor activator of nuclear factor (NF)-kB-ligand 

(OPG/RANKL) in the process of OPG production transrepression[139]. 

 

 

Figure 21. Chemical structure of dissociated steroids RU24858 
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AL-438[140, 141] (Figure 22), a nonsteroidal GC ligand, interacts with GR only 

through glutamate receptor interacting protein 1 (GRIP-1), whose mechanism is 

different to dissociated steroids. Its dissociation of the transactivation and 

transrepression is achieved by differential recruitment of cofactors. It seems that 

it acts as a selective nuclear receptor modulator. It showed less presentation of 

some side effects including osteopenia and hyperglycemia compared with 

prednisolone[139, 142]. In vivo, this compound shows potent anti-inflammatory 

properties comparable to or better than prednisolone.[143] However in further 

clinical studies it will be necessary to carefully monitor for other adverse effects 

before drawing a conclusion on the clinical potential for this compound and the 

approach.  

 

 

Figure 22. Chemical structure of dissociated steroids AL-438 
 

 
Although these compounds have obvious anti-inflammatory properties and good 

dissociation of transactivation and transrepression in cell experiments, a 

significant increase in therapeutic index did not follow in the in vivo experiments. 

While important medical possibilities and potential for dissociated GCs remains, 

there is a lot of work to do to achieve something that can have a meaningful 

clinical impact.  

 

 

3.6 Structure of UDCA, its chemical and clinical properties and 

effects 
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Figure 23. Structure of UDCA 

 

UDCA (5), 3α,7β-hydroxyl-5β-cholanic acid, is hydrophilic bile acid. (Figure 5) 

In clinical practice, it is used to increase bile acid secretion, change composition 

of bile and reduce the content of cholesterol and cholesteryl ester in bile, which 

is of benefit to dissolve gallstones. It is reported that UDCA is able to effectively 

inhibit cholesterol synthesis in the liver, improve cholesterol release from the 

gallbladder to the intestinal tract and reduce fat stores in the liver tissues. As a 

traditional medicine, it is used to treat some liver and billiary diseases such as 

PSC and primary biliary cholangitis (formerly, cirrhosis, PBC) with IBD, CD and 

UCs, as complications[144]. UDCA remains the most important drug in the 

medical management of cholestatic liver disease. Depending on the dosing, up 

to 60% of patients receiving UDCA in PBC have a satisfactory response. For 

those refractory to UDCA, obeticholic acid an FXR agonist may be added. The 

European Crohn’s and Colitis Organisation (ECCO) and American College of 

Gastroenterology (ACG) recommend use of UDCA to treat UC patients whose 

complication is PSC[145, 146] although the clinical benefits in this setting are far 

from clear. This reflects the clinical reality that there are few therapeutic options 

in this dreadful disease. UDCA has been shown not only to have protective 

effects on human epithelial cells from the gastrointestinal tract but also 

immunoregulatory responses regulated through cytokine inhibition in epithelial 

cells and in immunocytes[147]. Although UDCA has been investigated extensively, 

its MOA in clinical use remains obscure and there is no clear target explaining 

its wide array of mainly immunomodulatory, cytoprotective and even 

pro-secretory effects.  
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Figure 24. Chemical structure of TUDCA 

 
Tauroursodeoxycholic acid (TUDCA), 3α,7β-hydroxyl cholanic acid-N-taurine, is 

a conjugated bile acid which is a product from a condensation reaction between 

the carboxylic acid group of UDCA and the amino group of taurine (Figure 24). 

Compared with UDCA, TUDCA not only has higher ionization, higher 

hydrophilicity, better bioavailability and faster speed of dissolving gallstones, but 

also less cell damage and no obvious side effects. The relative efficacy/side 

effect profiles of UDCA and TUDCA have not been conclusively compared in 

patients. They are likely to have similar if not interchangeable effects in a range 

of conditions based on their cellular effects in vitro.  

 

3.7 Evidence for UDCA activation of GR 

There has been a lot of interest and studies in UDCA, the GR signalling pathway 

and NF-κB activity because the immunomodulatory properties of UDCA are 

similar to glucocorticoid effects[148]. Some studies have shown that UDCA is able 

to activate the GR resulting in gene expression regulation without coactivator 

recruitment. Studies from this lab have shown that UDCA can induce GR 

translocation from cytoplasm to nucleus with the same efficacy as 

dexamethasone, the GR agonist, in a SKGT-4 (oesophageal cancer) cell-based 

assay and other cells models[149-151]. Moreover, there is evidence that UDCA can, 

in the absence of glucocorticoid ligand, induce GR translation via the GR-ligand 

binding domain (LBD). It is reported that the biological action of UDCA, 

NF-κB-dependent transcription suppression, is mediated selectively by GR 
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activation[152]. This suggests that UDCA may be an interesting chemotype for 

the generation of new GR ligands potentially with better therapeutic index. It 

reported that amido derivatives of UDCA were capable of causing GR 

translocation and NF-kB activity inhibition. These derivatives bind to the LBD 

rather than interacting with the traditional GC site thereby having the ability to 

induce coactivator recruitment and induce transactivation. This indicates a 

mechanism of action of a novel GR modulators.[153]. Among another interesting 

series of compounds identified in this lab are a series of novel GR modifiers with 

the general chemical structure correction 7 below. These are amides of UDCA in 

which the 3-OH groups have been replaced with an amine with retention of 

configuration (alpha). 

 

 
Figure 25. Novel GR chemical structure 

 

The research groups are searching for analogues of UDCA that retain its useful 

features but reducing its metabolic liabilities. For example, UDCA and its 

analogues are retained in the enterohepatic circulation[152]. It is known that in 

UDCA the 7β-OH is required for its disease modifying properties, including 

secretagogue and cytoprotective properties, and probably also its capacity to 

influence the GR[154]. On the other hand, the 7-OH is dehydroxylated by the 

intestinal bacteria, which reduces circulating UDCA, while increasing the 

concentration of LCA, a toxic metabolite. The Gilmer group has produced 

analogues of UDCA in which the 7-OH group is replaced with functionality that 

has reduced tendency to be metabolically removed, but potentially have the 

same binding properties to UDCA target proteins. Some of these are also 
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studied in the present work. 

 

TUDCA (6) whose chemical structure is almost the same as UDCA can also 

cause translocation of GR and mineralocorticoid receptor (MR), suggesting that 

the sidechain is not important for interactions between UDCA/TUDCA and the 

GR[154]. It appears that the steroid part of UDCA is largely responsible for the 

dissociation and nuclear translocation of GR. It suggests that the side chain can 

be modified to achieve better targeted effect and improve pharmacodynamics 

as shown in the previous work from the group[58]. 

 

 

3.8 Aims and objectives 

The main aim of the following work was to characterise biochemically a series of 

UDCA-3 amides in liver and inflammatory cells. The specific objectives were to 

produce further test quantities and synthesise UDCA derivatives appropriately 

substituted to learn more about the structure activity requirements for the GR 

modulating effect. This could inform future work towards more potent or 

effective UDCA-based GR modulators, and it would also be of scientific interest 

to understand how the analogues exert the observed effects. A related aim was 

to see if the effects on triggering GR translocation, which were observed in the 

SKGT4 oesophageal cancer cell line, would transfer or could also take place in 

liver cells, since these are a potential target for a bile acid-based GR agonist. 

Accordingly, we intended to test UDCA derivates as GR agonists in liver cells, 

first using the GR translocation assay and then by assessing its 

anti-inflammatory effects on liver cells and PBMCs associated with NF-κB 

inhibition. 
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3.9 Design and Synthesis of UDCA derivatives.  

Much research has been done on the relationship between chemical 

modification and biological activities for several decades, and it is widely 

accepted that chemical structure modification can improve the potency and 

cytotoxicity of BAs [43, 155, 156]. In the chemical synthesis, we started with 3α-azide, 

3β-azide and 7β-azide formations of UDCA. Then these compounds were 

converted into 3α-amino, 3β-amino and 7β-amino compounds, respectively, 

before producing benzamide, chlorobenzamide, methanesulfonamido. A novel 

7-beta triazole derivative was produced via a click reaction. The BAs synthesis 

methods were conducted according to the previous work of the Gilmer BA group 

in Trinity College.  

 

We started with the synthesis of two 3α-benzamides of UDCA, one substituted 

with chlorine at position 4 and the other unsubstituted (Scheme 1). In these 

compounds the critical UDCA 7-position is left unaffected. In the first step, 

UDCA was protected by methyl ester formation using a catalytic quantity of HCl 

in MeOH. The methyl ester (8) was isolated in 96% yield (Scheme 1). The 

hydroxyl groups at positions 3- and 7- were then protected as formyl esters 

using formic acid with a small amount of perchloric acid. Then the 3-formate was 

selectively removed using weak aqueous base hydrolysis. The deprotected 

alcohol was converted to beta bromide by treatment with NBS and PPh3 in dry 

THF following work described in the Ph.D. thesis of Ferenc Majer and Jason 

Gavin in the Gilmer group [157, 158]. The bromine was displaced with inversion of 

configuration (SN2) with azide in DMPU producing the 3α--azide (12). This was 

reduced over Pd/C in an atmosphere of H2. The resultant amine was amidated 

using either the benzoyl chloride or the chlorobenzoyl chloride, producing the 

amide that was most active in the work of Jason Gavin in causing GR 

translocation (15,17,23,24). After that, we synthesized two 3β-amides (19) of 

UDCA derivatives.  
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The obvious advantage of this approach is that it can achieve stereospecificity 

obviating the difficulties of separation of the mixture of α- and β-amides. In 

previous studies carried out in the Gilmer group, a Boc protecting group was 

added to the azide, and then displaced to the amine product. However, it is 

found that it is unnecessary to add this group because the amine product can be 

made from azide product directly, and the failure rate of turning 

24-methyl-3β-(N-Boc)-7-acetoxy-5β-cholanoate/24-Methyl-3α-(N-Boc)-7-acetox

y-5β-cholanoate to 3α and 3-β azide products is high. Thus, we chose to 

eliminate the Boc-protection step Then, following deprotection, the relevant 

amines were coupled with benzoyl chloride or 4-chlorobenzoyl chloride to make 

the target UDCA derivatives.  

 

 

 

3.9.1 Synthesis of 3α-(benzamido)-7β-hydroxy-5β-cholanoate (15) and 

3α-(4- chlorobenzamido)-7β-hydroxy-5β-cholanoate (17) 

 

The alpha amide compounds were produced from UDCA (Scheme 1). The first 

step is to protect the hydroxy at the C-3, C-7 and C-24 position in order to add 

the chemical function group into targeted position. Then the carboxyl to hydroxy 

at C-3 position was reduced and the hydroxy was substituted by bromine atom. 

