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Abstract: 

Sirtuin 1 (SIRT1) is recognised as an important regulator of bile acid (BA) 

metabolism in the liver and intestine. In the liver, SIRT1 has previously been hailed 

as crucial for successful liver regeneration by regulating BA homeostasis via FXR. 

However, despite these findings and the recent interest in the gut-liver axis, the 

role of intestinal SIRT1 in liver regeneration remains undefined.  

The aim of this research was to define the role of intestinal SIRT1 in liver 

regeneration. We performed partial hepatectomy (PHx) on intestinal-specific 

SIRT1 knockout mice (SIRT1intKO) to stimulate liver regeneration. Liver and 

intestinal tissues were analysed utilising qPCR, immunoblotting, 

immunohistochemistry, and liquid chromatography-mass spectrometry to 

determine the impact of intestinal SIRT1 deletion on histology, bile acid metabolism 

and hepatocyte proliferation during liver regeneration.  

Our results demonstrate that in the absence of intestinal SIRT1, expression of 

intestinal bile acid metabolism factors, FXR and FGF15 was dysregulated, which 

led to disrupted bile acid homeostasis and profuse liver injury, suggesting 

increased hepatocyte death due to BA toxicity. Additionally, SIRT1intKO mice 

displayed impaired hepatocyte proliferation compared to WT which correlated with 

increased abundance of senescent hepatocytes shown by immunohistochemical 

analysis of P21. Remarkably, at 10d post-PHx, SIRT1intKO mice obtained a liver 

weight: body weight ratio comparable to WT pointing to complete regeneration. 

Further investigation into an alternative means of regeneration revealed that 

SIRT1intKO mice had increased presence of liver progenitor cells as indicated by 

immunohistochemistry for cytokeratin-19 (CK-19), denoting activation of the liver 

stem cell compartment to reconstitute the liver mass.  

Overall, we define intestinal SIRT1 as a crucial regulator of liver regeneration 

through its ability to maintain BA homeostasis and promote hepatocyte 

proliferation. Our research points towards the FXR-FGF15-FGFR4 axis as the 

mechanistic mediator of the effects of intestinal SIRT1 and highlights the 

importance of the gut-liver axis during liver regeneration. 
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Abbreviations: 

ALD – alcoholic liver disease 

ALT – alanine aminotransferase 

AMPs – antimicrobial peptides  

ANOVA – analysis of variance 

ASBT – apical sodium bile acid transporter 

AST – aspartate aminotransferase 

ATM - ataxia-telangiectasia mutated kinase 

BA – bile acids  

BEC – biliary epithelial cell 

BrdU – bromodeoxyuridine 

BSEP – bile salt excretory pump 

BSH – bile salt hydrolases 

CA – cholic acid 

CCL4 – carbon tetrachloride  

CDCA – chenodeoxycholic acid 

CDK – cyclin dependent kinase 

cDNA – complementary deoxyribonucleic acid 

CK-19 – cytokeratin-19 

CYP27A1 –cytochrome P450 7A1/ sterol 27-hydroxylase 

CYP2B10 – cytochrome P450 B10 

CYP2C70 – cytochrome P450 C70 

CYP3A11 – cytochrome P450 3A11 

CYP7A1 – cytochrome P450 7A1 

CYP7B1 – cytochrome P450 7B1/ oxysterol 7a-hydroxylase 
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CYP8B1 – cytochrome P450 8B1/ sterol 12a-hydroxylase 

DCA – deoxycholic acid 

DNA – deoxyribonucleic acid 

ECM – extracellular matrix 

ERK – extracellular signal regulated protein kinase  

Fah – fumarylacetoacetase 

FGF15 – fibroblast growth factor 15 

FGFR4 - fibroblast growth factor receptor 4 

FRS2 – fibroblast growth factor receptor substrate 2 

FXR – farnesoid X- receptor 

GAPDH - glyceraldehyde-3-phosphate dehydrogenase 

GCA – glycocholic acid 

Gp130 – glycoprotein 130 

H&E – haematoxylin and eosin 

HCC – hepatocellular carcinoma 

HDCA – hyodeoxycholic acid  

HGF – hepatocyte growth factor 

HNF4α – hepatocyte nuclear factor 4 alpha 

IL-6 – interleukin-6 

IL-6R – interleukin-6 receptor 

JNK – Jun N-terminal kinase  

KO – knockout 

LCA – lithocholic acid 

LC-MS – liquid chromatography-mass spectrometry 

LPC – liver progenitor cell 

LPS – lipopolysaccharide 
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LRH-1 – liver related homologue-1 

LW:BW – liver weight to body weight ratio 

MAPK – mitogen activated protein kinase 

MCA – muricholic acid 

MDCA – murideoxycholic acid 

MDR - multidrug resistance transporter 

MRP – multidrug resistance protein transporter 

mTOR – mammalian target of rapamycin 

MUC2 – mucin-2 

NAD – nicotine adenosine dinucleotide 

NAFLD – non-alcoholic fatty liver disease 

NTCP – Na+ taurocholate co transporting polypeptide 

OATP – organic anion transporting polypeptide 

OST – organic solute transporter 

PBS – phosphate buffered saline  

PCR - polymerase chain reaction 

PGC-1a – peroxisome proliferator-activated receptor-gamma coactivator 1 alpha  

PHx – partial hepatectomy  

pSTAT3 – phosphorylated signal transducer and activator of transcription 3 

qPCR – quantitative polymerase chain reaction 

RNA – ribonucleic acid 

RXR – retinoid X-receptor 

S1P – sphingosine 1 phosphatase 

SASP – senescence-associated secretory phenotype 

SEM – standard error mean 

SHP – small heterodimer partner 
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sIgA – secretory immunoglobulin A 

SIRT1 – sirtuin-1 

SIRT1intKO – intestinal sirtuin-1 knockout mice 

SSFS – small for size syndrome  

SULT – sulfotransferase 

Taz – transcriptional co-activator with PDZ binding motif 

TCA – taurocholic acid 

TCDCA – taurochenodeoxycholic acid 

TDCA – taurodeoxycholic acid 

TGFR – transforming growth factor receptor 

TGF-β – transforming growth factor beta 

TLPC – transitional liver progenitor cell 

TLR4- toll-like receptor 4 

TNFR1 – tumour necrosis factor receptor 1 

TNF-α – tumour necrosis factor alpha  

TUDCA – tauroursodeoxycholic acid 

UDCA – ursodeoxycholic acid  

UGTA – uridine disphosphate glucuronosyltransferases 

uPA – urokinase plasminogen activator 

VDR – vitamin D receptor 

WT – wildtype 

Yap – yes-associated protein 

μg – micrograms 

μM – micrometres 
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Chapter 1: Introduction  

1.1 Overview of the liver  

The liver is the largest visceral organ in the human body and performs numerous 

critical functions including metabolism, nutrient storage and detoxification, among 

many others (1). Hepatocytes, the main cell type in the liver, comprise up to 80% 

of the liver cell population and are equipped with an abundance of organelles to 

help them perform many of these attributes (2, 3).  

The liver consists of four lobes, which are further divided into lobules. These 

lobules are hexagonal in shape and contain portal triads of vessels, consisting of 

a portal vein, hepatic artery, and bile ducts, as depicted in figure 1.1. The liver is 

unique because it has a dual blood supply, where approximately 75% of the supply 

is nutrient-rich blood from the intestine that is delivered via the portal vein, and the 

remaining 25% is oxygen-rich blood originating from the aorta of the heart, 

delivered via the hepatic artery (1).  

This dual blood supply from the portal vein and hepatic artery mixes in highly 

fenestrated vessels called sinusoids, which are lined with cords of hepatocytes, 

enabling the bidirectional exchange of components between hepatocytes and the 

blood flow (2, 4). Kupffer cells, which are resident macrophages of the liver, reside 

in the sinusoids and protect the cells from potential pathogens in the circulation (5). 

The contents of the sinusoid drain out of the central vein, joining the rest of the 

deoxygenated blood in the circulation via the hepatic vein, leading to the vena cava 

of the heart (1).  

Bile acids are amphipathic molecules synthesised from cholesterol in hepatocytes 

(6). Once synthesised, these primary bile acids are secreted into small channels 

called canaliculi, which feed into bile ducts. The bile ducts are lined with biliary 

epithelial cells called cholangiocytes, which contribute towards the final 

composition and volume of bile secretion to the intestine (7) (fig 1.1). The 

synthesis, transport and metabolism of bile acids will be described in more detail 

in section 1.3.  
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Figure 1.1 Vascularity and structure of the liver. (A) The liver is unique because it 

receives a dual supply of blood, where 75% of the supply is nutrient-rich blood delivered 

from the intestine via the portal vein, and the remaining 25% is oxygen-rich blood delivered 

from the heart via the hepatic artery. Deoxygenated blood leaves the liver via the central 

vein, joining the circulation back to the vena cava of the heart. Additionally, bile acids 

synthesised by the liver are secreted into bile ducts and transported to the gallbladder for 

storage and later transported to the gastrointestinal tract. (B) The liver lobes are divided 

into hexagonal lobules. (C) Within lobules the portal triad of vessels consisting of a portal 

vein, hepatic artery, and bile ducts can be observed. The dual blood supply from the portal 

vein and hepatic artery mix in highly fenestrated vessels called sinusoids. Sinusoids are 

lined with hepatocytes, enabling the bidirectional exchange of components between 

hepatocytes and the blood flow. Bile acids are synthesised by hepatocytes, which transport 

bile acids into small channels called canaliculi, enabling the passage of bile acids into bile 

ducts. Bile ducts are lined with epithelial cells called cholangiocytes, which contribute 

towards the final composition and volume of bile secreted into the intestine. Figure digitally 

drawn by author and adapted from Schulze et al., 2019 (2). 
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1.2 The gut-liver axis 

The gut-liver axis is defined as the bidirectional relationship between the intestine, 

its gut microbiota, and the liver (8). This interaction is primarily enabled via the 

passage of molecules from the biliary tract (liver to gut) and back via the portal 

circulation (gut to liver), recognised together as the enterohepatic circulation (9). 

For instance, primary bile acids are transported from the liver via the biliary tract to 

the intestine, where they exert antimicrobial effects on the gut microbiota, to inhibit 

microbial overgrowth and maintain intestinal homeostasis (10). In return, the gut 

microbiota metabolises primary bile acids into secondary bile acids, which are 

recycled back to the liver via the portal circulation. These secondary bile acids can 

influence liver functions, such as bile acid metabolism, (11) which will be discussed 

in more detail later.  