3α-azide (12) was synthesized by the nucleophilic substitution. 
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Scheme 1. Synthesis of 3α-azide of UDCA 

 
 

3α-azide was reduced to primary amines which is unstable so compound 13 is 

required to react immediately without being purified (Scheme 2). Either Benzoyl 

chloride or chlorobenzoyl chloride was added to synthesize compounds (14, 17) 

and return the methyl to hydroxy through hydrolytic reaction. 
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Scheme 2. Formation of 3 α-benzamido and 3α-chlorobenzamido of UDCA 
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3.9.2 Synthesis of 3β-(benzamido)-7β-hydroxy-5β-cholanoate (23) and 

3β-(4- chlorobenzamido)-7β-hydroxy-5β-cholanoate (24) 

 

The beta amide compounds were produced from the more directly accessible 

3β-azide (Scheme 3). These were produced from the selectively protected 

UDCA derivative 10 from the work described above. The 3-OH was activated 

towards nucleophilic substitution by sulfonation with methanesulfonyl chloride in 

the presence of a tertiary base (10). This was substituted by treatment with 

NaN3 in the polar aprotic solvent DMPU at room temperature for several days. 

The lower temperature delays the reaction in this case but reduces the 

competing C 3-elimination.  

 

 
Scheme 3. Synthesis of 3β-azide of UDCA 

 
 

The 3β-azide was reduced in the presence of Pd/C under an atmosphere of 

hydrogen. The product 20 was not isolated because it is expected to be 

unstable. Instead the amine was acylated directly as indicated in Scheme 4 

producing the 3β-benzamide 22. This was deprotected through aqueous 

hydrolysis with hydroxide producing target compound 23. 
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Scheme 4. Formation of 3b-benzamido of UDCA 

 

The corresponding chlorobenzamide was produced from 20 by treatment with 

chlorobenzoyl chloride in the presence of a tertiary base. Deprotection was 

accomplished as already described for 22. 

 

 
Scheme 5. Formation of 3 b-chlorobenzamido of UDCA 

 

Two further set of compounds were prepared as controls and for further 
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investigation. Since the earlier work had identified the GR translocating activity 

of 3 α-chlorobenzoyl amide, it was decided to prepare a control compound 

retaining this group but without the UDCA scaffold. The intention was to use this 

to explore or verify the role of the UDCA framework in enabling the chlorine 

substituted amide in causing GR translocation. Accordingly, cyclohexylamine 

was acylated directing with chlorobenzoyl chloride and the product purified by 

flash chromatography. 

 

 

3.9.3 Synthesis of N-cyclohexylbenzamide (25) 

 
Scheme 6. Formation of N-cyclohexylbenzamide (25) 

 
 
3.9.4 Synthesis of 3α-hydroxy-7β-(1H-1,2,3-triazol-1-yl)-5β- cholanoate (33) 

and 3α-hydroxy-7β-(methanesulfonamido)-5β- cholanoate (35)  

Compound 33, the UDCA-based triazole and compound 35, the sulfonamide 

were prepared with the assistance of the Gilmer group from CDCA. The 

methods for producing these are described in the PhD thesis of Gavin (Trinity 

College Dublin, 2017). 
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Scheme 7. Formation of 3α-hydroxy-7β-(1H-1,2,3-triazol-1-yl)-5β- 

cholanoate (33) and 3α-hydroxy-7β-(methanesulfonamido)-5β- cholanoate 
(35) 

 
These compounds 3α-hydroxy-7β-(1H-1,2,3-triazol-1-yl)-5β- cholanoate (33) 

and 3α-hydroxy-7β-(methanesulfonamido)-5β- cholanoate (35) were prepared 

from CDCA and provided by the members of Gilmer Group.  

 

 

3.10 Effect of BAs derivatives on cell viability by MTT and 

Alamar blue 

The first studies conducted were on the effect of the compounds on the 

proliferation of the study cell types to ensure that anti-inflammatory effects 

observed were not due to induction of cell death. Bile acids can induce cell 

death through a variety of pathways and the amide derivatives were expected to 

be toxic or partly toxic in the concentration range they were to be studied as 

anti-inflammatory agents.  

 

3.10.1 MTT Assay 

MTT assay can not only be used to measure cell viability, but also to assess 

cytotoxicity and cytostatic activity. Cell respiration generates 

NAD(P)H-dependent cellular oxidoreductase enzymes which can reduce the 



51 
 

tetrazolium dye MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) to a purple insoluble formazan which accumulates in cells. And then 

the formazan is solubilized by dimethyl sulfoxide (DMSO) before optical density 

is determined by absorbance at 570 nm. 

 
Figure 26. MTT Assay [159]    MTT Assay is an enzyme-based method that is 
used widely in cell toxicity and cell viability through coloring reagent and 
dehydrogenase. In the figure, nicotinamide adenine dinucleotide (NADH) 
consists of nicotinamide adenine dinucleotide (NAD) + hydrogen (H). It is 
essential in the energy generation reaction in all living cells. 

 

 
Figure 27. MTT assay 

 
 
3.10.2 Alamar Blue Assay 

Alamar Blue Assay is used to quantify metabolic activity of cells related to cell 

proliferation. The reagent of alamar blue is a ready-to-use blue resazurin 

solution that can measure the cell viability through the reducing power of viable 

cells turning the non-fluorescent blue ingredient in the reagent into fluorescent 

red resorufin. In this way, the cell viability is easily detected by a fluorescence- 
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(more accurate) at 530–560 nm or an absorbance-based plate reader at 570 

nm.  

 

 
Figure 28. Alamar Blue Assay [160]   The assay relies on the metabolic 
activity in the mitochondria of cells. It is a fluorometric method that is based on 
the reduction reaction transforming blue resazurin to resorufin. 

 

 
Figure 29. Alamar blue assay 

 

 

3.10.3 Cytotoxicity studies on the Caco-2 cell line 

Caco-2 cells were treated with different concentrations of BAs derivatives 

respectively for 24 h in the 37 oC incubator. 10 µL of 2.5 mg/mL MTT was added 

into the supernatant in the last 2 h of treatment. Finally, the medium was 

removed and formazan was dissolved in 100 µL DMSO. The 96-well plate was 

read by absorbance at 570 nm. The vehicle was 0.5 % DMSO. 
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Effect of 3α-(4-chlorobenzamido)-7β-hydroxy-5β-cholanoate (17) on cell 

viability 

 

Figure 30 shows Alamar Blue data for treatment of THP-1 Blue cells with the 

active chlorobenzamide compound 17.  The compound causes cell death or 

reduces cell proliferation in a concentration dependent manner in the range 

100-500 µM. 

 

 

 

Figure 30. Alamar Blue assay result of 3α-(4-chlorobenzamido) 
-7β-hydroxy-5β-cholanoate (17) Caco-2 cells were treated with different 
concentrations of 3α-(4-chlorobenzamido)-7β–hydroxy-5β–cholanoate (17) for 
24 h in the 37 oC incubator. The vehicle was 0.5 % DMSO. Values were 
expressed as fold difference compared to the vehicle as mean ± SEM of 
triplicate experiments, *** p<0.001, ****P <0.0001 was determined by oneway 
ANOVA with Dunnett’s post-hoc correction.  
 
 

Effect of 3α-(benzamido)-7β-hydroxy-5β-cholanoate (15) and 

3β-(benzamido)- 7β-hydroxy-5β-cholanoate (23) on cell viability 

Next, we studied the effect of the epimeric 3-benzamides 15 and 23 on cell 
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viability of the Caco-2 cell line using the MTT assay (Figure 31). In the MTT 

assay graph, the cell viability of 3α-(benzamido)-7β-hydroxy-5β-cholanoate (15) 

is higher than 3β-(benzamido)-7β-hydroxy-5β-cholanoate (23) except at 

concentration of 50 µM. Even though the molecular formula of these two 

compounds is the same, different configurations have different cytotoxicity. 

Moreover, compared with 3α-(4-chlorobenzamido)-7β–hydroxy-5β–cholanoate 

(17), the cell viability of 3α-(benzamido)-7β-hydroxy-5β-cholanoate (15) is also 

higher. It seems that in the alpha configuration, the addition of the chloride group 

in 3α-benzamido increases the toxic effects.  

 

 
Figure 31. A comparison of the effect of 3α-(benzamido)- 7β-hydroxy- 
5β-cholanoate (15) and 3β-(benzamido)-7β-hydroxy-5β-cholanoate (23)            
Caco-2 cells were treated with different concentrations of 
3α-(benzamido)-7β-hydroxy-5β-cholanoate (15) and 3β-(benzamido)-7β- 
hydroxy-5β -cholanoate (23) for 24 h. The vehicle was 0.5 % DMSO. Values 
were expressed as fold difference compared to the vehicle as mean ± SEM of 
triplicate experiments, *** P<0.001, was determined by oneway ANOVA with 
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Dunnett’s post-hoc correction. 
 
 

Effect of 3β-(4-chlorobenzamido)-7β-hydroxy-5β-cholanoate (24) on cell 

viability 

 
Figure 32. MTT assay result of 3β-(4-chlorobenzamido)-7β-hydroxy- 
5β-cholanoate (24)   Caco-2 cells were treated with different concentrations 
of compound 24 for 24 h. The vehicle is 0.5 %DMSO. Values were expressed as 
fold difference compared to the vehicle as mean ± SEM of triplicate experiments, 
**p<0.01, *** p<0.001, ****P <0.0001 was determined by oneway ANOVA with 
Dunnett’s post-hoc correction. 
 
 

Effect of 3α-(4-chlorobenzamido)-7β-hydroxy-5β-cholanoate (17) and 

3β-(4-chlorobenzamido)- 7β- hydroxy- 5β-cholanoate (24) on cell viability 
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Figure 33. A comparison of the effect of 3α-(4-chlorobenzamido) 
-7β-hydroxy-5β-cholanoate (17) and 3β-(4-chlorobenzamido)- 7β- hydroxy- 
5β-cholanoate (24)   Caco-2 cells were treated with different concentrations 
of 3α-(4-chlorobenzamido)-7β-hydroxy-5β-cholanoate (17) and 
3β-(4-chlorobenzamido)- 7β- hydroxy- 5β-cholanoate (24) for 24 h. The vehicle 
was 0.5 % DMSO. Values were expressed as fold difference compared to the 
vehicle as mean ± SEM of triplicate experiments, *** P<0.001, was determined 
by oneway ANOVA with Dunnett’s post-hoc correction. 

 

Compared with 3β-(benzamido)-7β-hydroxy-5β-cholanoate (23), the cytotoxicity 

of 3β-(4-chlorobenzamido) -7β-hydroxy-5β-cholanoate (24) is similar to 23. It 

indicates that adding chloride does not decline dramatically the cell viability in 

alpha and beta configuration. 

 

In conclusion, the cell viability following treatment with these four compounds, 

4-chloro-N-cyclohexylbenzamide(24),3α-(benzamido)-7β-hydroxy-5β- 

cholanoate(15),3α-(4-chlorobenzamido)-7β-hydroxy-5β-cholanoate(17),3β-(ben

zamido)-7β-hydroxy-5β-cholanoate(23),3β-(4-chlorobenzamido)-7β–hydroxy 

-5β-cholanoate (24) depends on treatment concentration. At a given 

concentration, the compound 24 causes the least cell toxicity among these four 

above compounds.  
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Effect of 3α-hydroxy-7β-(1H-1, 2, 3-triazol-1-yl)-5β-cholanoate (33) and 

3α-hydroxy-7β-(methanesulfonamido)-5β-cholanoate (35) on cell viability 

 

In Figure 34, compound 33 and 35 do not cause cell death of Caco-2 cells and 

even have cytoprotection at 500 µM. Compared with 3β-amido, 7β-amido has 

much less cytotoxicity. 

 

      

 
Figure 34. MTT assay result of 3α-hydroxy-7β-(1H-1,2,3-triazol-1-yl) 
-5β-cholanoate(33) and 3α-hydroxy-7β-(methanesulfonamido)-5β- 
cholanoate (35)   Caco-2 cells were treated with different concentrations of 
compound 33 and 35 for 24 h in the 37 oC incubator. The vehicle is 0.5 %DMSO. 
Values were expressed as fold difference compared to the vehicle as mean ± 
SEM of triplicate experiments, *p<0.05, **p<0.01, *** p<0.001, ****P <0.0001 
was determined by oneway ANOVA with Dunnett’s post-hoc correction and by t 
test. 
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3.10.4 Cytotoxicity studies on the Huh 7 cell line 

Having studied the effect of the BA derivatives on the Caco-2 cell line we next 

turned our attention to their effects on the hepatoma cell line Huh 7. The data 

presented in Figure 35 show that the Huh 7 cell line is more resistant to cell 

death induction in the presence of the test compounds than the Caco-2 cell line. 

Modest but statistically significant reduction in cell number could be observed on 

treatment with 35, 15, 24, but the levels were not sufficiently high to predict an 

interference on subsequent cell signaling or anti-inflammatory assays. 

 
Figure 35. MTT Assay result of bile acid derivatives   Huh 7, a 
hepatocarcinoma cell line, was treated with different concentrations (50, 100 µM 
respectively) of six BAs analogues for 24 h. The vehicle control is 0.5 %DMSO. 
Values were expressed as fold difference compared to the vehicle as mean ± 
SEM of triplicate experiments, *p<0.05, **p<0.01, was determined by oneway 
ANOVA with Dunnett’s post-hoc correction. 
 

 

3.10.5 Cytotoxicity studies on the THP 1-Blue cell line using the MTT assay 

Next, we studied the anti-proliferative effect of the compounds on the THP 

Cell
 m

ed
ium

DMSO

50
 µM

 35

10
0 µ

M 35

50
 µM

 33

10
0 µ

M 33

50
 µM

 15

10
0 µ

M 15

50
 µM

 23

10
0 µ

M 23

50
 µM

 17

10
0 µ

M 17

50
 µM

  2
4

10
0 µ

M 24
0

50

100

150

Concentration

Ce
ll 

vi
ab

ili
ty

(%
)

*
** * **



59 
 

1-Blue cell line since, as described below, we intended to use this cell line to 

measure effects of the test compounds on the activity of the major 

pro-inflammatory transcription factor NF-kB. One reason for studying NF-kB is 

that its activity is under the influence of the GR. 

 
 
Figure 36. MTT Assay result of bile acid derivatives on THP 1-Blue    
Peripheral blood mononuclear cells（PBMCs） were treated with different 
concentrations of BA analogues for 24 h. The following procedures are the 
same. The vehicle control is 0.5 % DMSO. Values were expressed as fold 
difference compared to the vehicle as mean ± SEM of triplicate experiments, 
*p<0.05, ***p<0.001, was determined by oneway ANOVA with Dunnett’s 
post-hoc correction. 
 

 

Statistically in the case of 17 and 24 at higher (100 µM) concentration, the 

compounds were markedly inhibitory towards PBMC proliferation. It was 

decided to assess the effect of the compounds on TNF-α induced NF-κB 

signaling preferably at 50 µM since the level of inhibition of proliferation at this 

concentration was relatively low across the compound set.  
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3.11 Effect of BAs on THP1-Blue stimulated with TNF-α 

3.11.1 QUANTI-Blue Assay (The THP1-Blue reporter assay for NF-κB) 

QUANTI-Blue assay is a commercial colorimetric assay for quantifying alkaline 

phosphatase (AP) activity in the supernatant of human monocyte cell line THP 

1-Blue. The AP activity is related to secreted embryonic alkaline phosphatase 

(SEAP), a truncated form of placental AP, that is secreted out of the cells in 

response to NF-kB activation. Following stimulation by endotoxin such as 

lipopolysaccharides (LPS) and activation of NF-κB induced by TNF α, the NF-κB 

activation leads to the SEAP expression. In the presence of SEAP, the medium 

changes from pink to purple, thus indicating whether or not the NF-kB pathway 

is activated.  

 

 

 

 

 

 

 

 

 

Figure 37. QUANTI-Blue Assay    The SEAP is secreted into cell 
supernatant different with intracellular reporters. QUANTI-Blue Assay, 
colorimetric assay, determines the SEAP activity in cell supernatant. 
 

 

3.11.2 Result of BAs effect on THP 1-Blue stimulated with TNF-α 

THP 1-Blue cells were treated with 10 ng/ml TNF-α and together with different 

concentrations of compounds. Then cells were incubated for 24 h. 20 µL cell 

supernatant was added into 200 µL QUANTI-Blue reagent for 20 minutes in 

dark environment after 24 h incubation. Absorbance was read at 620–655 nm 
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was normalised to 0.5 % DMSO. The vehicle is 0.5 % DMSO. 

 

 

 
Figure 38. QUANTI-Blue assay result of TNF-α    In the negative group THP 
1-Blue cells were treated with 0.5 % DMSO cell medium (RPMI-1640 Medium) 
alone for 24h.  THP 1-Blue cells were treated with 10 ng/ml TNF-α in 0.5 % 
DMSO cell medium for 24h in the positive group.  
 
 

Figure 38 shows that after being treated with TNF-α, in the positive group the 

AP activity was stimulated dramatically compared with the negative group. In 

the following experiments, the negative group and the positive group were 

added. The project then moved to the evaluation of the potential 

anti-inflammatory effect of the bile acid derivatives. First it was decided to 

assess the activity of two important control substances in this context; the GR 

agonist dexamethasone, and TUDCA, the tauro derivative of UDCA which has 

putative anti-inflammatory effect.  
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Figure 39. QUANTI-Blue assay result of dexamethasone   THP1-Blue cells 
were treated with 10 ng/ml TNF-α and different concentrations of 
dexamethasone for 24 h. Values were expressed as fold difference compared to 
the vehicle as mean ± SEM of triplicate experiments, *p<0.05, **p<0.01, was 
determined by oneway ANOVA with Dunnett’s post-hoc correction. 

 

The inhibitory effect of dexamethasone on AP reached a maximum of around 25% 

inhibition relative to control at a concentration of 1 µM. This demonstrates that in 

this assay system, NF-kB activity is only partly under the influence of the GR 

because dexamethasone is a high efficacy GR agonist. For the purposes of the 

following studies 1 µM dexamethasone was used as positive control. 

 

 

Effect of TUDCA on TNF-α induced THP-1 Blue activity    

Figure 40 shows the data for the treatment with TUDCA. TUDCA did not cause 

an inhibition of SEAP activity in response to TNF-α, indeed it caused a small but 

statistically significant increase in SEAP activity in a concentration dependent 

effect. This was surprising because TUDCA is regularly referred to as 

anti-inflammatory, indeed it may be the active substance during the clinical use 

of UDCA.[161-164] 
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Figure 40. QUANTI-Blue assay result of TUDCA (7)   THP-1 Blue cells were 
treated with 10 ng/ml TNF-α and different concentrations of TUDCA for 24 h. 
The vehicle is 0.5 %DMSO. The dexamethasone concentration is 1 µM. Values 
were expressed as fold difference compared to the vehicle as mean ± SEM of 
triplicate experiments, **p<0.01, ****P <0.0001 was determined by oneway 
ANOVA with Dunnett’s post-hoc correction and by t test. 
 
 
Effect of compound 17 on TNF-α induced SEAP activity 

The most active compounds in the GR translocation assays in the Ph.D. thesis 

of Jason Gavin, the 3α-(4-chlorobenzamido)-7β-hydroxy-5β-cholanoate (17) 

was studied next. Here, It caused a concentration dependent inhibition of THP 

1-Blue production of SEAP activity in response to TNF-α (Figure 41). However, 

previous studies had shown that it also caused reduction in THP-1 proliferation, 

most likely through a cytotoxic effect in the concentration range above 100 µM. 

However, here a modest inhibitory effect was observed at 50 µM where 

previously it was shown to not affect cell viability at this concentration. This 

indicates a potential inhibitory effect on TNF-α stimulated SEAP 

secretion/activity.  
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Figure 41. QUANTI-Blue assay result of 3α-(4-chlorobenzamido)-7β–
hydroxy-5β– cholanoate (17)    THP1-Blue cells were treated with different 
concentrations of 3α-(4-chlorobenzamido)-7β-hydroxy-5β-cholanoate (17) and 
10ng/ml TNF-α for 24 h. The vehicle is 0.5 %DMSO. The dexamethasone 
concentration is 1 µM. Values were expressed as fold difference compared to 
the vehicle as mean ± SEM of triplicate experiments, **p<0.01, ****P <0.0001 
was determined by oneway ANOVA with Dunnett’s post-hoc correction and by t 
test. 
 

 

Effect of compound 15 on TNF-a induced SEAP activity 

Next, we studied the effect of 3α-(benzamido)-7β-hydroxy-5β-cholanoate (15) 

on SEAP activity in response to TNF-α. Compared with 17, 15 was a little less 

effective at inhibiting TNF-α induced SEAP activity (Figure 42).  
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Figure 42.   Comparison of the QUANTI-Blue assay result of 3α- 
(benzamido)-7β-hydroxy-5β-cholanoate(15) and 3α-(4-chlorobenzamido)- 
7β-hydroxy-5β- cholanoate (17)   THP1-Blue cells were treated with 10 ng/ml 
TNF-α and different concentrations of eithe3α- (benzamido)-7β-hydroxy 
-5β-cholanoate (15) or 3α- (4-chlorobenzamido)- 7β- hydroxy-5β-cholanoate (17) 
for 24 h. The vehicle is 0.5 %DMSO. Values were expressed as fold difference 
as mean ± SEM of triplicate experiments, **p<0.01, *** p<0.001, was 
determined by t test. 