The liver and the rest of the body are protected from the potentially harmful 

microbes and toxins in the intestine by the gut barrier. The gut barrier can be 

classified as a physical barrier and a chemical barrier (12). The physical barrier 

serves to physically block harmful substances from reaching the circulation. The 

first line of defence in the physical barrier is the mucus layer, where goblet cells 

secrete mucin proteins to form a gel-like sieve to prevent contact with the epithelial 

cells (13). The epithelial cells, also known as enterocytes, are closely bound by 

tight junction proteins. This further restricts the passage of microbes and their 

metabolic products from translocating from the intestine to the liver via the portal 

vein, whilst enabling the transfer of nutrients (14). The intestinal lining has pits 

called crypts, which have a pool of pluripotent stem cells that give rise to distinct 

intestinal cell types and replace those that are damaged (15). In comparison, the 

chemical barrier utilises chemical agents, for example, antimicrobial peptides 

(AMPs) and secretory immunoglobulin A (sIgA) molecules are secreted from the 

mucus layer to attack invading microorganisms and substances (16). Furthermore, 

other immune cells (e.g., T cells, B cells and macrophages) reside in the lamina 

propria and immunologically defend the gut barrier (16). Together, this enables the 

intestine to serve as a firewall between the body and the outside world, whilst 

enabling the translocation of essential nutrients and other molecules to the liver 

(17). The maintenance of this gut barrier is essential, as in pathological conditions 

the gut becomes leaky and the translocation of microbial molecules to the liver can 

cause inflammation and trigger the progression of liver disease (18) (fig 1.2). 
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Figure 1.2 The gut-liver axis. The gut-liver axis relates to the bi-directional relationship 

between the intestine, its gut microbiota, and the liver. Molecules can pass from the liver to 

the intestine via the biliary tract and back to the liver from the intestine via the portal 

circulation, which is recognised as the enterohepatic circulation. The liver and the rest of 

the body is protected from the potentially harmful contents of the intestinal lumen by the 

gut barrier. The gut barrier consists of a mucosal barrier, an epithelial barrier and the gut 

vascular barrier which work together to prevent the passage of harmful microbes or other 

substances into the circulation. Figure digitally drawn by author and adapted from Schulze 

et al., 2019 (2) and Albillos et al., (2020) (8).  
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1.3 Bile acid metabolism 

1.3.1. Bile acid synthesis and detoxification. 

 

Bile acids are amphipathic molecules that are composed of a steroid four-ring 

structure with side chains that differ depending on the specific bile acid (19, 20) 

Under normal physiological conditions, bile acids are synthesised in hepatocytes 

via two pathways, the classical and the alternative pathway, and the differences 

between the utilisation of these two pathways between humans and mice is 

illustrated in figure 1.3.  

The pathway most adopted for bile acid synthesis in humans is the classical 

pathway, where the rate-limiting enzyme cytochrome P450 7A1 (CYP7A1) 

synthesises primary bile acids from cholesterol (21, 22). Whether or not the newly 

synthesised primary bile acids become cholic acid (CA) or chenodeoxycholic acid 

(CDCA) depends on the presence of another enzyme, sterol 12a-hydroxylase 

(CYP8B1). In short, if CYP8B1 is present then the newly synthesised bile acid will 

be hydroxylated to become CA, if CYP8B1 is absent then it will become CDCA 

(23).  

The alternative pathway is also utilised during bile acid synthesis and is the 

dominant pathway used in mice (22). Firstly, cholesterol is catalysed by sterol 

hydroxylases with a significant contribution from sterol 27-hydroxylase (CYP27A1). 

Following this, hydroxylation by oxysterol 7a-hydroxylase (CYP7B1) results in the 

synthesis of CDCA, plus ursodeoxycholic acid (UDCA) in mice (20, 24). In mice, 

CDCA and UDCA can also undergo 6β-hydroxylation by cytochrome P450 C70 

enzyme (CYP2C70) to generate α-muricholic acid (αMCA) or β-muricholic acid 

(βMCA), respectively (25). This process of 6β-hydroxylation is recognised as 

phase I detoxification of bile acids, and this step can also be performed by other 

members of the cytochrome P450 family of enzymes, such as CYP2B10 and 

CYP3A11 (24, 26).  

The classical pathway favours the synthesis of CA in mice and humans, whereas 

the alternative pathway favours the synthesis of MCA in mice and CDCA in 

humans. However, this is not absolute and both pathways can yield the alternative 

primary bile acids (24).   
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These primary bile acids are next conjugated in the liver to either glycine (G) or 

taurine (T) to produce less toxic hydrophilic bile salts for storage in the gallbladder. 

In mice, they are almost exclusively conjugated to taurine, whereas in humans, 

conjugation to glycine is favoured (24, 27). These primary conjugated bile acids 

are later transported to the small intestine postprandially, where they facilitate the 

emulsification and absorption of lipids from the diet.  

Most of the conjugated primary bile acids that pass into the small intestine are 

recycled back to the liver, however a portion of them is biotransformed by the gut 

microbiota. Initially, bile salt hydrolases (BSH) remove the taurine or glycine groups 

from primary bile acids to deconjugate them, which enables the gut microbiota to 

modify and metabolise the bile acids into secondary bile acids (24) (28). One key 

modification performed during this is bacterial 7α-dehydroxylation, which converts 

CA and CDCA to secondary bile acids deoxycholic acid (DCA) and lithocholic acid 

(LCA), respectively (28). In mice, unconjugated αMCA and βMCA undergo 

bacterial 7α- or 7β-dehydroxylation to produce hyodeoxycholic acid (HDCA) or 

murideoxycholic acid (MDCA), respectively (29) (fig 1.3). ~95% of bile acids are 

reabsorbed in the terminal ileum of the intestine and recycled back to the liver via 

the portal circulation, with the remaining ~5% being excreted via the faeces (24) 

(30).  

To eliminate bile acids from the liver, phase II detoxification is performed and 

includes sulfation and glucuronide conjugation. Sulfation of bile acids occurs when 

a member of the SULT sulfotransferase family transfers a sulfonate group to the 

bile acid to reduce its toxicity (24). Glucuronide conjugation is where a bile acid is 

conjugated with glucuronic acid to become more hydrophilic, via enzymes such as 

uridine diphosphate glucuronosyltransferases (UGTAs) (24). These detoxification 

processes make the bile acids less toxic and easier to eliminate from the liver. 

These phase II detoxification reactions are more important for humans than mice, 

whereas mice rely more heavily on the phase I bile acid detoxification methods as 

described previously (31). 
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Figure 1.3 Bile acid synthesis, conjugation, and microbial metabolism. (A) In humans 

and mice, bile acids can be synthesised by either the classical (solid arrows) or the 

alternative (dashed arrows) pathway. The classical pathway utilises CYP7A1 to synthesise 

primary bile acids from cholesterol. Whether or not the newly synthesised bile acid 

becomes cholic acid (CA) or chenodeoxycholic acid (CDCA) depends on the presence or 

absence of CYP8B1, respectively. The alternative pathway uses CYP27A1 with assistance 

from CYP7B1 to synthesise CDCA, plus ursodeoxycholic acid (UDCA) in mice. In mice, 

CDCA and UDCA can undergo hydroxylation by CYP2C70 to generate αMCA or βMCA.  

(B)  These newly synthesised primary bile acids are conjugated to either glycine or taurine 

to become less toxic, hydrophilic bile salts for storage in the gallbladder. In humans, 

conjugation to glycine is favoured, whereas in mice, bile acids are almost exclusively 

conjugated to taurine. (C) A portion of bile acids that reach the small intestine are 

metabolised by the gut microbiota. Bile salt hydrolases (BSH) remove the taurine or glycine 

groups from primary bile acids to deconjugate them, which enables microbiota to modify 

and metabolise the bile acids into secondary bile acids via dehydroxylation, which are 

predominantly deoxycholic acid (DCA) and lithocholic acid (LCA) in humans, and DCA, 

hyodeoxycholic acid (HDCA) and murideoxycholic acid (MDCA) in mice. Figure digitally 

drawn by author and adapted from Li et al., (2019) (24). 
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1.3.2. Bile acid transport.    

 

Bile acids are transported around the enterohepatic circulation via bile acid 

transporters (30), as illustrated in figure 1.4. Once bile acids have been recycled 

back to the liver via the portal circulation and filtered into the sinusoid, they need 

to be transported out of the sinusoid and across the basolateral membrane into 

hepatocytes. This transportation is predominantly orchestrated by the Na+ 

taurocholate co transporting polypeptide (NTCP) with assistance from organic 

anion transporting polypeptide (OATP) (32).  

Once in the hepatocyte, together with those newly synthesised, bile acids are 

secreted by the ATP-dependent bile salt excretory pump (BSEP) into the canaliculi, 

which are small channels between adjacent hepatocytes (32, 33). Also, at the 

canalicular membrane, multidrug resistance proteins (MRP family) can transport 

detoxified bile acids, other organic anions and drugs, whilst multi drug resistance 

2 transporter (MDR2) can transport phospholipids into the canaliculi to prevent bile 

acids from damaging the bile duct epithelium (34, 35).  

The canaliculi flow to the bile duct which enables the passage of bile acids to the 

small intestine. Here, cholangiocytes which line the bile duct absorb a fraction of 

the bile acids via the apical sodium bile acid transporter (ASBT) and the 

heteromeric organic solute transporter (OSTα/OSTβ) (36). The majority of bile 

acids empty from the bile duct to the small intestine where they are absorbed from 

the lumen of the ileum into the enterocyte via ASBT, followed by transport across 

the basolateral membrane to the portal circulation via OSTα-OSTβ (36) (fig 1.4). 

Passive absorption of bile acids can occur down the length of the intestine, 

however active absorption of bile acids is restricted to the terminal ileum (37).  
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Figure 1.4 Bile acid transport. Bile acids are transported around the enterohepatic 

circulation via bile acid transporters. Bile acids are transported out of the sinusoid and 

across the basolateral membrane into hepatocytes via the Na+ taurocholate co transporting 

peptide (NTCP) with assistance from organic anion transporting peptide (OATP). Once in 

the hepatocyte, bile acids are secreted by the ATP-dependent bile salt excretory pump 

(BSEP) into the bile canaliculi which flows to the bile duct. In the bile duct, cholangiocytes 

absorb a small portion of bile acids via the apical sodium bile acid transporter (ASBT) and 

the heteromeric organic solute transporters (OSTα/OSTβ). Once the bile duct empties into 

the small intestine, bile acids are transported from the ileal lumen into enterocytes via 

ASBT, and then across the basolateral membrane into the portal circulation via 

OSTα/OSTβ before this cycle repeats itself. Figure is digitally drawn by author and adapted 

from Schulze et al., 2019 (2) and Albillos et al., (2020) (8).   
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1.3.3. FXR and bile acid metabolism. 

Bile acids serve as key signalling molecules that are involved in several functions, 

including the regulation of genes involved in their own synthesis, metabolism, and 

transport. Bile acid metabolism is an essential process as bile acids are strong 

detergents, and their toxic accumulation can cause significant damage to 

enterohepatic tissues (23). A simplified diagram of bile acid metabolism and the 

crosstalk between the liver and the intestine during this process is depicted in figure 

1.5. 

The farnesoid X-receptor (FXR) is a nuclear transcription factor that is highly 

expressed in both the liver and intestine and can be activated by bile acids to 

maintain their own homeostasis (38, 39). In the liver, both free and conjugated bile 

acids can bind to the ligand-binding domain of FXR, which causes its translocation 

to the cell nucleus where it forms a heterodimer with retinoid X receptor (RXR) 

(39). This induces the expression of the small heterodimer partner (SHP), which 

subsequently represses liver related homologue-1 (LRH-1), resulting in the 

inhibition of CYP7A1 and subsequently, bile acid synthesis (39). SHP can also 

interact with hepatocyte nuclear factor 4 alpha (HNF4α), blocking its interaction 

with peroxisome proliferator-activated receptor-gamma coactivator 1 alpha (PGC-

1a) and this subsequently inhibits the transcription of both CYP7A1 and CYP8B1 

(40). Therefore, FXR is recognised as a ‘master regulator’ of bile acid metabolism 

(41). 

Hepatic FXR can also exert its effects on bile acid transporters to maintain bile acid 

homeostasis. For example, FXR can activate BSEP to secrete conjugated bile 

acids into the canaliculi for secretion to the intestine. In addition, FXR can induce 

MDR2 to export phosphates (phosphatidylcholine) into the canaliculi which 

protects the bile duct epithelium from damage that could be caused by bile acids. 

Furthermore, FXR can trigger MRP2 to export detoxified bile acids, organic anions 

and drugs into the canaliculi (42). Therefore, FXR can induce the removal of bile 

acids to maintain optimal bile acid concentrations in the liver. 