 

 

Effect of compound 23 on TNF-a induced SEAP activity 

Data for the unsubstituted beta amide, 3β-(benzamido)-7β-hydroxy 

-5β-cholanoate (23), are presented in Figure 43 in comparison with compound 

15. Interestingly, compound 23 was significantly less active than its alpha 

analogue, with no evidence of inhibition at concentration levels that did not 

induce cell death in this cell line in the earlier studies. 
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Figure 43. Comparison of the QUANTI-Blue assay result of 
3β-(benzamido)-7β-hydroxy-5β-cholanoate (23) and 3α-(benzamido)-7β- 
hydroxy-5β-cholanoate (15)    THP1-Blue cells were treated with 10 ng/ml 
TNF-α and different concentrations of either 3β-(benzamido) 
-7β-hydroxy-5β-cholanoate (23) or 3α-(benzamido)-7β-hydroxy-5β- cholanoate 
(15) for 24 h. The vehicle is 0.5 %DMSO. Values were expressed as fold 
difference compared to the vehicle as mean ± SEM of triplicate experiments, 
**p<0.01, *** p<0.001, ****P <0.0001 was determined by t test. 
 

 

Effect of compound 24 on TNF-α induced SEAP activity 

Finally, in this series we studied compound 24, the chlorobenzamide with beta 

configuration. As with 23, this compound caused inhibition of SEAP activity in 

response to TNF-α, but only at concentration levels where it also caused 

inhibition of cell proliferation. This compound was not as active as its alpha 

isomer, just as the unsubstituted beta compounds 23, 24 was not as active as its 

alpha isomer.  
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Figure 44. QUANTI-Blue assay result of 3β-(4-chlorobenzamido)-7β 
-hydroxy-5β-cholanoate (24)   THP1-Blue cells were treated with 10ng/ml 
TNF-α and different concentrations of 3β-(4-chlorobenzamido)-7β–hydroxy-5β–
cholanoate (24) for 24 h. The vehicle is 0.5 %DMSO. The dexamethasone 
concentration is 1 µM. Values were expressed as fold difference compared to 
the vehicle as mean ± SEM of triplicate experiments, ns P>0.05, ****P <0.0001 
was determined by oneway ANOVA with Dunnett’s post-hoc correction and by t 
test. 
 

 

 
Figure 45. Comparison of the QUANTI-Blue assay result of 3β- 
(benzamido)-7β-hydroxy-5β-cholanoate (23) and 3β-(4-chlorobenzamido) 
-7β-hydroxy-5β-cholanoate (24)   THP1-blue cells were treated with 10 
ng/ml TNF-α and different concentrations of these compounds for 24 h. The 
vehicle is 0.5 %DMSO. Values were expressed as fold difference as mean ± 
SEM of triplicate experiments, ****P <0.0001 was determined by t test. 
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3β-(4-chlorobenzamido)-7β –hydroxy-5β–cholanoate (24) has an influence on 

reducing AP activity depending on its concentration. Compared with 

3β-(benzamido)-7β-hydroxy-5β-cholanoate (23), compound 24 caused a more 

significant decrease of AP activity. This would suggest that introducing the 

chloride side chain increases NF-κB inhibitory activity in both 3-alpha and 3-beta 

configuration.  

 

 

Effect of the 7-substituted compounds 33 and 35 on TNF-α induced SEAP 

activity 

Finally, we studied the two 7-substituted UDCA analogues (33, 35) for their 

effect on TNF-a induced SEAP activity (Figure 46, Figure 47). These 

compounds were active at the concentration (>250 µM) showing similar or 

greater activity than dexamethasone under conditions where no cell death or 

reduction in proliferation had been observed in the earlier studies while 

dexamethasone has serious side effects with chronic use[102]. Given their overall 

profile and lack of inhibitory activity on proliferation in multiple cell lines, these 

may be promising analogues for pharmacological development. 

 

   
Figure 46. QUANTI-Blue assay result of 3α-hydroxy-7β-(methane 
sulfonamido)-5β-cholanoate (35)    THP1-Blue cells were treated with 
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different concentrations of compound 35 with 10 ng/ml TNF-α for 24 h. The 
vehicle is 0.5 %DMSO. The concentration of dexamethasone is 1 µM. Values 
were expressed as mean ± SEM of triplicate experiments, ns p>0.05, was 
determined by t test. 

 

 

 
Figure 47. QUNATI-Blue assay results for UDCA-based triazole 33.  
THP1-Blue cells were treated with different concentrations of 
3α-hydroxy-7β-(1H-1,2,3-triazo l-1-yl)-5β-cholanoate (33) with 10 ng/ml TNF-α 
for 24 h. The vehicle is 0.5 %DMSO. The concentration of dexamethasone is 1 
µM. Values were expressed as mean ± SEM of triplicate experiments, **p<0.01, 
was determined by t test. 
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Figure 48. Comparison of the QUANTI-Blue assay result of UDCA-based 
triazole (33) and UDCA-based sulfonamide (35)      THP1-Blue cells were 
treated with 10 ng/ml TNF-α and different concentrations of compound 33 and 
35 for 24 h. The vehicle is 0.5 % DMSO. The dexamethasone concentration is 1 
µM. Values were expressed as mean ± SEM of triplicate experiments, ns 
p>0.05, was determined by t test. 

 

 

Effect of the compound 25 on TNF-α induced SEAP activity 

   
Figure 49. QUANTI-Blue assay results for 4-chloro-N-cyclohexyl 
benzamide (25) THP1-Blue cells were treated with different concentrations of 
4-chloro-N-cyclohexylbenzamide (25) and 10 ng/ml TNF-α for 24 h. The vehicle 
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is 0.5 %DMSO. The dexamethasone concentration is 1 µM. Values were 
expressed as fold difference compared to the vehicle as mean ± SEM of 
triplicate experiments, *** p<0.001, ****P <0.0001 was determined by t test. 

 

The chloro-substituted benzamide of cyclohexylamine (25) was tested as a 

control for the effect of the UDCA scaffold on the activity of the compound set. 

This compound induced an apparent reduction in SEAP activity in response to 

TNF-α but it did not reduce apparent NF-kB activity in a concentration 

dependent way. This study is overall inconclusive because of this inhibition 

relative to DMSO control, but failure to observe a concentration dependence 

suggests it was artifactual. 

 

 

3.12 Effect of the compounds on IL-8 stimulated by 

inflammatory promoters in Caco-2, PBMC and Huh7 cell lines. 

Having shown that the BA derivatives above possess anti-inflammatory effects 

in a genetically engineered NF-kB reporter cell line we now turned our attention 

to primary monocytes using IL-8 measurement as an indicator of NF-kB activity. 

We decided to use a range of inflammatory stimuli to screen for inhibitory effect. 

The stimuli we used were 1 µg/mL LPS, 10 µg/mL TNF-α as a pro-inflammatory 

cytokine, 50 µg/mL phorbol 12-myristate 13-acetate (PMA) and 200 µM DCA. 

The UDCA derivatives were tested at a concentration of 50 µM because they 

were shown to not possess cytotoxicity effect on PBMCs at this concentration. 

Therefore, an inhibition of IL-8 production could be attributed to an 

anti-inflammatory effect rather than a cytotoxic effect. After 24 h incubation, the 

supernatant was collected and IL-8 concentration was determined by ELISA. 

UDCA was used as a control because we were seeking evidence of an 

increased anti-inflammatory effect in UDCA analogues. The experiments were 

performed in liver cells and PBMCs. 
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Figure 50. ELISA [165, 166] In the assay, the antigen immobilization has direct and 
indirect way including absorption to the plate and attaching to an antibody. Also, 
the antigen is detected by the primary antibody conjugated with enzyme or by 
the unlabeled primary antibody and secondary antibody.  

 

 

 
Figure 51. ELISA from one of the IL-8 assay 

 
 
 
3.12.1 IL-8 estimation for BA derivatives effect on Caco-2 cells  

Before assessing the activity in PBMCs, we decided to investigate the effect of 

the compounds in Caco-2 cells in the context of inflammatory stimulus. Caco-2 

cells were therefore treated with a TNF-α/IFN-γ  cocktail to induce NF-kB 

activity in order to screen for an inhibitory effect of the BA panel. Unfortunately, 

we were not able to produce a significant induction of IL-8 under these 



73 
 

circumstances in the presence of the stimulus alone, although a small 

statistically insignificant inhibitory effect was observed in the compound 15 

(Figure 52). 

 

 
Figure 52. IL-8 result of BAs TNF-α and IFN-γ stimulation   Caco-2 were 
treated with 100 ng/mL TNF-α and 300 ng/mL IFN-γ for 30 minus and then bile 
acid analogue solution (final concentration is 100 µM) was added into each well 
before 24 h incubation. 50 µL cell supernatant was used to do the ELISA. The 
vehicle control is 0.5 % DMSO. Values were expressed as fold difference as 
mean ± SEM of triplicate experiments. 
 
 
3.12.2 IL-8 estimation for BA derivatives on PBMCs   

Primary PBMCs were treated for 24 h with compounds in the presence of four 

different inflammatory agonists, LPS, TNF-α, PMA, DCA. Supernatant was 

collected and analysed by ELISA for secreted IL-8.  

 
In all, PBMC preparations from three different patients were subjected to 

treatment in triplicate. There was large intersubject variability evident and also 

large variation within a single subject in the magnitude of response to the stimuli 

and variation in inhibitory effect. Therefore, sample data presented here show 

the results of several experiments rather than the average which obscures 

effects observable in single patient samples.    
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In the experiment, PBMCs were treated with different agonist for 30 min and 

then bile acid analogues solution (final concentration is 50 µM) was added into 

each well before 24 h incubation. 50 µL cell supernatant was used to do the 

ELISA. The positive control is 0.5 % DMSO.  

 
 

 
Figure 53. LPS stimulation on experiment 1    PBMCs were treated with 1 
µg/mL LPS for 30 min and then bile acid analogues solution (final concentration 
is 50 µM) for 24 h incubation. Values were expressed as mean ± SEM of one 
experiment compared to PBMCs treated with LPS, ns p> 0.05, was determined 
by t test. 
 
 

 
Figure 54. LPS stimulation on experiment 2   PBMCs were treated with 1 
µg/mL LPS for 30 min and then bile acid analogues solution (final concentration 
is 50 µM) for 24 h incubation. Values were expressed as mean ± SEM of one 
experiment compared to PBMCs treated with LPS, ns p> 0.05, was determined 
by t test. 
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Figure 55. LPS stimulation on experiment 3   PBMCs were treated with 1 
µg/mL LPS for 30 min and then bile acid analogues solution (final concentration 
is 50 µM) for 24 h incubation. Values were expressed as mean ± SEM of one 
experiment compared to PBMCs treated with LPS, ns p> 0.05, was determined 
by t test. 
 
 

 
Figure 56. TNF-α stimulation on experiment 1   PBMCs were treated with 
10 µg/mL TNF-α for 30 min and then bile acid analogues solution (final 
concentration is 50 µM) for 24 h incubation. Values were expressed as mean ± 
SEM of one experiment compared to PBMCs treated with TNF-α, * p<0.05, was 
determined by t test. 
 

 

 
Figure 57. TNF-α stimulation experiment 2   PBMCs were treated with 10 
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µg/mL TNF-α for 30 min and then bile acid analogues solution (final 
concentration is 50 µM) for 24 h incubation. Values were expressed as mean ± 
SEM of one experiment compared to PBMCs treated with TNF-α, **p<0.01, was 
determined by t test. 
 
 

 
Figure 58. TNF-α stimulation on experiment 3   PBMCs were treated with 
10 µg/mL TNF-α for 30 min and then bile acid analogues solution (final 
concentration is 50 µM) for 24 h incubation. Values were expressed as mean ± 
SEM of one experiment compared to PBMCs treated with TNF-α, ns p> 0.05, 
was determined by t test. 
 
 

 
Figure 59. PMA stimulation on experiment 1   PBMCs were treated with 50 
µg/mL PMA for 30 min and then bile acid analogues solution (final concentration 
is 50 µM) for 24 h incubation. Values were expressed as mean ± SEM of one 
experiment compared to PBMCs treated with PMA, * p<0.05, was determined 
by t test. 
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Figure 60. PMA stimulation experiment 2   PBMCs were treated with 50 
µg/mL PMA for 30 min and then bile acid analogues solution (final concentration 
is 50 µM) for 24 h incubation. Compound 5 is UDCA. Values are expressed as 
mean ± SEM of one experiment compared to PBMCs treated with PMA, * 
p<0.05, **p<0.01, was determined by t test. 
 

 

 
Figure 61. PMA stimulation on experiment 3   PBMCs were treated with 50 
µg/mL PMA for 30 min and then bile acid analogues solution (final concentration 
is 50 µM) was added into each well before 24 h incubation. 50 µL cell 
supernatant was used to do the ELISA. The positive control is 0.5 % DMSO. 
Values were expressed as mean ± SEM of one experiment compared to 
PBMCs treated with PMA, ns p> 0.05, was determined by t test.  
 

 

 
Figure 62. DCA stimulation on experiment 1   PBMCs were treated with 200 
µM DCA for 30 min and then bile acid analogues solution (final concentration is 
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50 µM) was added into each well before 24 h incubation. Values were 
expressed as mean ± SEM of one experiment compared to PBMCs treated with 
DCA, ns p> 0.05, was determined by t test. 
 
 

 
Figure 63. DCA stimulation experiment 2   PBMCs were treated with 200 
µM DCA for 30 min and then bile acid analogues solution (final concentration is 
50 µM) was added into each well before 24 h incubation. Values were 
expressed as mean ± SEM of one experiment compared to PBMCs treated with 
DCA, ns p> 0.05, was determined by t test. 
 

 

 
Figure 64. DCA stimulation on experiment 3   PBMCs were treated with 200 
µM DCA for 30 min and then bile acid analogues solution (final concentration is 
50 µM) was added into each well before 24 h incubation. Values were 
expressed as mean ± SEM of one experiment compared to PBMCs treated with 
DCA, ns p> 0.05, was determined by t test. 
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Figure 65. DCA stimulation, mean of three experiments   PBMCs were 
treated with 200 µM DCA for 30 min and then bile acid analogues solution (final 
concentration is 50 µM) was added into each well before 24 h incubation. 
Values were expressed as mean ± SEM of one experiment compared to 
PBMCs treated with DCA, ns p> 0.05, was determined by t test. 
 

 
 
3.12.3 IL-8 estimation for BA derivatives on Huh7 

 

Figure 66. IL-8 estimation of bile acid derivatives   Huh7 cells were treated 
with different agonists for 30 min and then bile acid analogues solution (final 
concentration is 50 µM) was added into each well before 24 h incubation. 
Values were expressed as fold difference as mean ± SEM of triplicate 
experiments. 
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to the agonists apparently because the constitutive level of IL-8 in these cells 

was already very high. There were no inhibitory effects evident. Huh7 is a 

hepatoma cell line and it is not a good choice for this kind of assay. The 

experiment should be repeated in another more suitable immortalized cell line or 

in primary human or rodent hepatocytes. This might allow more accurate 

evaluation of the inhibitor potential of the bile acid analogues than Huh7 cells. 
 
 

3.12.4 IL-6 estimation for BA derivatives on Huh7 

Since the Huh7 cells produced already very high IL-8 levels under basal 

conditions that were not increased in the presence of the inflammatory stimuli, 

our attention was turned to IL-6, which was suggested to be under inflammatory 

mediator control (Figure 67). The IL-6 levels in the unstimulated cells were very 

low in comparison to the IL-8 data. There was also significant variability which 

prevents any conclusion to be reached about the effect of the compounds on the 

basal or unstimulated IL-6 levels. No significant change could be observed in 

IL-6 levels following stimulation with DCA, TNF-a or LPS. However, there was a 

significant increase in the presence of PMA (Figure 68).  

 

 
Figure 67. IL-6 secretion in response to stimuli and bile acid derivatives   
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analogues solution (final concentration is 50 µM) was added into each well 
before 24 h incubation. 100 µL cell supernatant was used to do the ELISA. The 
vehicle control is 0.5 % DMSO. Values were expressed as fold difference as 
mean ± SEM of triplicate experiments. 
 

PMA caused a significant induction of IL-6 secretion. UDCA caused a significant 

decrease in the IL-6 response to PMA, perhaps the only evidence of an 

anti-inflammatory effect in these studies. The amide derivatives were not 

different in effect to UDCA in this study, whereas the two 7-substituted 

derivatives, 33 and 35 were without any observable effect.  
 

 
Figure 68. IL-6 following PMA stimulation     Huh7 cells were treated with 
50 µg/mL PMA for 30 min and then bile acid analogues solution was added into 
each well before 24 h incubation. Aliquots of 100 µL cell supernatant was 
obtained for ELISA. The vehicle was 0.5 % DMSO. Values were expressed as 
mean ± SEM of triplicate experiments compared to PBMCs treated with DCA, 
ns p> 0.05, was determined by t test. 
 

 

3.13 Discussion 

UDCA is used to treat a range of cholestatic liver disease conditions, a clinical 

effect that is underpinned and consistent with a range of immune-modulatory 

and anti-inflammatory effects in cell culture. Some of these effects may be 

attributed to activation of the GR but the precise binding mode of UDCA is not 

clear under these circumstances and it has low potency. UDCA is also subject to 

poor bioavailability connected to its low water solubility, and it is metabolized 
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extensively in the colon, producing LCA. There is conflicting evidence regarding 

the effects of LCA in the colon with some studies showing that it is cytotoxic, 

pro-inflammatory, and others showing that it is anti-inflammatory.[147] In general, 

the production of LCA by UDCA administration is regarded as a restraint on its 

clinical efficacy rather than a bonus. Under these circumstances the Gilmer 

group has targeted several chemocentric modifications to UDCA and LCA with 

the aim of improving potency and specificity towards anti-inflammatory targets 

while reducing its potential to undergo hepatic or colorectal metabolism. One of 

the challenges in the field, is that many possible synthetic modifications to 

UDCA, especially those that increase hydrophobicity, can also increase toxicity, 

an important limitation to potential therapeutic effect. The present work 

concerned the characterization of a group of compounds that were developed 

for potential activity at the GR. This was based on preliminary data from earlier 

work that some phenyl amide substituted 3a-amines, especially those 

substituted at phenyl C-4 with chloride atom, can cause GR translocation. The 

compounds were characterized first for their cytotoxicity considering their 

greater lipophilicity than UDCA. In general, the benzamide compounds were 

toxic at concentration levels greater than 100 µM in a range of cell types 

including Caco-2, Huh-7, THP 1-Blue and primary PBMCs from human 

volunteers; perhaps greatest toxicity was observed in the colorectal cell line. 

Conversely, the triazole and sulfonamide compounds 33 and 35 which are 

highly polar were non-toxic.  This is consistent with expectations from the BA 

literature, that chemical manipulations resulting in more or less hydrophobicity 

are associated with more or less toxicity, respectively. Having surveyed the 

cytotoxicity/antiproliferative effects, we then assessed the inhibitory properties 

of the compounds on TNF-α driven NF-kB stimulation in a THP 1-Bluereporter 

assay which causes secretion of SEAP in response to stimulation of receptors 

upstream of NF-kB, including TLRs and TNF receptors. The polar analogues 33 

and 35 were non-toxic in several cell lines and they inhibited NF-kB activity in 
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the SEAP assay in THPs at high and probably suprapharmacological 

concentration (>250 µM). In the panel of 3-benzamides, the chlorobenzamide 

compound, which had earlier been shown to be capable of causing GR 

translocation in the range 50-100 µM, was most active in causing inhibition of 

TNF-a stimulated NF-kB activity. In general, the two a-benzamide compounds 

(15, 17) were most active, with the chloride compound 17 being the more active 

of the two. The data are consistent with the idea that 17, the chlorobenzamide 

substituted UDCA compound, can inhibit NF-kB activity through a GR mediated 

effect. Interestingly, N-cyclohexylbenzamide (25), a compound without a BA 

scaffold did not exert a concentration dependent effect on NF-kB activity in the 

THP reporter assay. It did appear to have reduced activity overall but the data 

are not conclusive because of a lack of concentration dependence. In the GR 

assay, the cyclohexamide compound was not active (data not shown). In the 

primary PBMCs drawn from healthy human volunteers, there was great 

variability in IL-8 production as a surrogate for NF-kB activation in response to a 

range of stimuli. Some subjects showed already very high IL-8 levels even 

without stimulation. In one subject whose PBMCs responded appropriately to a 

range of pro-inflammatory stimuli, it was possible to measure inhibitory effects 

that were consistent with the previous data. In general, UDCA did not exert an 

inhibitory effect in PBMCs stimulated with TNF-a, LPS, PMA or DCA. This was 

unexpected because of the published literature showing that UDCA at 50 µM 

can affect inflammatory signaling in monocytes[167]. In this assay system 17 

exerted a consistent inhibitory effect at 50 µM when PBMCs were stimulated 

with TNFa, LPS and PMA. Inhibitory effects against DCA induced inflammatory 

signaling were not observed but in this case, there is likely to have been cell 

death through the cumulative effects of hydrophobic BAs. There were modest 

but not consistent effects with the triazole compound 33 and compound 35, the 

UDCA sulfonamide, suggesting that these may have promise as UDCA 

analogues with enhanced activity and pharmaceutical properties such as 
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solubility, polarity and cytotoxicity. Overall the data suggest that compound 17, 

and perhaps its unsubstituted analogue 15, possess interesting 

anti-inflammatory potential. Compound 17 strongly mediates GR translocation 

in SKGT4 cells. It was active in the THP 1-Blue/NF-kB reporter assay and it 

inhibits secretion of IL-8 in a range of cell types, especially PBMCs, and to a 

range of stimuli. Although it is toxic in higher concentrations, it may be possible 

to define a pharmacological window where it exerts selective anti-inflammatory 

actions. Future work could assess the functional activity of the compound in 

appropriate inflammatory in vivo models and potentially in models of cholestatic 

disease where GR activation may be beneficial in some circumstances.  
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Chapter 4. Methodology 