Whilst most studies have focused on bile acid metabolism in the liver, less attention 

has been paid to the intestinal bile acid metabolism pathways. Nevertheless, it has 

been demonstrated that the intestine is not just a location for bile acid reclamation 

by the liver. Previous studies have shown that increased levels of bile acids in the 



Chapter 1 
 

24 | P a g e  
 

enterocyte activate intestinal FXR, which induces the hormone fibroblast growth 

factor (FGF15/19, mice and human respectively) to be released into the portal 

circulation to the liver (43).  Here, FGF15 can bind to the hepatic transmembrane 

receptor, fibroblast growth factor receptor 4 (FGFR4) which is complexed with b-

Klotho. The activation of this complex represses the CYP7A1 enzyme via the c-

Jun N-terminal kinase (JNK)-dependent pathway and consequentially suppresses 

bile acid synthesis (fig 1.5) (43, 44).  

FXR can also mediate the expression of bile acid transporters in the ileum. 

Intestinal FXR has been shown to negatively regulate ASBT, which transports bile 

acids from the lumen of the ileum into the enterocyte apical membrane (45). In 

contrast, the organic solute transporters (OSTa/b) are positively regulated by 

intestinal FXR, which are responsible for transporting bile salts from the 

enterocytes to the liver via the portal circulation (46). This suggests that intestinal 

FXR functions to avoid the toxic accumulation of bile acids in the enterocyte, 

protecting them from damage (47).  

1.3.4. SIRT1 and bile acid metabolism. 

 

As well as bile acids, FXR can also be activated by Sirtuin-1 (SIRT1). SIRT1 is a 

member of the sirtuin family of proteins, which are evolutionarily conserved 

nicotinamide adenosine dinucleotide (NAD+)-dependent deacetylases. This 

means that SIRT1 can directly deacetylate histones, leading to the chromatin 

structure becoming more compacted and transcription and activation of the target 

gene being repressed (48, 49). As SIRT1 is dependent on NAD+ as a co-substrate 

in this process, it’s activity can be activated by increasing level of NAD+ (50). 

SIRT1 can also indirectly deacetylate proteins by interacting with histone-modifying 

proteins. For example, SIRT1 can bind to and deacetylate the histone 

acetyltransferase p300 to inhibit its ability to acetylate histones and therefore, 

repress the DNA transcription of p300 target genes (51). SIRT1 is expressed in 

multiple organs including the brain, heart, liver and intestine and can deacetylate 

a variety of substrates, therefore it is involved in numerous functions in the 

mammalian body including bile acid metabolism (52), which we will focus on from 

herein. 
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Whilst the deacetylation of target genes normally represses their transcription and 

activation, the deacetylation of FXR by SIRT1 in the liver is recognised to actually 

trigger its transcription and activation via the retinoid-X receptor (RXR) (53), which 

induces FXR to exert its downregulatory effects on bile acid synthesis. Therefore, 

alongside FXR, SIRT1 also poses as a master regulator of bile acids homeostasis 

(53). Compared to hepatic SIRT1, the role of intestinal SIRT1 in bile acid 

metabolism is far less researched and defined. A study by Kazgan et al. found that 

intestinal SIRT1 deficient mice had decreased expression of intestinal FXR and its 

target genes (54). They found a decreased binding of the homeobox gene HNF1a 

to the promoters of FXR gene transcription, suggesting the existence of a SIRT1-

HNF1α-FXR cascade in the intestine, where SIRT1 induces the DNA binding of 

HNF1α through deacetylation of its dimerization partner; DCoH2, resulting in FXR 

transcription. In line with the findings of decreased intestinal FXR production, 

FGF15 expression was also decreased in the intestine mice deficient in intestinal 

SIRT1. Because FGF15 usually inhibits hepatic bile acid synthesis via the FGFR4-

JNK signalling pathway, a significant increase in bile acid production in the liver 

was observed. However, an increase in faecal bile acid excretion ultimately 

reduced accumulation of bile acids in the liver and plasma, from which they 

concluded that the intestinal loss of SIRT1 protected the liver from toxic bile acids 

and injury (54). Another study conducted by Wellman et al., (2017) also found that 

intestinal SIRT1 deficiency resulted in increased faecal bile acid concentrations, 

but this was associated with an altered gut microbiome composition and increased 

inflammation in the intestine (55). Aside from these studies and to the best of our 

knowledge at the time of writing, very little research has been conducted into the 

role of intestinal SIRT1 in bile acid metabolism.  
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Figure 1.5 Bile acid metabolism. Bile acids are key signalling molecules involved in their 

own metabolism and homeostasis. In the liver, bile acids can activate FXR, which signals 

to inhibit CYP7A1 expression and subsequently repress bile acid synthesis. In the ileum, 

bile acids can activate FXR which activates its downstream target FGF15, to travel to the 

liver via the portal circulation and bind to its hepatic receptor, FGFR4, which also results in 

the repression of CYP7A1 and subsequently, bile acid synthesis. FXR can also be activated 

by SIRT1 in both the liver and intestine and therefore SIRT1 is also recognised as a master 

regulator of bile acid metabolism. Figure was digitally drawn by author.   
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1.4 Liver regeneration 

1.4.1. Overview of liver regeneration. 

 

In contrast to other organs, the liver is continuously generating new epithelial cells 

to maintain 100% of its original mass and can restore full functional capacity even 

after severe damage (56). This creates a motivating research field that has won 

the interests of many scientists for centuries. However, many of the mechanisms 

underpinning liver regeneration remain unelucidated, thus research remains 

crucial.  

Under normal conditions, the liver regenerates through self-duplication of the 

remnant hepatocytes (57). The main phases of liver regeneration include priming, 

proliferation, and termination. In mice, normal liver mass is re-established within 7-

10 days after partial hepatectomy. In humans, the liver mass is restored within 

around 3-6 months (58).  

1.4.2. Priming phase. 

 

The initial priming phase serves to prepare hepatocytes for proliferation. Within 15-

20 minutes post-PHx, increased activity of the serine protease, urokinase 

plasminogen activator (uPA), is documented in the liver (59). uPA stimulates 

extracellular matrix (ECM) remodelling, which results in the release of the 

hepatocyte mitogen, hepatocyte growth factor (HGF), into the microenvironment 

and blood circulation (60).  

In addition, increased blood flow via the portal circulation to the liver following 

partial hepatectomy results in increased levels of angiocrine factors which 

stimulate tissue proliferation and repair, and increased levels of lipopolysaccharide 

(LPS) produced by intestinal bacteria, which binds to the toll-like receptor 4 (TLR4) 

on kupffer cells (61, 62). This interaction stimulates a NF-kB signalling cascade, 

resulting in the transcription and release of cytokines tumour necrosis factor alpha 

(TNF-α) and interleukin-6 (IL-6) from kupffer cells. In an autocrine manner, TNF-α 

binds to its respective receptor, tumour necrosis factor receptor-1 (TNFR1), on 

kupffer cells, further stimulating the NF-kB cascade and the release of more 

cytokines (62). IL-6 is released into the microenvironment and binds to the 
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interleukin-6 receptor (IL-6R) on hepatocytes. The gp130 subunit of the IL-6R is 

subsequently activated and results in the phosphorylation of the signal transducer 

and activator of transcription (STAT3) protein and extracellular signal-regulated 

protein kinase 1/2 (ERK1/2). This stimulates further signalling pathways such as 

JAK/STAT, MAPK and PI3K which can trigger the transcription of multiple target 

genes required for proliferation, such as cell cycle proteins (62) (fig 1.6). 

Hepatocytes can also prime themselves for proliferation, by releasing sphingosine-

1-phosphatase (S1P) containing exosomes, which trigger proliferation in an 

autocrine manner (63).   
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Figure 1.6 The priming phase of liver regeneration. The priming phase serves to 

prepare hepatocytes for proliferation. Intestinal bacteria produce and release 

lipopolysaccharide (LPS) into the portal circulation, which travels to the liver and binds to 

the toll-like receptor 4 (TLR4) on kupffer cells. This interaction stimulates a NF-kB cascade, 

resulting in the transcription and release of cytokines tumour necrosis factor alpha (TNF-α) 

and interleukin-6 (IL-6) from kupffer cells. TNF-α binds to tumour necrosis factor receptor-

1 (TNFR1) in an autocrine manner to further stimulate this pathway. IL-6 is released into 

the microenvironment and binds to the interleukin-6 receptor (IL-6R) on hepatocytes, 

causing the phosphorylation of signal transducer and activator of transcription (STAT3) 

protein. This results in the transcription of multiple target genes required for proliferation, 

such as cell cycle proteins. Figure digitally drawn by author and adapted from Fausto et al., 

(2006) (62). 
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1.4.3. Proliferation phase. 

 

The increased expression of cell cycle proteins and mitogens resulting from the 

priming phase enables cells to exit quiescence (G0) and proliferate. Growth 

factors, such as HGF, are complete mitogens, which means they can directly 

trigger hepatocytes to commence mitosis (64). Auxiliary mitogens are also 

important and serve to orchestrate and accelerate the actions of complete 

mitogens, and regeneration is delayed in their absence (65). An example of an 

auxiliary mitogen is bile acids, as they can activate signalling pathways in 

hepatocytes that lead to proliferation (66).  

The progression of cells through the stages of the cell cycle; first growth phase 

(G1), synthesis (S), second growth phase (G2) and mitosis (M), is enabled by the 

formation of complexes between cyclin-dependent kinases (CDKs) and cyclins and 

is illustrated in figure 1.7. Although preferential pairing exists, CDK1 and CDK2 can 

bind to multiple cyclins each (A, B, D and E) whereas CDK4 and CDK6 only form 

complexes with cyclin D. The cyclin D/CDK4 or 6 complex regulates the G1 phase, 

the cyclin E/CDK2 complex triggers the S phase where DNA replication occurs, 

and the cyclin A/CDK1 or CDK2 complex results in the completion of the S phase 

into the G2 phase. Lastly, the cyclin B/CDK1 complex triggers mitosis, where the 

cell divides to produce two new daughter cells (67). 
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Figure 1.7 The cell cycle. The proliferation phase occurs when hepatocytes exit 

quiescence (G0) and enter the cell cycle. The progression of cells through the sequential 

stages of the cell cycle is enabled by the formation of complexes between cyclin-dependent 

kinases (CDKs) and cyclins. Growth 1 (G1) phase is regulated by the Cyclin D and CDK4/6 

complex, synthesis (S) phase is regulated by the Cyclin E and CDK2 complex, growth 2 

(G2) phase is regulated by the Cyclin A and CDK1/2 complex and finally, mitosis (M) phase 

is regulated by the Cyclin B/CDK1 complex. Figure was digitally drawn by author. 
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1.4.4. Termination phase. 

Once the hepatocytes have proliferated enough to reconstitute the normal liver 

weight: body weight ratio of approximately 2.5%, it is essential that regeneration is 

terminated to avoid tumorigenesis resulting from excessive proliferation (68).  

Although understudied, this phase of liver regeneration is thought to be mostly 

driven by the inhibitory cytokine, transforming growth factor-beta (TGF-β). The 

binding of TGF-β to its respective hepatocyte receptor (TGFR) results in the 

increased expression of cell cycle inhibitors and tumour suppressor genes such as 

P21 and P16, which inhibit CDKs and slow the progression of the cell cycle (69, 

70, 71). However, whether TGF-β is essential for termination remains controversial 

and some suggest termination occurs due to the loss of proliferative stimuli as the 

liver returns to its normal size and the functional deficit is eliminated (72, 73). 

Others have highlighted the critical role of the hippo pathway in the termination 

phase. Activation of this pathway results in the phosphorylation of the yes-

associated protein (Yap) and transcriptional co-activator with PDZ binding motif 

(Taz), resulting in cell senescence and supressed transcription activation (74, 75). 