4.1 Chemistry 

4.1.1 General synthetic method 

All chemicals we used were produced by Sigma-Aldrich. Thin-Layer 

Chromatography (TLC) was used to monitor progress of reactions. all products 

were characterised by Nuclear Magnetic Resonance spectroscopy (NMR) 

including 1H NMR and 13C NMR on Agilent 400MR DD2 spectrometer 

(400.13MHz, 1H; 100.61MHz, 13C) using trichloromethane as internal standard. 

chemical shifts were recorded parts per million (ppm) and coupling constants 

were recorded in Hertz (Hz). For 1H-NMR, chemical shifts are reported, shift 

value, peak integration reflected the number of proton and description of 

absorption (s) singlet, (d) doublet, (t) triplet, (q) quartet, (m) multiple. 

 

 

4.1.2 Procedure for the 3α-, 3β-amides formation 

24-methyl-3α-azido-7-acetoxy-5β-cholanoate (0.25 g, 0.54 mmol/L) (12) or 

24-methyl-3β-azido-7-acetoxy-5β-cholanoate (0.25 g, 0.54 mmol/L) (19) was 

dissolved in EtOAc (10 mL) and 10 % Pd/C (0.12 g, 1.13 mmol/L) was also 

dissolved in EtOAc (20 mL). These two solutions were combined and stirred 

under hydrogen environment at room temperature for 36 h until TLC analysis 

(Hexane:EtOAc 4:1) showed starting material disappearance. The solvent was 

purified by celite pad in order to get rid of 10 % Pd/C. The solvent was removed 

in vacuo and the crude was reacted without further washing up due to its 

unstability. The crude was dissolved in dry DCM (10 mL) and stirred on ice. 

Before the temperature of the reaction rose to room temperature, triethylamine 

was added and hydrochloric acid was added drop by drop. The reaction was 

stirred overnight, until TLC showed disappearance of starting material. The 

solvent was removed in vacuo and then the residue was purified through flash 
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column chromatography (Hexane:EtOAc=4:1). 2M NaOH(5mL) was added into 

a solution of the protected amide in MeOH (16 mL) and stirred under  reflux at 

85℃ for around 5 h until the starting material disappeared in the TLC. The 

solvent was removed in vacuo and 1M HCl was added into the reaction mixture 

in order to neutralize the PH value. The solution was extracted with EtOAc (3*50 

mL). The organic layer was collected and washed with water (2*50 mL) and 

brine (50mL). Before removing the solvent, the solution was dried over MgSO4 

and filtered in order to get rid of solid impurities. Finally, the solvent was 

removed, giving the amide product. 

 

 

4.1.3 Procedure for the 7β-amides formation 

24-Methyl 3α-acetoxy- 7β-azido-5β-cholanoate (31) and hydrochloric acid were 

dissolved in the 5 mL EtOAc and then this solution was added to a solution of 10% 

Pd/C in 5 mL EtOAc. The reaction was stirred under hydrogen at room 

temperature overnight. After the reaction complete (TLC, Hexane: EtOAc=3:1), 

the solution was filtered through celite pad and washed with EtOAc. The solvent 

was removed by the vacuum and the resulting compound was brought on to the 

next step immediately due to its chemical instability. 5 mL dry DCM was used to 

dissolve the amine and then triethylamine and HCl were added drop by drop at 

0 °C. The solution was allowed to come to room temperature and the reaction 

was left stirring overnight. The solvent was removed by vacuum, and the 

compound was redissolved in 10 mL EtOAc and washed twice with 10 mL HCl, 

10 mL water and 10 mL brine. The organic layer was collected, dried over 

MgSO4 and then filtered. The compound dried by vacuum and the resulting solid 

was purified by flash column chromatography (Hexane: EtOAc). The resultant 

compound was dissolved in 5 mL MeOH and the pH adjusted to 14 using 2 M 

NaOH This was stirred at reflux 2 h. Upon completion of the reaction, the 

mixture was added into 20 mL 1 M HCl and washed with 20 mL EtOAc for three 
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times. The organic layer was collected and then washed with water and brine.  

 

 

4.1.4 Synthesis of UDCA derivatives 

3α-(benzamido)-7β-hydroxy-5β-cholanoate (15) 

Compound 13 (140 mg, 0.3229 mmol) was reacted with triethylamine (0.05 mL, 

0.5979 mmol) and benzoyl chloride (0.083 mL, 0.7145 mmol) to yield a white 

solid (130.1 mg, 0.2624 mmol, 91 %). This was hydrolysed and purified by flash 

column chromatography (EtOAc: hexane 3:1) to afford a white solid (114.1 mg, 

0.2301 mmol, 88 %).  

 
1H NMR (400 MHz, CHLOROFORM-d) δ ppm 1.56(1H, m,1-CH2), 1.66(1H, d, 

2-CH3), 3.64(1H,m,3α-H), 1.78(2H,d, 4-CH2), 1.41(1H,d, 5-CH), 

1.76(2H,d,6-CH2), 4.34(1H,m, 7α-H), 2.02(1H,m,8-CH)，1.40(1H,m,9-CH), 

1.04(3H,m,19-CH3),1.52(2H,m,11-CH2),1.56(2H,m,12-CH2),1.04(3H,m,18-CH3), 

1.40(1H,m,14-CH), 1.60(2H,m,15-CH2), 1.60(2H,m,16-CH2), 

1.47(1H,m,17-CH),0.65(3H,s,18-CH3),1.01(3H,s,19-CH3),0.89(3H,d,21-CH3),1.

64(1H,m,22-CH),1.89(2H,m,23-CH2), 3.64(3H,s,25-CH3),6.38(1H, d, -NH), 

7.40(2H, m, aromatic-H), 7.42(1H, m, aromatic-H), 7.74(2H, d, aromatic-H).  
 

13C NMR (101 MHz, CHLOROFORM-d) δ ppm 37.5(1-C,CH2),28.6(2-C,CH3), 

76.7(3-C,3α-C), 35.2(4-C, CH2), 38.6(5-C,CH), 33.5(6-C,CH2),49.0(7-C,α-C), 

37.5(8-C,CH),46.6(9-C,CH),35.2(10-C,CH3),20.7(11-C,CH2),40.2(12-C,CH2),42

.7(13-C),50.6(14-C,CH),24.2(15-C,CH2),28.3(16-C,CH2),56.01(17-C,CH),13.5(1

8-C,18-CH3),13.6(19-C,CH3),35.2(20-C,CH),19.1(21-C,CH3),31.2(22-C,CH),31.

4(23-C,CH2),173.1(24-C,C=O), 51.9(25-C,CH3), 126.8(aromatic-C, CH),128.3 

(aromatic-C,CH), 136.0 (aromatic-C,CH), 134.2 (aromatic-C,CH), 185.0 (24-C, 

COOH). 
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3α-(4-chlorobenzamido)-7β-hydroxy-5β-cholanoate (17) 

Compound 13 (140 mg, 0.3229 mmol) was reacted with triethylamine (0.05 mL, 

0.5979 mmol) and 4-chlorobenzoyl chloride (0.083 mL, 6.474 mmol) to yield an 

off-white solid (346.5 mg, 0.6368 mmol, 94%). The solid (300 mg, 0.5513 mmol) 

was hydrolysed and purified by flash column chromatography (EtOAc : Hexane 

1:1 containing 0.1 % AcOH) to afford a white solid (251 mg, 0.4735 mmol,86%). 

 
1H NMR (400 MHz, CHLOROFORM-d) δ ppm 1.56(1H, m,1-CH2), 1.66(1H, d, 

2-CH3), 3.95(1H,m,3α-H), 1.78(2H,d, 4-CH2), 1.41(1H,d, 5-CH), 

1.76(2H,d,6-CH2),4.34(1H,m,7α-H),2.02(1H,m,8-CH)1.40(1H,m,9-CH),1.04(3H,

m,19-CH3), 1.52(2H,m,11-CH2),1.56(2H,m,12-CH2),1.04(3H,m,18-CH3), 

1.40(1H,m,14-CH),1.60(2H,m,15-CH2),1.60(2H,m,16-CH2), 1.47(1H,m,17CH), 

0.70(3H,s,18-CH3),1.03(3H,s,19-CH3),0.95(3H,d,21-CH3),1.64(1H,m,22-CH),1.

89(2H,m,23-CH2),3.64(3H,s,25-CH3),6.27(1H,d,-NH),7.40(2H,d,aromatic-H), 

7.42(1H, m, aromatic-H), 7.69(2H, d, aromatic-H).  

 
13C NMR (101 MHz, CHLOROFORM-d) δ ppm 37.5(1-C,CH2), 

28.6(2-C,CH3),76.7(3-C,3α-C), 35.2(4-C,CH2), 38.6(5-C,CH), 33.5(6-C,CH2), 

49.0(7-C,α-C),37.5(8-C,CH)46.6(9-C,CH),35.2(10-C,CH3),20.7(11-C,CH2),40.2(

12-C,CH2),42.7(13-C),50.6(14-C,CH),24.2(15-C,CH2),28.3(16-C,CH2),56.01(17

-C,CH),13.5(18-C,18-CH3),13.6(19-C,CH3),35.2(20-C,CH),19.1(21-C,CH3),31.2

(22-C,CH),31.4(23-C,CH2),173.1(24-C,C=O),51.9(25-C,CH3), 126.8(aromatic-C, 

CH),128.3 (aromatic-C,CH), 136.0 (aromatic-C,CH), 134.2 (aromatic-C,CH), 

185.0 (24-C, COOH). 

 

 

3β-(benzamido)-7β-hydroxy-5β-cholanoate (23) 

Compound 20 (140 mg, 0.3229 mmol) was reacted with triethylamine (0.05 mL, 
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0.5979 mmol) and benzoyl chloride (0.083mL, 0.7145 mmol) to yield a white 

solid (130.1 mg, 0.2624 mmol, 91 %). This was hydrolysed and purified by flash 

column chromatography (EtOAc:Hexane 3:1) to afford a white solid (114.1 mg, 

0.2301 mmol, 88 %).  

 
1H NMR (400 MHz, CHLOROFORM-d) δ ppm   1.56(1H, m,1-CH2), 1.66(1H, 

d,2-CH3),3.64(1H,m,3β-H),1.78(2H,d,4-CH2),1.41(1H,d,5-CH), 

1.76(2H,d,6-CH2),4.34(1H,m,7α-H),2.02(1H,m,8-CH),1.40(1H,m,9-CH), 

1.04(3H,m,19-CH3),1.52(2H,m,11-CH2),1.56(2H,m,12-CH2),1.04(3H,m,18-CH3)

,1.40(1H,m,14-CH),1.60(2H,m,15-CH2),1.60(2H,m,16-CH2),1.47(1H,m,17-CH),

0.65(3H,s,18-CH3),1.01(3H,s,19-CH3),0.89(3H,d,21-CH3),1.64(1H,m,22-CH),1.

89(2H,m,23-CH2),3.64(3H,s,25-CH3),6.38(1H,d,-NH),7.40(2H,m,aromatic-H),7.

42(1H,m, aromatic-H), 7.74(2H, d, aromatic-H). 

 
13C NMR (101 MHz, CHLOROFORM-d) δ ppm 37.5(1-C,CH2), 

28.6(2-C,CH3),76.7(3-C,3α-C), 35.2(4-C, CH2), 38.6(5-C,CH), 33.5(6-C,CH2), 

49.0(7-C,α-C),37.5(8-C,CH)46.6(9-C,CH),35.2(10-C,CH3),20.7(11-C,CH2),40.2(

12-C,CH2),42.7(13-C),50.6(14-C,CH),24.2(15-C,CH2),28.3(16-C,CH2),56.01(17

-C,CH),13.5(18-C,18-CH3),13.6(19-C,CH3),35.2(20-C,CH),19.1(21-C,CH3),31.2

(22-C,CH),31.4(23-C,CH2),173.1(24-C,C=O),51.9(25-C,CH3),126.8(aromatic-C,

CH),128.3(aromatic-C,CH),136.0(aromatic-C,CH),134.2 (aromatic-C,CH), 185.0 

(24-C, COOH). 

 

 

3β-(4-chlorobenzamido)-7β-hydroxy-5β-cholanoate (24) 

Compound 20 (140 mg, 0.3229 mmol) was reacted with triethylamine (0.05 mL, 

0.5979 mmol) and 4-chlorobenzoyl chloride (0.083mL, 6.474 mmol) to yield an 

offwhite solid (346.5 mg, 0.6368 mmol, 94 %). The solid (300 mg, 0.5513 mmol) 

was hydrolysed and purified by flash column chromatography 
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(EtOAc:Hexane=1:3) to afford a white solid (251 mg, 0.4735 mmol,86 %).  

 
1H NMR (400 MHz, CHLOROFORM-d) δ ppm  1.56(1H, m,1-CH2), 1.66(1H, 

d,2-CH3),3.95(1H,m,3β-H),1.78(2H,d,4-CH2),1.41(1H,d,5-CH),1.76(2H,d,6-CH

2),4.34(1H,m,7α-H),2.02(1H,m,8-CH),1.40(1H,m,9-CH),1.04(3H,m,19-CH3),1.5

2(2H,m,11-CH2),1.56(2H,m,12-CH2),1.04(3H,m,18-CH3), 

1.40(1H,m,14-CH),1.60(2H,m,15-CH2),1.60(2H,m,16-CH2),1.47(1H,m,17-CH),0

.70(3H,s,18-CH3),1.03(3H,s,19-CH3),0.95(3H,d,21-CH3),1.64(1H,m,22-CH),1.8

9(2H,m,23-CH2),3.64(3H,s,25-CH3),6.27(1H,d,-NH),7.40(2H,d, aromatic-H), 

7.42(1H, m, aromatic-H), 7.69(2H, d, aromatic-H). 
 

13C NMR (101MHz,CHLOROFORM-d) δ ppm 

37.5(1-C,CH2),28.6(2-C,CH3),76.7(3-C,3α-C), 35.2(4-C, CH2), 38.6(5-C,CH), 

33.5(6-C,CH2),49.0(7-C,α-C),37.5(8-C,CH)46.6(9-C,CH),35.2(10-C,CH3),20.7(1

1-C,CH2),40.2(12-C,CH2),42.7(13-C),50.6(14-C,CH),24.2(15-C,CH2),28.3(16-C,

CH2),56.01(17-C,CH),13.5(18-C,18-CH3),13.6(19-C,CH3),35.2(20-C,CH),19.1(2

1-C,CH3),31.2(22-C,CH),31.4(23-C,CH2),173.1(24-C,C=O),51.9(25-C,CH3),126

.8(aromatic-C,CH),128.3(aromatic-C,CH),136.0 (aromatic-C,CH), 134.2 

(aromatic-C,CH), 185.0 (24-C, COOH). 

 

 

N-cyclohexylbenzamide (25) 

cyclohexylamine (1.15 mL, 10.158 mmol) was dissolved in DCM (30 mL) and 

triethylamine (6.00 mL, 29.735 mmol) was added on ice, and then 

4-chlorobenzoyl Chloride (1.377 mL, 10.740 mmol) was added dropwise. The 

reaction was allowed to come to room temperature while it was stirring for 1 h. 

The solvent was removed in vacuo and the residue was dissolved in EtOAc (10 

mL) and then was washed with HCl (1 mol/L, 3x10 mL), NaHCO3 (2x10 mL) and 

brine (2x10 mL). The organic layer was collected and then dried over MgSO4. 
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1H NMR (400 MHz, CHLOROFORM-d) δ ppm 7.97(2H,d,aromatic-H), 

7.67(2H,d,aromatic-H),8.03(1H,d,-NH),3.54(1H,m,β-H),1.77(2H,m, 

cyclohexane-C),1.55(2H,m,cyclohexane-C),1.21(2H,m,cyclohexane-C), 

1.10(2H,m, cyclohexane-C), 1.47(2H,m, cyclohexane-C). 

 
13C NMR (101 MHz, CHLOROFORM-d) δ ppm    130.1(aromatic-C,2CH), 

128.9(aromatic-C,2CH),132.3(aromatic-C,CH),137.7(aromatic-C,CH), 

51.6(β-C,CH),32.3(cyclohexane-C,2CH2),24.8(cyclohexane-C,2CH2), 

51.6(cyclohexane-C,CH2), 25.7(cyclohexane-C,CH). 

 

 

4.2 Cell Culture 

4.2.1 Counting 

Cell counting is used to quantify the cell number in research through a 

bright-line haemocytometer (Hausser Scientific, Horsham, P.A., USA) and the dye 

0.4% trypan blue (Sigma, St. Louis, MO, USA) which colours dead cells 

selectively. 20 μL of cell medium was added into 180 μL trypan blue which is 1 in 

10 dilution and then mixed well. 10 μL mixture was injected into the 

haemocytometer and it was covered with a glass slide. Cells were counted per 

counting chamber and the average was calculated. The counting chamber was 

0.1 mm3 so the cell density was calculated as average x 10 (trypan blue dilution) 

x 104 (counting chamber factor: x 105) per mL.  

 

 

4.2.2 Cryopreserve and revival cells 

Normally, cells were cultured in T-75 flask and then split using trypsin-EDTA. 

After centrifugation, the supernatant was removed and then the cell pelleted 

was gently resuspended in 3 mL of cell medium with 5 % DMSO. 1 mL of this 
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cell solution was added into a sterile cryovial and all these cryovials were placed 

in -20 ℃ for 30 min. Before transferring them to a liquid nitrogen tank for 

long-term storage, they were placed in a -80 ℃ freezer overnight.  

To revive cell stock, the cryovial was taken from the liquid nitrogen tank and put 

in a 37℃ water bath for several seconds. Once the cell solution had thawed, 9 

mL cell medium was added gently to the cell solution. The cells were centrifuged 

at 900 rpm for 4 min and the supernatant removed from the cell pellet. Cells 

were resuspended in 5 mL of relevant media and transferred to a T-25 flask. 

Cells were split to a T-75 flask once they had reached 90% confluency. Media 

was changed every 2-3 days and cells were split as required using 

trypsin-EDTA. 

 

 

4.2.3 Caco-2 

Caco-2 cells were provided by ATCC (American Type Culture Collection). In the 

T-75 flask Caco-2s were cultured in minimum Essential Media (MEM) with 20% 

FBS, 2.2 g/L sodium bicarbonate, 1% sodium pyruvate, 6 mg/L penicillin G, 10 

mg/L streptomycin, 5 mg/L gentamicin and the PH value is around 7.3. All these 

ingredients above should be sterile filtered through 0.22 μM filter before adding 

into the MEM.  Cells were incubated in a humidified incubator under the 

condition of 37 °C, 5% CO2. When the cell confluence reached around 80 %, 

they were split using trypsin-EDTA and then cultured in new flasks. Normally, 

media was changed every 2-3 days. Caco-2 cells were used until the passage 

number is over 40. 

 

 

4.2.4 HT-29 

HT-29 cells were provided by ATCC. In the T-75 flask (75cm3 flask), HT-29s 
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were cultured in McCoy's 5a Medium Modified with L-glutamine, sodium 

bicarbonate,10% FBS, 10 mg/L streptomycin and 5 mg/L gentamicin. All these 

ingredients above should be sterile filtered through 0.22 μM filter before adding 

into the McCoy's 5a Medium. Cells were incubated in a humidified incubator 

under the condition of 37 ℃, 5% CO2. When the cell confluence reached 

around 80 %, they were split using trypsin-EDTA and then subcultured into new 

flasks.  Media was changed every 2-3 days 

 

 

4.2.5 THP1-Blue 

THP1-Blue cells were obtained from ATCC. Cells were maintained in 

RPMI-1640 with 1.5 g/L sodium bicarbonate, 2 mM L-glutamine, 1.0 mM sodium 

pyruvate, 4.5 g/L glucose,10 mM HEPES and 10% FBS (fetal bovine serum) 

and placed at 37℃ in 5% CO2 incubation. THP1-Blue were cultured in T-75 in a 

volume of 15 mL medium and passaged twice a week or as required (1in 5 

dilution).  