1.4.5. Models of liver regeneration. 

 

Although there are many means with which to study liver regeneration, two of the 

most established are the carbon tetrachloride (CCL4) model and the partial 

hepatectomy (PHx) model, which are performed on rodents.   

CCL4 is a well-known hepatotoxin utilised to model acute toxic liver injury, such as 

that seen in acetaminophen poisoning in humans. Once CCL4 is administered to 

mice, there is a predictable response around 24h later where there is significant 

parenchymal necrosis, which triggers regeneration (76).  

The partial hepatectomy (PHx) model is where the left lateral lobe, right median 

lobe and left median lobe are resected, amounting to approximately 2/3rds of the 

liver being removed. This results in a small remnant liver that is stimulated to 

regenerate. This model has been practiced on rodents since 1931 by Higgins and 

Anderson (77), and has become a useful and popular model to stimulate liver 

regeneration. There are two key reasons that this model is popular. Firstly, the 
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resection of the liver lobes leads to a “clean” removal, meaning that this model is 

not associated with massive necrosis like the CCL4 model, and therefore 

regeneration is mediated by processes relevant only to the remnant liver tissue 

and not to necrosis or acute inflammation. Secondly, the PHx stimulates immediate 

initiation of liver regeneration and therefore the regenerative response can be 

precisely timed, and the different phases investigated (65). Because of these 

reasons, we chose to use PHx for this research and so we will focus on this model 

from herein.  

1.4.6. Clinical relevance. 

Currently, the only treatment available for chronic liver disease is transplantation, 

which comes with a myriad of problems such as a shortage of donors, graft failure 

or rejection, infection, and increased risk of cancer (78). Other issues can arise, 

such as small for size syndrome (SFSS), where the transplantation is too small for 

the recipient (a graft to recipient weight ratio less than 0.8%) (79). This leads to an 

unmatched metabolic demand which can aggravate the liver graft and lead to graft 

failure.  

The most common reason for requiring a liver transplantation is cirrhosis (78). 

Cirrhosis arises after chronic inflammation causes healthy liver parenchyma to be 

replaced with fibrotic tissue, resulting in a dysfunctional liver. Cirrhosis can be a 

consequence of many causes, such as inflammation of the liver caused by viruses 

(hepatitis), excessive fat consumption (non-alcoholic fatty liver disease, NAFLD), 

excessive alcohol consumption (alcoholic liver disease, ALD), plus many others 

(80).  

A liver resection is the surgical removal of a portion of the liver, and this is often 

performed on patients who suffer with liver cancer; the most common type being 

hepatocellular carcinoma (HCC) (81). This procedure aims to remove parts of the 

liver that are affected by tumours and leave behind the functional areas to 

regenerate. This diminishes the need for a liver donor and the risk of graft rejection, 

however it is not devoid of other complications that can arise, such as bleeding, 

infection and liver failure post-operation (82).  

Therefore, from a clinical perspective, understanding liver regeneration and the 

molecules involved in its successful execution is essential for the appropriate 
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management and development of new therapies for chronic liver disease, as well 

as the ability to speed up liver growth in small-for-size transplantations or following 

hepatectomies (62).  

1.5 Senescence during liver regeneration 

Senescence is defined as permanent cell cycle arrest, where cells no longer 

proliferate but remain metabolically active for an extended period of time. 

Senescence is a normal process in an organism and plays an important role in 

tissue homeostasis and ageing (83). Leonard Hayflick was the first to observe that 

cells ceased replication after a certain number of divisions, which was later found 

to be due to the shortening of telomeres, which slowly erode as cells replicate. This 

is now recognised as the “Hayflick limit” (84).  

Since this, senescence has been revealed to be important in multiple other 

biological processes, such as tissue repair and tumour suppression. When cells 

are stimulated by senescence-inducing signals, such as DNA damage, they 

undergo cell cycle arrest and chromatin remodelling (85). They also release 

senescence-associated secretory phenotype (SASP) factors, which secrete 

proinflammatory molecules which can induce senescence in neighbouring cells 

across an organ (86). Senescence can be beneficial to an organism and be 

considered as tumour suppressive because the cells react to DNA damage signals, 

cease replication and therefore protect themselves from tumorigenesis and uphold 

the integrity of the tissue (85, 87).  

However, senescence can also be detrimental, such as losing the regenerative 

capacity of the liver (85, 88). After PHx, there is a careful balance between 

hepatocyte proliferation and senescence. Several studies have illustrated P21 as 

a key marker of senescence, which reaches a peak after DNA synthesis at 48h, 

alongside the peak of DNA damage (89). This suggests that senescence serves 

as a protective mechanism to prevent excessive growth and tumorigenesis in 

areas where the liver function is already restored. However, in pathological 

conditions where the balance of hepatocytes tilts more towards senescence, the 

complete restoration of the liver mass will be delayed, and regeneration will be 

compromised (89). 
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1.6 Alternative means of liver regeneration 

Under normal conditions, the liver regenerates via self-duplication of existing 

hepatocytes, also recognised as hyperplasia (57, 90). However, if normal 

regenerative signalling pathways are impaired, the liver will seek alternative means 

to regenerate. There are two key alternative means: hepatocyte hypertrophy and 

liver progenitor cell (LPC)– driven liver regeneration, as depicted in figure 1.8. 

1.6.1. Hepatocyte hypertrophy. 

Cellular hypertrophy is the process by which cells enlarge and increase in size. 

Previous studies have reported conflicting results on the contribution of hepatocyte 

hypertrophy to liver mass restoration following PHx. Miyaoka et al., (2012) 

described that hepatocyte hypertrophy precedes hyperplasia and makes the first 

contribution to liver regeneration after 70% PHx (91). In contrast, Marongiu et al., 

(2017) found that liver mass restoration is almost entirely due to hyperplasia, with 

very little contribution from hypertrophy after liver resection (90). Interestingly, it 

has also been demonstrated that when the normal means of liver regeneration are 

impaired, the restoration of the liver can be accomplished via hypertrophy of 

periportal hepatocytes, and therefore hypertrophy can act as an alternative 

mechanism of liver regeneration (92). 

1.6.2. Liver progenitor cells. 

Another alternative means is liver progenitor cell (LPC)-driven regeneration. When 

the liver is severely damaged and hepatocyte proliferation is impaired, 

cholangiocytes (biliary epithelial cells) which line the bile ducts of the liver can 

dedifferentiate to become LPCs, also known as facultative liver stem cells. These 

LPCs have the potential to differentiate into both cholangiocytes and hepatocytes, 

to restore liver mass and function (93). Both cholangiocytes in the ducts of the liver 

and LPCs that have migrated out into the liver parenchyma express cytokeratin-19 

(CK-19) (94). Therefore, this serves as a useful indication of stem cell compartment 

activation when CK-19 positive cells have increased in abundance around the bile 

ducts and can be observed migrating out into the liver parenchyma.  

A recent study by Pu et al., (2023) generated a mouse model where the 

fumarylacetoacetase (Fah) gene was deleted to stimulate hepatocyte senescence 
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during liver regeneration. They identified increased levels of quiescent transitional 

LPCs (TLPCs), which exhibited a hybrid of cholangiocyte and hepatocyte gene 

expression and resided in a transitional state between the two (95). They 

concluded that given senescent hepatocytes are a hallmark of impaired liver 

regeneration in patients with chronic liver disease (96, 97), LPC activation could 

pose as an important repair mechanism in humans. 

However, liver progenitor cells are recognised as highly proliferating, long-living 

stem cells. Because of this, these cells are more likely to accumulate genetic 

mutations, transform and become tumorigenic (98). In fact, previous studies have 

shown that inhibiting LPC proliferation in chronic liver disease correlates with 

reduced tumorigenesis, suggesting the link the between LPC proliferation and 

tumour development (99). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8 Alternative means of liver regeneration. Under normal conditions, the liver 

regenerates via hepatocyte hyperplasia. However, if this is impaired the liver must seek 

alternative means to regenerate. One route is via hypertrophy, where hepatocytes enlarge 

and increase in size to restore liver mass. Another route is liver progenitor cell (LPC)-driven 

regeneration, where cholangiocytes that line the bile ducts of liver dedifferentiate to 

become LPCs, which have the potential to differentiate into both cholangiocytes and 

hepatocytes to restore liver mass. Figure digitally drawn by author.  
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1.7 The link between bile acid metabolism and liver regeneration 

The previously described signalling pathways involved in bile acid metabolism (fig 

1.5) are also crucial for liver regeneration, as illustrated in figure 1.9. Following 

PHx, the small remnant liver is subjected to an acute overload of bile acids 

returning from the enterohepatic circulation. This activates FXR, which as 

discussed previously, negatively regulates bile acid synthesis, and therefore 

reduces the metabolic demand on the remnant liver, protecting the remaining 

hepatocytes from bile acid toxicity (73). Interestingly, the function of FXR extends 

beyond this, as it can also promote hepatocyte proliferation to further cope with 

this metabolic demand. In the liver, FXR can directly activate Foxm1b, a key 

regulator of hepatic cell cycle progression (100). In the intestine, bile acids can 

activate FXR which induces these protective mechanisms through its downstream 

target FGF15, which travels to the liver via the portal circulation and binds to its 

hepatic receptor, FGFR4, which can activate key promoters of proliferation such 

as pSTAT3 (101). 

Hepatic SIRT1 has also been demonstrated as a crucial regulator of the 

regenerative response, as it controls bile acid metabolism, protein synthesis and 

cell proliferation through the regulation of FXR and mammalian target of rapamycin 

(mTOR) (102). However, it has been emphasised that hepatic SIRT1 must be finely 

tuned for successful liver regeneration to occur, as both overexpression and 

deletion results in toxic bile acid accumulation and impaired regeneration (102, 

103). 

Intestinal SIRT1 is also recognised as an important regulator of bile acid 

metabolism in the gut-liver axis (54), but despite this, the role of intestinal SIRT1 

has largely been ignored in the context of liver regeneration and has not yet been 

studied. This is puzzling, because there is research that demonstrates the 

importance of intestinal bile acid regulators in liver regeneration, including the 

downstream targets of intestinal SIRT1; FXR and FGF15, the deletion of which 

results in impaired regeneration and toxic bile acid accumulation (100, 101). This 

gap in our knowledge prevents us fully understanding how the intestinal bile acid 

signalling pathway influences liver regeneration. 
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Figure 1.9 The link between bile acid metabolism and liver regeneration. The 

signalling pathways associated with bile acid metabolism also play a crucial role in liver 

regeneration. Following PHx, the smaller remnant liver is subjected to acute overload of 

bile acids returning from the intestine via the portal circulation. This activates FXR, which 

negatively regulates bile acid synthesis via CYP7A1 inhibition, preventing toxic bile acid 

accumulation. However, the function of FXR extends beyond this in this context, as it can 

promote hepatocyte proliferation via Foxm1β to restore liver mass and function. In the 

intestine, FXR induces these protective mechanisms via the FGF15-FGFR4 cascade, 

which signals to the liver to inhibit bile acid synthesis via CYP7A1 suppression and 

upregulates key promotors of hepatocyte proliferation such as pSTAT3. Hepatic SIRT1 is 

recognised as a crucial promotor of liver regeneration through its regulation of FXR, 

however the role of intestinal SIRT1 in liver regeneration has not yet been elucidated. 
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1.8 Thesis hypothesis and aims. 

In this thesis, we hypothesise that intestinal SIRT1 plays an important role in liver 

regeneration, through its regulation of bile acid metabolism factors, FXR and 

FGF15, in the ileum. The overall aim of this thesis is to define the role of intestinal 

SIRT1 in liver regeneration.  