 

 

4.2.6 Huh-7 

Huh 7 were obtained from ATCC. Cells were cultured in DMEM medium with 10% 

heat-inactivated FBS at 37 ℃, 5% CO2 humidified environment in T-75 flask in 

a volume of 15 mL medium. Routinely, cells were passaged twice a week (1 in 4 

dilution). Cells were washed with 1 mL trypsin and then removed from the flask 

surface by 3 mL trypsin for 10 min. 9 mL cell medium was added to the flask to 

stop the digestion and then cell pellet was obtained by centrifuged at 1200 rpm 

for 4 min. The cell pellet was resuspended in cell medium and transferred to 

new flask in a volume of 15 mL cell medium. 
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4.2.7 PBMCs 

PBMCs were isolated from heparinised human venous blood. 50 mL blood and 

50 mL PBS were taken to a centrifuge tube and then mixed well. 25 mL mixture 

was gently layered on top of 20 mL lymphoprep (Proteogenix,1114544), being 

careful not to mix the two The tube was centrifuged at 1800 rpm, 20 ℃ for 22 

min. The whitish buffy coat (PBMC) was aspirated and then washed twice with 

30 mL PBS and 30 mL cell medium and centrifuged at 1300 rpm, 21 ℃ for 5 

min. The supernatant was removed and then resuspended in cell medium. If 

PBMCs are not used immediately, they are stored in a -80℃ freezer. 

 

 

4.3 Biology 

4.3.1 QUANTI-Blue Assay 

The NF-κB signaling pathway is detected by the QUANTI-Blue Assay through 

determining AP activity. 100 µL cell solution was added into 96-well plates at a 

concentration of 1 × 106 cells/mL (THP 1-Blue). THP 1-Blue was treated with 

bile acid analogues after 1 h incubation. Before 24 -h incubation, 50 µL TNF-α 

was added whose final concentration is 10 ng/mL After that, 20 µL sample 

supernatant was collected and then added into 200 µL QUANTI-Blue reagent in 

a 96-well plate. The plate was covered with tin-foil and incubated for 30 min. 

After the colour turned from pink to purple or blue, the absorbance was read by 

plate reader in the range of 620-655nm. All these UDCA derivatives were all 

dissolved in DMSO as a stock solution of 200 mmol/L. In order to reduce the 

possible effect caused by DMSO, the final concentration of DMSO was 0.5% in 

the treatment depending on the solubility of compounds. The two control groups, 

cells were treated with 10 ng/ml TNF-α in the negative group and the cells were 

treated with 0.5% DMSO cell medium (RPMI-1640) in the positive group.  
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4.3.2 MTT Assay 

Cell viability was tested by the MTT assay. 100 µL cell solution was added into 

96-well plates at a concentration of 1.2 × 105 cells/mL (Caco-2), 5×105 cells/mL 

(HT-29), 1 × 105 cells/mL (Huh7) and 1 × 106 cells/mL (PBMC). The PBMC cells 

could be used immediately, however the other cells lines were incubated for 24 

h to allow the cells to recover and adhere. The vehicles are cell treated with 1% 

or 0.5% DMSO and dexamethasone. The next day, cell medium was removed 

and then cells were treated with 100 µL TNF-α, IFN-γ or BAs solution (in cell 

medium without serum) for 24 h. For cells treated with cocktail, after cell 

medium was removed, cells were treated with 50 µL BAs solution for 1 h and 

then 50 µL TNF-α with or without IFN-γ was added into wells finally. After 22 h, 

10 µL of 2.5 mg/mL MTT was added into each well., the plate was placed back 

to the incubator for last 2 h incubation, and then shaken for 10 min. Then the 

absorbance was read by Microplate Reader at 570nm. During this process, the 

bile acid derivatives were all dissolved in DMSO as a stock solution of 200 

mmol/L. In order to reduce the possible effect caused by DMSO, the final 

concentration of DMSO was 1 % or 0.5 % in the treatment. The cells in the 

untreated group are all incubated in the medium without adding anything. 
 
 
4.3.3 Flow Cytometry 

In the T-25 flask (25cm3 flask), HT-29 cells were cultured in McCoy's 5a Medium 

Modified with L-glutamine, sodium bicarbonate,10% FBS, 10 mg/L streptomycin 

and 5 mg/L gentamicin. After HT-29 cells were adherent to the flask at around 

80% confluency, cells were treated with different concentrations of TNF-α, IFN-γ 

and cocktail of TNF-α, IFN-γ for 24 hours in 37 °C incubator. After 24 h, cells 

were rinsed by 1 mL PBS and trysinized by trypsin. Before being spun down by 

centrifuge, trypsin was neutralized with 10 % PBS cell medium. Cell pellet was 
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collected and resuspended in 100 µL iced-cold PBS. If cells were not run 

immediately, 1 mL 70 % ethonal was added and cells were stored in – 20 °C 

freezer. Cells were taken out of freezer and defrosted at room temperature. 2 

mL extra PBS were added in order to reduce ethonal concentration and aid 

pelleting. Before removing all the solution and invert tubes on tissue paper to 

remove the last drop, samples were centrifuged at 2000 rpm for 5 min. Cell 

pellets were resuspended in 200 µL PBS and transferred to FACS tubes. 12.5 

µL, 10 mg/mL RNase A (Sigma, R4875) and 37.5 µL, 1 mg/mL propidium 

iodide(Sigma, R4170) were added into each sample and incubated samples for 

30 min avoiding direct light. After that, flow cytometry was run on BD Accuri C6 

flow cytometer.  

 
 

4.3.4 Alamar Blue Assay 

Cell viability was tested though adding the ready-to-use Alamar Blue solution. 

100 µL cell solution was added into 96-well plates at a concentration of 1.2 × 105 

cells/mL (Caco-2). Cells need to incubate for 24 h before treatment in order to 

let these cells adhere to the surface of plate. The control group was treated with 

0.5% DMSO. After 22 h incubation with treatments, the supernatant of each 

sample was collected and transferred to other 96-well plate and 20 µL Alamar 

Blue solution was added, followed by 2 h incubation at 37 °C. Then the 

fluorescence was read at 570 nm. During this process, all these bile acid 

derivatives were dissolved in DMSO as a stock solution of 200 mmol/L. In order 

to reduce the possible effect caused by DMSO, the final concentration of DMSO 

was 0.5 % in the treatment. The cells in the untreated group are all incubated in 

the medium without adding anything. 
 
 
4.3.5 ELISA 

Enzyme-linked immunosorbent assay (ELISA) was used to determine the 
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release of cytokines (IL-8, IL-6, MMP-9). Cell solution was added into 96-well 

plate at the concentration of 1.2 × 105 cells/mL (Caco-2) and 1 × 106 cells/mL 

(PBMC). The PBMC cells could be used immediately, however the other cells 

lines were incubated for 24 h to allow the cells to recover and adhere. The 

control group was treated with 0.5% DMSO. Cells were divided into four groups 

and each group was treated with 20 µL of a different agonist including 1 µg/mL 

LPS (Lipopolysaccharides), 10 µg/mL TNF-α, 50 µg/mL PMA (Phorbol 

12-myristate 13-acetate) and 200 µmol DCA for 30 min. Before incubation, cells 

were treated with 80µL 50 µg/mL of these compounds. After treatment with the 

compounds for 24 h, cell supernatant was collected and 50 µL of it was used to 

carry out the ELISA. 50 µL samples and prepared standards were added into 

each well. Plat was put in a dark environment and incubated for 2 h at room 

temperature. After each well was washed 4 times using washing buffer, 100 µL 

antibody buffer was added and then the plate was incubated for 30 min at room 

temperature. The washings were then repeated before adding 100 µL substrate 

solution. After 30 min, the stop solution was added, making sure the solution 

was mixed thoroughly. The optical density of each well was determined after 30 

min. All these bile acid analogues were dissolved in the DMSO as a stock 

solution of 200 mmol/L. In order to reduce the possible effect caused by DMSO, 

the final concentration of DMSO was either 0.5 % in the assay. PBMCs were 

treated with 50 µM of different compounds under the same agonist.  
 

 

4.3.6 GR translocation 

100 µL, 1*105 cells/mL huh7 cells in cell medium was placed into each well of 

96-well plate. After 24-h incubation in order to let cells adhere to the bottom of 

the well, cells were treated with dexamethasone and the relevant compounds at 

50 µM and 100 µM for 4 h. Then the medium was removed and 200 µL of 4 % 

paraformaldehyde (PFA) in sterile PBS was added to each well After 20 minutes, 

the PFA was removed and each well was washed three time with PBS and then 
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200 µL PBS was left in each well. If these cells will not be stained immediately, 

the plate was covered with tin-foil and kept in the 4 °C fridge until use.  

 

After that, the PBS was removed 50 µL of 0.3 % (v/v) Triton X in PBS was added 

for 15 minutes. Then the 0.3 % Triton X was removed and 50 µL 5 % (v/v) BSA 

in PBS was added and left for 30 minutes. During this 30 minutes, primary 

antibody was diluted 1 in 100 with 5 % BSA in PBS. After removing the 5 % BSA, 

50 µL primary antibody (purified monoclonal mouse anti-GR antibody, BD 

Biosciences) was added to the plate and left at room temperature for 1 h. Then 

the secondary antibody (AlexaFluor-488-conjugated secondary antibody, 

Invitrogen) was diluted 1 in 500 in 5 % BSA in PBS and Hoechst 33342 

(Invitrogen) was diluted 1 in 1000 in that. The primary antibody was removed 

and the cells were washed three time with PBS, before being treated with 50 µL 

mixture solution for 30 minutes in dark environment at room temperature. Finally, 

cells were washed three times with PBS and 200 µL PBS was left in each well. 

The 96-well plate was covered with tin-foil and ready for image. 

 

There are two images composed of nuclei and GR of each compound were 

taken by GE Healthcare In Cell 1000. Image Acquisition Parameters were listed 

in the following. Objective we choose is Nikon 10X/0.45, Plan Apo, CFI/60.  

The selected wavelength is DAPI and FITC and their exposure time is 372 and 

1352 respectively. These pictures and data can be analyzed by the software 

package of the machine through measuring the ratio of GR in nuclei and in 

cytoplasmic. The vehicles are untreated cells as negative control and cells 

treated with dexamethasone as positive control. The ratio calculation is (GR in 

the nuclei - Background) / (GR in cytoplasmic - Background Intensity). 
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