The specific aims of this thesis are to: 

1.  Determine how liver regeneration impacts the ileum and how the deletion of 

intestinal SIRT1 affects the ileum during this process.  

2. Characterise the role of intestinal SIRT1 in maintaining bile acid homeostasis 

during the regenerative response. 

3. Define the role of intestinal SIRT1 in promoting liver regeneration.  
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Chapter 2: Materials and methods.  

All experimental procedures were performed by the PhD candidate unless 

otherwise stated.  

2.1 Animal techniques 

2.1.1 Animals. 

 All experimental procedures were performed on 8–12-week-old males at the 

Disease Modelling Unit (University of East Anglia, UK) which were fed the standard 

chow diet. These procedures were approved by the Animal Welfare and Ethical 

Review Body (AWERB, University of East Anglia, UK) and performed following the 

guidelines of the National Academy of Sciences (National Institutes of Health 

publication 86-23, revised 1985) and were conducted within the provisions of the 

Animal Scientific Procedures Act 1986 (ASPA) and the LASA Guiding principles 

for Preparing for and Undertaking Aseptic Surgery 2010, with UK Home Office 

approval (70/8929) under project licence PP9417531 assigned to Dr. Naiara 

Beraza. 

 

2.1.2 Generation of Villin Cre SIRT1 mouse strain. 

 

SIRT1 was deleted specifically from the intestinal epithelial cells of mice 

(SIRT1intKO mice) by crossing the SIRT1 flox/flox strain (Jackson Laboratories, 

stock #029603), that have loxP sites flanking exon 4 of the SIRT1 gene, with the 

Villin-Cre strain (Jackson Laboratories, stock #004586), which express Cre 

recombinase in the villus and crypt epithelial cells in the small and large intestine. 

Mice not expressing the Cre recombinase were used as WT littermate controls.  

 

2.1.3 Genomic DNA extraction. 

 

Mouse genomic DNA was obtained from ear notches following overnight digestion 

at 56°C in 750μl of buffer containing 50mM Tris(hydroxymethyl)aminomethane 

hydrochloride (Tris-HCL) pH 8.0, 100mM ethylenediaminetetraacetic acid (EDTA), 

pH 8.0, 100mM sodium chloride (NaCl), 1% sodium dodecyl sulphate (SDS) plus 

10μl of Proteinase K (Roche). The next day, samples were centrifuged at 12000 x 
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rpm for 10 minutes at room temperature and the supernatant was collected and 

mixed with an equal volume of molecular grade isopropanol (Merck) via vortexing. 

DNA was precipitated by centrifugation at 12000 x rpm for 10 minutes at 4°C, air 

dried and resuspended in 150μl of molecular grade water (Merck).  

 

2.1.4 Genotyping of Villin Cre SIRT1 mice. 

 

Villin Cre SIRT1 mice were genotyped using polymerase chain reaction (PCR) and 

agarose gel electrophoresis. 0.5μl of genomic DNA was added to a master mix 

containing 1x mi-Hot Taq mix (Metabion), 20pmol/μl forward primer and 20pmol/μl 

reverse primer (see table 1 for sequences). PCR conditions were as follows: 1 

cycle at 94°C for 2 minutes, 35 cycles at 94°C for 30 seconds; 55°C for 30 seconds; 

72°C for 30 seconds and finally, 1 cycle at 72°C for 7 minutes. The PCR product 

was stored at 4°C before being mixed with blue loading dye (New England Biolabs) 

and loaded on to a 1.5% agarose gel and ran at 150V to separate bands of interest. 

The expected band size to identify the SIRT1 flox/flox genotype was approximately 

750bp. The expected band size to identify the Villin Cre recombinase genotype 

was approximately 600bp. 

 
Table 1: Genes and associated primer sequences used for genotyping Villin Cre 
SIRT1 mice. 
 

Name Sequence 
oIMR7909 (flox/flox forward) GGT TGA CTT AGG TCT TGT CTG 
oIMR7912 (flox/flox reverse) CGT CCC TTG TAA TGT TTC CC 
Cre-UM 15B (cre recombinase forward) GAC GGA AAT CCA TCG CTC GAC CAG 
Cre-UM 19B (cre recombinase reverse) GAC ATG TTC AGG GAT CGC CAG GCG  

 

 

2.1.5 Partial hepatectomy procedure. 

 

Partial hepatectomies were performed on mice under anaesthesia by Dr. Naiara 

Beraza on 8–12-week-old mice as described previously by Higgins and Anderson 

(1931), where left lateral, right median and left median lobes are resected, 

amounting to approximately 2/3rds of the liver being removed (77). Mice were left 

to recover for set times post-partial hepatectomy and later sacrificed as described 

below. 
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2.1.6 Tissue harvest. 

 

Mice were sacrificed under terminal anaesthesia and blood was collected via 

cardiac puncture by Dr. Naiara Beraza with assistance from Mar Moreno-

Gonzalez. Tissues were harvested and either snap frozen in liquid nitrogen for 

future biomolecular analysis or fixed in 10% formalin (Merck) for histological 

analysis. 

 

2.2 Histological analysis 

2.2.1 Tissue processing. 

 

Tissues were fixed in 10% formalin (Merck) and dehydrated using the Leica tissue 

processor following manufacturer’s instructions and later embedded in paraffin 

wax. Embedded livers were sectioned at a thickness of 3μm, and embedded 

intestinal tissues were sectioned at a thickness of 5μm. 

 

2.2.2 Deparaffinisation of tissue sections. 

 

Tissue sections were deparaffinised in histoclear (Merck) for 10 minutes then 

progressively rehydrated in graded ethanol series (100%, 80%, 70%) for 2 minutes 

each. Next, samples were hydrated in distilled water for 5 minutes.  

 

2.2.3 Haematoxylin and eosin staining. 

 

Liver and intestinal sections were stained with haematoxylin and eosin (H&E) to 

assess the histology of the tissue. In this method, the nucleus of cells is stained 

blue by haematoxylin while the cytoplasm is counterstained pink by eosin (104). 

After deparaffinisation, tissue sections were stained with haematoxylin for 5 

minutes, rinsed with running water for 5 minutes, then incubated in 1% hydrochloric 

acid diluted in 70% ethanol for 15 seconds. After rinsing with distilled water, tissues 

were stained with eosin for 30 seconds before being dehydrated in graded ethanol 

series (70%, 80%, 100%) for 2 minutes each and histoclear for 10 minutes. Finally, 

samples were mounted with Neomount (Merck).  
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2.2.4 KI-67 immunohistochemistry. 

 

Liver and intestinal tissue sections were stained with KI-67 to determine the 

abundance of proliferating cells at specific time points during liver regeneration 

(105). Sections were deparaffinised as described in 2.2.2 before endogenous 

peroxide activity was blocked using 3% hydrogen peroxide (Merck) in methanol 

(Fisher Scientific) for 10 minutes. Sections were rinsed in water before antigen 

retrieval via heating in a microwave in sodium citrate buffer (0.053% trisodium 

citrate dihydrate and 0.17% citric acid, pH 6.0). Slides were cooled then washed 

for 3 x 5 minutes in tris-buffered saline and 0.1% tween-20 (TBS-Tween). Non-

specific antibody binding was blocked by incubating for 1 hour in blocking buffer 

containing 10% goat serum (Merck), 0.1% Triton x100 (Merck) and 1% BSA in 

phosphate buffered saline (PBS). Sections were incubated with KI-67 primary 

antibody (ab15580 – Abcam) diluted at 1:2000 in antibody diluent (Dako) overnight 

at 4°C in a wet chamber. The following day, sections were washed 3 x 5 minutes 

in TBS-Tween and incubated with pre-diluted anti-rabbit secondary horseradish 

peroxidase (HRP) conjugated antibody (#K4003 - Dako) for 1 hour at room 

temperature. Finally, slides were washed 3 x 5 minutes in TBS-Tween and 

developed with diaminobenzidine (DAB+) chromogen system (Dako), then 

counterstained with haematoxylin, dehydrated and mounted as above in 2.2.3.  

 

2.2.5 BrdU immunohistochemistry. 

 

Liver sections were stained for hepatocyte bromodeoxyuridine (BrdU) 

incorporation during the DNA synthesis (S) phase of the cell cycle (106). Mice were 

injected intraperitoneally with 100mg/kg BrdU (Merck) 2 hours before tissue 

harvesting by Dr. Naiara Beraza. Sections were deparaffinised as described in 

section 2.2.2 before treatment with 2N hydrochloric acid (HCL) for 30 minutes. 

Slides were neutralised with 0.1M sodium borate solution pH 8.0 for 9 minutes 

before being rinsed with running water and washed in PBS for 3 x 5 minutes. Liver 

sections were incubated with BrdU primary antibody conjugated to biotin (ab2284 

– Abcam) overnight at 4°C. The following day, sections were washed in PBS for 3 

x 5 minutes before being incubated with Pierce High Sensitivity NeutrAvidin™-HRP 

linked secondary antibody (#31030- Thermo Scientific) diluted 1:500 in PBS 1% 

BSA for 1 hour at room temperature. Sections were washed 3 x 5 minutes in PBS 

and developed with diaminobenzidine (DAB+) chromogen system (Dako), then 

counterstained with haematoxylin, dehydrated and mounted as in 2.2.3.  
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2.2.5 P21 immunohistochemistry. 

 

Liver tissue sections were stained with P21 to assess the number of senescent 

hepatocytes at  specific time points during liver regeneration (107). Sections were 

deparaffinised as described in 2.2.2 before endogenous peroxide activity was 

blocked using 3% hydrogen peroxide (Merck) in methanol (Fisher Scientific) for 10 

minutes. Sections were rinsed in water before antigen retrieval via heating in a 

microwave in sodium citrate buffer (0.053% trisodium citrate dihydrate and 0.17% 

citric acid, pH 6.0). Slides were cooled then washed for 3 x 5 minutes in PBS. Non-

specific antibody binding was blocked by incubating for 1 hour in blocking buffer 

containing 10% goat serum (Merck), 0.1% Triton x100 (Merck) and 1% BSA in 

phosphate buffered saline (PBS). Sections were incubated with P21 primary 

antibody (#556431- BD Pharmigen) diluted at 1:100 in antibody diluent (Dako) 

overnight at 4°C in a wet chamber. The following day, sections were washed 3 x 5 

minutes in PBS and incubated with pre-diluted anti-rabbit secondary HRP-

conjugated antibody (#K4003 - Dako) for 1 hour at room temperature. Finally, 

slides were washed 3 x 5 minutes in PBS and developed with DAB+ chromogen 

system (Dako), then counterstained with haematoxylin, dehydrated and mounted 

as above in 2.2.3.  

 

2.2.6 pHistone-H3 immunofluorescence. 

 

pHistone-H3 serves as a marker of the mitosis phase of the cell cycle, where cells 

divide to produce two new daughter cells (108). Liver tissues were cryopreserved 

in OCT embedding matrix (Cell Path Ltd) and cryosectioned using a cryostat 

(Cryostar NX70 – Thermo Scientific) at a thickness of 7μm. Sections were air dried 

for 2 hours at room temperature before being fixed in paraformaldehyde 4% in PBS 

at room temperature for 15 minutes. Slides were rinsed with PBS and endogenous 

peroxide activity was blocked using 3% hydrogen peroxide (Merck) in methanol 

(Fisher Scientific) before being washed in PBS for 3 x 5 minutes. Antigens were 

retrieved by incubation in 10mM sodium citrate buffer pH 6.0 for 2 minutes at 4°C. 

Slides were washed in PBS for 3 x 5 minutes before being blocked for 1 hour in 

blocking buffer containing 10% goat serum (Merck), 0.1% Triton x100 (Merck) and 

1% BSA in PBS. Sections were incubated with pHistone-H3 primary antibody 

(#9701S - Cell Signalling Technology) diluted 1:200 in PBS with 1% BSA overnight 

at 4°C in a wet chamber. The following day, sections were washed 3 x 5 minutes 

in PBS and incubated with anti-rabbit Alexa Fluor 568 (#A1101 – Life technologies) 
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diluted 1:1000 in PBS with 1% BSA for 1 hour in the dark at room temperature. 

Finally, slides were mounted with VECTASHIELD anti-fade mounting medium 

containing 4’,6-diamidino-2-phenylindole (DAPI) to visualise nuclei (2BScientific).  

 

2.2.7 CK-19 immunohistochemistry. 

 

Liver tissue sections were stained with CK-19 to determine if liver progenitor cells 

were activated in the ducts and migrating to the liver parenchyma during 

regeneration (94). Sections were deparaffinised as described in 2.2.2 before 

endogenous peroxide activity was blocked using 3% hydrogen peroxide (Merck) in 

methanol (Fisher Scientific) for 10 minutes. Sections were rinsed in water before 

antigen retrieval via heating in a microwave in sodium citrate buffer (0.053% 

trisodium citrate dihydrate and 0.17% citric acid, pH 6.0). Slides were cooled then 

washed for 3 x 5 minutes in PBS. Non-specific antibody binding was blocked by 

incubating for 1 hour in blocking buffer containing 10% goat serum (Merck), 0.1% 

Triton x100 (Merck) and 1% BSA in phosphate buffered saline (PBS). Sections 

were incubated with CK-19 primary antibody (TROMA III, Developmental Studies 

Hybridoma Bank, University of Iowa) diluted 1:200 in antibody diluent (Dako) 

overnight at 4°C in a wet chamber. The following day, sections were washed 3 x 5 

minutes in PBS and incubated with anti-rat secondary HRP-conjugated antibody 

(#7077 - Cell Signalling) diluted 1:200 in antibody diluent (Dako) for 1 hour at room 

temperature. Finally, slides were washed 3 x 5 minutes in PBS and developed with 

DAB+ chromogen system (Dako), then counterstained with haematoxylin, 

dehydrated and mounted as above in 2.2.3.  

 

2.2.8 Imaging and image analysis. 

 

H&E, KI-67, BrdU, P21 and CK-19 immunohistochemical stains were imaged using 

the Olympus BX60 using either the 4x, 10x or 20x objective lenses. pHistone-H3 

immunofluorescence was imaged using the Zeiss Axio Imager M2 fluorescent 

microscope using the 10x objective lens. 4-10 fields were imaged and analysed 

per sample and image analysis was performed using Image J software (Fiji) and 

was represented as the percentage of cells/area relative to total cells/area imaged.  

 

 



Chapter 2 
 

47 | P a g e  
 

2.3 Bile acid extraction for mass spectrometry 

Bile acids were extracted from the liver and ileal content of mice at time points 

following partial hepatectomy. 25mg of liver tissue or 30mg of ileal content was 

homogenised (Precellys® 24 Touch homogenizer– Bertin Technologies) in 500μl 

of 90% methanol using zirconium oxide beads (Fisher Scientific). Samples were 

centrifuged at 12000 x rpm for 10 minutes before pellets were discarded and 25μl 

of internal standard was added. Sample clean-up was completed by Oasis PRiME 

HLB μELution Plate (Waters). Mass spectrometry was performed by Mark Philo 

using the Agilent 1260 HPLC coupled to an AB Sciex 4000 QTrap triple quadruple 

mass spectrometer as described by our laboratory group previously (109). 

 

2.4 Biomolecular techniques 

2.4.1 RNA extraction. 

 

Snap frozen liver tissues were homogenised (Precellys® 24 Touch homogenizer- 

Bertin Technologies) in Qiazol lysis reagent (Qiagen), using zirconium oxide beads 

(Fisher Scientific). Phase separation was induced by vortexing sample in 

chloroform (Merck) before samples were centrifuged at 12000 x rpm for 10 minutes 

at 4°C. The aqueous phase containing RNA was collected and precipitated using 

isopropanol (Merck) and samples were centrifuged at 12000 x rpm for 10 minutes 

at 4°C to obtain the RNA pellet. The pellet was washed twice in 70% ethanol by 

centrifugation at 12000 x rpm for 10 minutes at 4°C. RNA pellets were air dried and 

resuspended 1:20 in RNase free water (Merck).  

 

2.4.2 Reverse transcription. 

 

1μg of RNA was treated with DNase I (Roche) according to manufacturer’s 

instructions. Next, M-MLV reverse transcriptase (Invitrogen) was used to perform 

cDNA synthesis, following the manufacturer’s instruction.  
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2.4.3 Quantitative polymerase chain reaction (qPCR). 

 

cDNA was utilised for qPCR to analyse the expression of numerous genes (see 

table 2). SYBR Select Master Mix (Thermo Fisher) was utilised to perform qPCR 

following manufacturer’s instructions. The PCR cycling was as follows; 95°C for 3 

minutes, 40 cycles of 95°C for 15 seconds, 60°C for 1 minute), followed by a melt 

curve. Gene expression was normalised using glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) as a house keeping gene and expressed in times versus 

expression in control samples. 

 
Table 2: Genes and associated primer sequences used for qPCR (in order of 
appearance) 
 

Name Forward sequence Reverse sequence 
CYP8B1 TTGCAAATGCTGCCTCAACC TAACAGTCGCACACATGGCT 
CYP27A1 TGTGGACAACCTCCTTTGGG CCATAGGTGAGGCCCTTGTG 
CYP2C70 AGTATGGCCCTGTGTTTACTGT GCCTTGGCTGGTTCTACTGAG 
CYP2B10 TCCAGGGCTCCAAGGCATGT ACAGAGTCCATTAGCACAGATCCCA 
CYP3A11 ACCTGGGTGCTCCTAGCAATC AAGGAGAGGCTTTGACCATC 
UGT1A1 CCTTCTGTTGTGTGTGTTCGG CCGTCCAAGTTCCAACCAAAG 
UGT1A2 TGATGTGATCTTAACAGACCCC GTCAGAAAGCCTTGTGAGTAGG 
SULT1A1 CACAAGGGTCCTCTCCTTAGC TGACAGCGGAACGTGAAGTC 
BSEP CTCCTGTGCTTGGCACATCA  ATCGCCGTCATGTCACAAGG 
MDR2 GATGGATCTTGAGGACAGCGA  GAGCTATGGCCATGAGGGTG 
MRP2 AGAAGTGCCCTGGAAATCACG  ACACAACGAACACCTGCTTG 
MRP4 GGTTGGAATTGTGGGCAGAA  TCGTCCGTGTGCTCATTCAA 
NTCP GGTAAAACAGCATGCCAGCG  CCCATGAGAACAACGCCAGA 
OATP CCTTTGTTTAGCCCTGTCACAC  ATGGGTCCAACAAGCTTTGC 
IL-6R CCTGAGACTCAAGCAGAAATG AGAAGGAAGGTCGGCTTCAGT 
TNFR1 AGCCCCTGCTTCAACGGCAC GCTGCAAGGGACGCACTCAC 
IL-6 TACCACTTCACAAGTCGGACCG  CTGCAAGTGCATCATCGTTGTTC 
TNF-α CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG 
GAPDH TGCACCACCAACTGCTTAG  GGATGCAGGATGATGTTC 

 

 

2.5 Protein analysis techniques 

2.5.1 Whole cell extraction. 

 

Snap frozen liver and intestinal tissues were homogenised (Precellys® 24 Touch 

homogenizer- Bertin Technologies) with zirconium oxide beads (Fisher Scientific) 
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in radio immunoprecipitation (RIPA) buffer (50mM Tris-HCl pH 8.0, 150mM NaCl, 

2mM EDTA, 1% IGEPAL 630, 0.5% sodium deoxycholate, 0.1% sodium dodecyl 

sulphate (SDS) 1mM phenylmethylsulphonyl fluoride (PMSF) and PhosSTOP 

tablets (Merck). Samples were centrifuged at 12000 x rpm for 10 minutes at 4°C 

before the protein-containing supernatant was collected and stored at -20°C. 

Protein concentration was calculated using a Bradford assay (Bio-Rad) following 

manufacturer’s instructions.  

 

2.5.2 Western blotting analysis. 

 

Western blotting analysis was utilised to determine the concentration of specific 

proteins in a sample (see table 3 for proteins detected and their respective antibody 

references). Proteins were denatured by heating at 95°C for 3-5 minutes with 

Laemmli sample buffer and 2-mercaptoethanol reducing agent. Bio-Rad Mini-

PROTEINâ electrophoresis system was utilised to run 8-15% acrylamide gels at 

100V for one hour in running buffer (25mM Tris-HCl pH 8.3, 192mM glycine, 0.1% 

SDS). Following electrophoresis, proteins were transferred from the acrylamide gel 

to a 0.2µm nitrocellulose membrane (Bio-Rad) for 2 hours via a wet-transfer 

system (Bio-Rad) at 0.5mA in transfer buffer (25mM Tris-HCl pH 8.3, 192mM 

glycine, 20% methanol). After this, transfer efficiency was verified by staining 

membranes with ponceau solution before membranes were blocked with blocking 

solution (TBS-Tween, 5% non-fat dry milk, 1% BSA) for 30 minutes at room 

temperature. Membranes were incubated and rotated in their respective antibodies 

(see table 3) diluted in TBS-Tween and 1% BSA at 4°C overnight. The following 

day, membranes were washed 3 x 5 minutes in TBS-Tween and incubated with 

either anti-rabbit or anti-mouse IgG HRP-linked secondary antibodies (anti-rabbit 

7074S, anti-mouse 7076S – Cell Signalling Technologies) for 1 hour at room 

temperature. Finally, membranes were washed again in TBS-Tween for 3 x 5 

minutes, imaged (Bio-Rad ChemiDoc) using a chemiluminescent substrate for 

HRP detection (Bio-Rad Clarity) and analysed using Image Lab software (Bio-

Rad). 
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Table 3: Primary antibodies used for western blotting analysis (in order of 
appearance) 
 

Name Reference Supplier  
SIRT1 9475 Cell Signalling Technology 
FXR sc-25309 Santa Cruz Biotechnology 
FGF15 ab229630 Abcam 
FGFR4 sc-136988 Santa Cruz Biotechnology 
CYP7A1 sc-25536 Santa Cruz Biotechnology 
pSTAT3 9145 Cell Signalling Technology 
pERK 9102 Cell Signalling Technology 
Cyclin D sc-450 Santa Cruz Biotechnology 
GAPDH (loading control) ab8245 Abcam 
b-actin (loading control) a2066 Sigma Aldrich 

 

 

2.6 Serum transaminase detection 

Transaminases alanine aminotransferase (ALT) and aspartate aminotransferase 

(AST) are elevated in the serum in response to liver damage (110). Mouse blood 

was obtained by cardiac puncture during tissue harvest and centrifuged at 3000 x 

rpm for 1 hour at 4°C to obtain serum. ALT and AST were measured in mouse 

serum using the Randox analyser (Daytona) following the manufacturer’s 

instructions.  

2.7 Graphical figures 

Graphical figures were digitally drawn by the PhD student using Procreate 

(https://procreate.com) and adapted and inspired by figures referenced in figure 

legends.   

2.8 Statistical analysis  

Data is expressed as mean ± standard error of the mean. Statistical significance 

was analysed as appropriate using one-way or two-way analysis of variance 

(ANOVA) followed by Bonferroni’s post-test, or Student’s T-test, using GraphPad 

Prism software
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Chapter 3: Investigating the impact of liver regeneration on 
the ileum and defining the role of intestinal SIRT1 in the 
ileum during liver regeneration.  

3.1 Introduction 

Very little attention has been directed towards how the liver regenerative process 

may impact the intestine. This is surprising, due to the close enterohepatic 

interaction that exists between these two organs that is recognised to play a vital 

role in liver regeneration (111). 

The lining of the intestine predominantly consists of architectural structures 

recognised as villi and crypts. Villi are long, finger-like projections that absorb the 

products of digestion (15). The main cell type in the villi are enterocytes, which are 

equipped with microvilli on the surface to increase their surface area and facilitate 

the transport of numerous molecules into the enterocyte from the intestinal lumen 

such as water, nutrients, and bile acids (112). Another important cell type in the 

villi are goblet cells, which secrete mucus to shield the intestinal epithelium from 

potential pathogens arriving in the lumen (15). Intestinal inflammation can lead to 

increased numbers of goblet cells (113) and therefore, their increased abundance 

can serve as a useful marker of compromised intestinal integrity. Crypts are 

invaginations that reside at the base of villi and have a pool of stem cells that give 

rise to distinct intestinal cell types. These stem cells proliferate in the crypt which 

drives cell migration up the villi, providing continuous cell renewal of the epithelial 

lining (15, 114). In pathological conditions, architectural changes can be observed 

in the intestine, for example the villi or crypts can become inflamed and shorten, 

recognised as villus or crypt atrophy (115). Changes in proliferation can also be 

observed in pathological conditions, such as the hyperproliferation of cells in the 

crypt-villi units to compensate for the inflamed and damaged villi in coeliac disease 

(116). Whether or not architectural or proliferative changes occur in the intestine 

during liver regeneration has not yet been reported. 

The region of the intestine we focus our research on is the ileum, as it has been 

defined as the key site for active absorption of bile acids back to the liver (37, 43). 

This influx of bile acids from the ileum to the liver is known to play a crucial role in 

promoting liver regeneration following partial hepatectomy (73) and previous 
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studies have documented that the composition of the gut microbiome is altered 

during liver regeneration, which the authors predicted to be due to changes in the 

bile acid pool during liver regeneration (28). Despite this, the composition of the 

bile acid pool in the ileum during the regenerative process is yet to be elucidated.  

The ileum is also the site in the intestine where bile acid metabolism factors, FXR 

and FGF15, are most highly expressed (37, 43). Intestinal FXR and FGF15 have 

previously been shown to be important factors in liver regeneration, as their 

deletion results in toxic bile acid accumulation and impaired proliferation (100, 

101). Intestinal SIRT1 has formerly been defined as a key regulator of the FXR-

FGF15 bile acid metabolism signalling cascade (54), however its role in liver 

regeneration has completely been ignored and not yet studied. This is surprising, 

especially as hepatic SIRT1 has been hailed as a crucial regulator of the 

regenerative response due to its downstream effects on hepatic FXR, which 

regulates bile acid metabolism, protein synthesis and cell proliferation during liver 

regeneration (102, 103). 

 

3.2 Aims 

The aims of this chapter are to define the impact of liver regeneration on the 

architectural phenotype and proliferative capacity of the ileum, the ileal bile acid 

pool composition and the expression of bile acid metabolism factors (SIRT1, FXR 

and FGF15) across the regenerative process. In addition, we aim to begin 

investigating the role of intestinal SIRT1 in the ileum during liver regeneration by 

utilising mice where the SIRT1 gene has been deleted specifically from intestinal 

epithelial cells (SIRT1intKO mice). This will enable us to investigate the role of 

intestinal SIRT1 in maintaining the architectural phenotype, proliferative capacity, 

and bile acid pool composition in the ileum, as well as how its deletion impacts the 

expression of its downstream mediators of bile acid metabolism, FXR and FGF15, 

during liver regeneration.  
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3.3 Results 

3.3.1. The architectural phenotype and proliferative capacity of the villi-crypt units in 

the ileum is not impacted during liver regeneration.  

The architectural phenotype of the ileum can be impacted during pathological 

conditions, such as the shortening of villi and crypts known as villus or crypt 

atrophy, in response to inflammation and damage (115). To determine if the 

architectural phenotype is impacted during the liver regenerative process, wildtype 

(WT) mouse ileal tissues were harvested at time points post-PHx, fixed in 4% 

buffered formalin, embedded in paraffin wax, then sectioned and stained with 

haematoxylin and eosin (H&E). Villi and crypt length were measured on 

microscopic images using Image J software to check for signs of atrophy. We found 

no significant changes in villi or crypt length in the ileum of mice as they progressed 

through the regenerative process (fig 3.1 and suppl. fig 1).  

Stem cells reside in the crypts of the ileum and proliferate to provide continuous 

cell renewal to maintain the epithelial lining (15, 114). Under pathological 

conditions, the proliferative capacity of the crypts can increase, to compensate for 

damage to the villi (116). To investigate if liver regeneration impacted the 

proliferative capacity of the ileal epithelial lining, WT mouse ileal tissues were 

harvested, fixed, and embedded as described above and stained with KI-67 

antibody, a marker of proliferating cells (105). We found no significant differences 

in the number of KI-67 positive epithelial cells in the ileal crypt-villi units across the 

regenerative process (fig 3.1 and suppl. fig 2).  

Goblet cells reside throughout the length of the intestine and are responsible for 

releasing mucus, which shields the epithelium from potential pathogens arriving in 

the intestinal lumen (15). Intestinal inflammation can lead to increased numbers of 

goblet cells (113) and therefore, their increased abundance can serve as a useful 

indication of inflammation. We quantified the goblet cell to epithelial cell ratio using 

Image J software on H&E-stained ileal tissue sections and found no significant 

differences in the goblet cell number during liver regeneration. However, there was 

a noticeable trend where goblet cell number increased post-PHx, peaking at 6h 

post-PHx before slowly decreasing back to basal levels at 48h post-PHx (fig 3.1). 

Overall, these results suggest that the architectural phenotype and the proliferative 

capacity of the ileum is not impacted by liver regeneration. 
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Figure 3.1 The architectural phenotype and proliferative capacity of the ileum is not 
impacted during liver regeneration. (A) Measurement of villi and crypt length from 

haematoxylin and eosin-stained ileal sections showing no significant differences in villi or 

crypt length across the regenerative process in WT mice. Ileal sections taken from WT 6h 

and 24h post-PHx shown as representative images, all representative images shown in 

supplementary figure 1. (B) Immunohistochemistry using an anti-KI-67 antibody in paraffin-

embedded ileal sections showing no significant differences in epithelial cell proliferation in 

the villi and crypts of ileums across the regenerative process in WT mice. Representative 

images shown in supplementary figure 2. C) Quantification of goblet cell number indicates 

an increase in goblet cell number at 6h post-PHx but did not reach statistical significance. 

Representative images are taken at x20 magnification. Values are mean ± SEM. n= ≥4 

mice per treatment group. 
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3.3.2. The composition of the ileal bile acid pool is impacted by liver regeneration.    

 

Previously, studies have demonstrated the bidirectional relationship between bile 

acids and the gut microbiota, where bile acids can regulate the composition of the 

gut microbiome (100, 101), whilst the gut microbiome can modulate the 

composition of the bile acid pool (28). Liu et al., (2016) reported that the 

composition of the gut microbiome shifts during liver regeneration (117) yet despite 

the bidirectional relationship that exists, the composition of the intestinal bile acid 

pool during liver regeneration has not yet been elucidated.  

To determine the composition of the ileal bile acid pool during liver regeneration, 

we collected ileal content during sample harvest at time points post-PHx, 

performed bile acid extraction and analysed the samples using liquid 

chromatography- mass spectrometry (LC-MS).  

We found that the concentration of primary bile acids (CA, UDCA, a-MCA, and b-

MCA) and secondary bile acid (DCA) significantly decreased during key 

proliferation phase time points of liver regeneration compared to during basal 

conditions (0h). Concentrations of CA were decreased at 24h post-PHx, 

concentrations of a-MCA, and b-MCA were significantly decreased at 24h and 48h 

post-PHx, concentrations of UDCA were significantly decreased at 48h post-PHx, 

and concentrations of DCA were significantly decreased at 48h and 72h post-PHx 

compared to basally. In addition, we found that concentrations of CA and b-MCA 

increased significantly at 72h post-PHx compared to at 24h post-PHx (fig 3.2).  

The concentration of all conjugated primary and secondary bile acids peaked at 

72h post-PHx. Primary conjugated bile acids, TCA and T-a-MCA were significantly 

elevated at 72h post-PHx compared to any other time point. T-b-MCA and 

secondary conjugated bile acids, TDCA and TUDCA, also had significantly higher 

levels at 72h post-PHx compared to all other time points excluding basally. 

Concentrations of TCDCA were significantly higher at 72h post-PHx compared to 

3h and 24h post-PHx, and concentrations of GCA were significantly higher at 72h 

post-PHx compared to 3h and 48h post-PHx. T-b-MCA, a well-recognised 

antagonist of FXR (118), was also significantly decreased at 3h post-PHx 

compared to 48h post-PHx (fig 3.2) 
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The total bile acid concentration denoted that bile acid levels decreased in the ileal 

bile acid pool following PHx, then steadily increased from 3-48h post-PHx, before 

reaching a peak concentration at 72h post-PHx, which was significantly higher than 

at any other time point (fig 3.2).  

These results indicate that during basal conditions, primary and secondary 

(unconjugated) bile acids are increased, then during the regenerative process all 

bile acids decrease before there is a significant increase in conjugated primary and 

secondary bile acids at 72h post-PHx. Overall, this suggests that the ileal bile acid 

pool is altered during the regenerative process.  
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Figure 3.2 The composition of the ileal bile acid pool is impacted by liver 
regeneration. Liquid chromatography- mass spectrometry to quantify bile acids in the 

ileum during regeneration showed significantly decreased concentrations of primary bile 

acids (CA at 24h, α-MCA and β-MCA at 24h and 48h, UDCA at 48h post-PHx) compared 

to basal conditions (0h) and increased concentrations of primary bile acids (CA and β-MCA) 

at 72h post-PHx compared to at 24h post-PHx. Additionally, secondary bile acid (DCA) was 

significantly decreased at 48h and 72h post-PHx compared to basally (0h). Conjugated 

primary bile acids (TCA and T-α-MCA) were significantly increased at 72h post-PHx 

compared to any other time point. Conjugated primary bile acid (T-β-MCA) and conjugated 

secondary bile acids (TDCA and TUDCA) had significantly increased concentrations at 72h 

post-PHx compared to any other time point excluding basally (0h). Concentrations of 

primary conjugated bile acids (TCDCA and GCA) were significantly increased at 72h post-

PHx compared to 3h and 24h or 3h and 48h post-PHx, respectively. Primary conjugated 

bile acid, T-β-MCA, was significantly decreased 3h post-PHx compared to 48h post-PHx. 

The total bile acid pool concentration was higher at 72h post-PHx compared to all other 

time points. Values are mean ± SEM. n= ≥4 mice per treatment group. Significance was 

determined using unpaired t-tests *P < 0.05, **P < 0.01, ***P < 0.001. 
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3.3.3. Intestinal SIRT1 does not play a role in maintaining the architectural phenotype 

or the proliferative capacity of the ileum during liver regeneration.  

 

Intestinal SIRT1 has previously been recognised as an important regulator of bile 

acid metabolism via its activation of the FXR-FGF15 cascade in the intestine (54). 

The expression of FXR and FGF15 have also been defined as crucial for liver 

regeneration, as their deletion results in toxic bile acid accumulation and impaired 

hepatocyte proliferation (100, 101). However, the role of intestinal SIRT1 in liver 

regeneration remains unelucidated and has never been studied.  

To begin characterising the role of intestinal SIRT1 in liver regeneration, it was first 

important to define its role in maintaining the phenotype of the ileum during liver 

regeneration, and if its deletion impacts the integrity of the ileum during this 

process. To investigate this, we performed PHx on intestinal SIRT1 knockout 

(SIRT1intKO) mice and harvested intestinal tissues across the regenerative 

process. Ileal sections were stained with H&E and villi and crypt length were 

measured on microscopic images using Image J software. We found no significant 

changes in villi or crypts length in the ileum of SIRT1intKO mice compared to their 

WT littermates as they progressed through the regenerative process (fig 3.3 and 

suppl. fig 1). 

The proliferative capacity of crypt-villi units can be altered under pathological 

conditions (116), so we aimed to investigate the role of intestinal SIRT1 in 

maintaining normal levels of cell-renewal during the regenerative process. To 

investigate this, we performed an immunohistochemical stain for KI-67, a well-

known marker of proliferation (105), to stain proliferating cells in the crypt-villi units 

of ileal sections harvested from SIRT1intKO mice. We found no significant 

differences in the number of KI-67 positive, proliferating cells in the crypt-villi units 

of ileums from SIRT1intKO mice compared to their WT littermates at any time point 

across the regenerative process (fig 3.3 and suppl. fig 2).  

As mentioned previously, goblet cells are responsible for releasing mucus to shield 

the intestinal epithelium from the harmful contents of the intestine (15), and their 

increased abundance can serve as a useful indicator of inflammation in the 

intestine (113). To further investigate if SIRT1 plays a role in maintaining the 

integrity of the ileum during liver regeneration, we quantified the goblet cell to 
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epithelial cell ratio in H&E-stained ileal tissue sections from SIRT1inKO mice using 

Image J software across the regenerative process. We found no significant 

differences in the number of goblet cells compared to their WT littermates. 

However, a trend can be observed where the peak number of goblet cells appears 

to be delayed in SIRT1intKO mice to 24h post-PHx, compared to the peak at 6h 

post-PHx observed in their WT littermates (fig 3.3) 

Overall, this data implies that the deletion of intestinal SIRT1 does not impact the 

architectural phenotype or the proliferative capacity of the crypt-villi units during 

liver regeneration.   
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Figure 3.3 Intestinal SIRT1 does not play a role in maintaining the architectural 
phenotype or the proliferative capacity of the ileum during liver regeneration. (A) 

Measurement of villi and crypt length from haematoxylin and eosin-stained ileal sections 

showing no significant differences in villi or crypt length between SIRT1intKO mice and WT 

mice. Ileal sections from WT and SIRT1intKO mice at 48h post-PHx shown as 

representative images. Representative images of other time points shown in 

supplementary figure 1. (B) Immunohistochemistry using an anti-KI-67 antibody in paraffin-

embedded ileal sections showing no significant differences in epithelial cell proliferation in 

the villi and crypts of ileums from SIRT1intKO mice compared to WT. Representative 

images shown in supplementary figure 2. (C) Quantification of goblet cell number indicates 

a decrease in goblet cell number at 6h post-PHx in SIRT1intKO mice compared to WT mice 

but did not reach statistical significance. Representative images are taken at x20 

magnification. Values are mean ± SEM. n= ≥4 mice per treatment group. 
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3.3.4. Intestinal SIRT1 regulates the composition of the ileal bile acid pool during liver 

regeneration.   

 

Previously in section 3.3.2, we established that the composition of the ileal bile acid 

pool shifts during liver regeneration. During basal conditions, there were high 

concentrations of unconjugated primary and secondary bile acids, which 

decreased following PHx. Then at 72h post-PHx, the concentration of conjugated 

bile acids was elevated significantly. To understand the role that intestinal SIRT1 

plays in regulating the composition of the ileal bile acid pool during liver 

regeneration, we performed PHx on SIRT1intKO mice, extracted bile acids from 

the ileal content harvested across the regenerative process and performed LC-MS 

analysis to determine the composition of the ileal bile acid pool in the absence of 

intestinal SIRT1.  

We found that basally, SIRT1intKO mice had significantly higher concentrations of 

conjugated primary (TCA, TCDCA and GCA) and conjugated secondary (TDCA) 

bile acids in the ileum compared to WT. Then at 3h post-PHx, SIRT1intKO mice 

had significantly decreased concentrations of primary (unconjugated) bile acids 

(CDCA and a-MCA) compared to WT mice. Finally, at 72h post-PHx, 

concentrations of conjugated primary (T-a-MCA) and conjugated secondary 

(TUDCA) bile acids were significantly decreased in the ileum of SIRT1intKO mice 

compared to WT (fig 3.4) 

In addition, we found no significant differences in the total concentration of bile 

acids in the ileum at any time point across liver regeneration between SIRT1intKO 

mice and their WT littermates. However, there was a noticeable trend where 

SIRT1intKO mice appeared to have higher concentrations of bile acids during 

basal conditions and lower concentrations of bile acids at 72h post-PHx compared 

to WT mice (fig 3.4).  

In summary, these results show that in the absence of intestinal SIRT1, the 

composition of the bile acid pool changes during both basal and regenerative 

conditions, which implies that intestinal SIRT1 plays a role in regulating the ileal 

bile acid pool during liver regeneration.  
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Primary conjugated bile acids:  
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Figure 3.4 Intestinal SIRT1 regulates the composition of the ileal bile acid pool during 
liver regeneration. Liquid chromatography- mass spectrometry to quantify bile acids in the 

ileum during regeneration showed significantly decreased concentrations of primary bile 

acids (CDCA and α-MCA) at 3h post-PHx in SIRT1intKO mice compared to WT mice. 

Primary conjugated (TCA, TCDCA and GCA) and secondary conjugated (TDCA) bile acids 

were significantly increased at 0h in SIRT1intKO mice compared to WT mice. Primary 

conjugated (T-α-MCA) and secondary conjugated (TUDCA) bile acids were significantly 

decreased at 72h post-PHx in SIRT1intKO mice compared to WT. Total bile acid pool 

concentration appeared increased at 0h and decreased at 72h post-PHx in SIRT1intKO 

mice compared to WT mice but this did not reach statistical significance. Values are mean 

± SEM. n= ≥4 mice per treatment group. Significance was determined using unpaired t-test 

(WT vs SIRT1intKO) *P < 0.05, **P < 0.01. 

 

 

  



Chapter 3 
 

72 | P a g e  
 

3.3.5. Intestinal SIRT1 is a key regulator of the ileal FXR-FGF15 bile acid metabolism 

signalling cascade during the early phases of liver regeneration.  

 

As discussed previously, bile acid metabolism factors FXR and FGF15 have been 

revealed as crucial signalling molecules for the regenerative process, as their 

deletion resulted in impaired regeneration (100, 101). However, the kinetics of their 

expression during the regenerative process remained undefined. Furthermore, 

intestinal SIRT1 is the upstream mediator of these factors during bile acid 

metabolism yet had completely been ignored and its regulation never studied in 

the context of liver regeneration.  

To establish, for the first time, the expression of these key bile acid metabolism 

factors in the ileum across the regenerative process, we performed western 

blotting analysis on proteins isolated from the ileum of mice during liver 

regeneration. If we firstly focus on the WT expression, we found that intestinal 

SIRT1 expression steadily decreased following PHx, reaching almost complete 

absence by 48-72h post-PHx. In contrast, intestinal FXR protein expression 

increased following PHx at 3h post-PHx, then decreased between 6-48h, before 

returning with high expression at 72h post-PHx. FGF15 protein expression loosely 

mirrored the kinetics of FXR, where expression increased following PHx at 3h post-

PHx, but was sustained at 6h post-PHx, then decreased significantly at 24h post-

PHx, before returning with high expression at 48h-72h post-PHx (fig 3.5).   

In summary, these WT results implied that SIRT1 may only be activating the FXR-

FGF15 cascade during the early regenerative time points, as its expression is 

absent at 72h post-PHx when FXR and FGF15 are at their highest expression. 

Furthermore, these results suggest that FGF15 may be activated independently of 

FXR at 48h post-PHx.  

Based on these results, we next aimed to confirm the importance of intestinal 

SIRT1 as a regulator of FXR and FGF15 expression during the regenerative 

process. To do this, we performed western blotting analysis on proteins extracted 

from the ileum of SIRT1intKO mice for comparison to their WT littermates. We 

found that basally, SIRT1intKO mice had increased expression of FXR and FGF15 

protein in the ileum compared to WT. Following PHx, SIRT1intKO mice had 

decreased expression of FXR and FGF15 protein at 3h and 6h post-PHx compared 
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to WT. Then, SIRT1intKO mice exhibited a steady increase in FXR and FGF15 

protein expression from 24h-72h post-PHx, however this expression was not as 

high at 72h post-PHx as their WT littermates.  

Overall, these results demonstrated that the deletion of intestinal SIRT1 impacts 

FXR and FGF15 expression most significantly at 3-6h post-PHx, implying that 

intestinal SIRT1 is a key regulator of the ileal bile acid metabolism signalling 

cascade during the early phases of liver regeneration.  
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Figure 3.5 Intestinal SIRT1 is a key regulator of the ileal FXR-FGF15 bile acid 
metabolism signalling cascade during the early phases of liver regeneration. 
Western blotting analysis of ileal scrappings showing regulation of SIRT1, FXR and FGF15 

in ileum of SIRT1intKO mice compared to WT mice across the regenerative process. 

Values are mean ± SEM. n= ≥4 mice per treatment group.  
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3.4 Discussion 

Up until now, the impact of liver regeneration on the intestine remained largely 

undefined. This was puzzling, considering the close anatomical and physiological 

connections that exist between these two organs during the regenerative process 

(8, 100, 101). We focused our research on the ileum, as this has previously been 

identified as the portion of the intestine where bile acid metabolism factors are 

highly expressed and where bile acids are actively absorbed for return to the liver 

(37, 43). In this chapter, we established that the architectural phenotype and 

proliferative capacity of the ileum was not impacted by liver regeneration. However, 

the composition of the ileal bile acid pool was shifted during the regenerative 

process. Once we had defined the impact of liver regeneration on the ileum, we 

began addressing the main aim of this PhD project, which is to define the role of 

intestinal SIRT1 in liver regeneration. To start investigating this, we utilised 

SIRT1intKO mice to understand the role that intestinal SIRT1 plays in the ileum 

during liver regeneration. We inferred that intestinal SIRT1 is not involved in 

maintaining the architectural phenotype and proliferative capacity of the ileum 

during liver regeneration. However, we did conclude that intestinal SIRT1 may play 

a role in regulating the composition of the bile acid pool in the ileum and that its 

expression is crucial for the activation of the FXR-FGF15 cascade during the early 

phases of liver regeneration. 

Firstly, we aimed to investigate the impact of liver regeneration on the architectural 

phenotype of the ileum, as it had never been defined despite the close anatomical 

and physiological connection that exists between these two organs during the 

regenerative process (100, 101). For instance, following PHx lipopolysaccharide 

(LPS) is released by the gut microbiota and travels to the liver to prime hepatocytes 

for proliferation (62). Previously, studies have shown that LPS can promote 

inflammation in the gut (119), so we hypothesised that the release of LPS following 

PHx could cause inflammation-induced damage in the ileum during liver 

regeneration. One indication of damage in the ileum is villi or crypt shortening, 

recognised as atrophy (115). To investigate, we measured the length of villi and 

crypts in the ileum of wildtype mice across the regenerative process using Image 

J software. We were surprised to find that the lengths were not impacted during 

the regenerative process, which implied that the villi-crypt units were not subjected 

to atrophy during the regenerative process. 
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To further examine the impact of liver regeneration on the ileum, we researched 

the proliferative capacity of the crypt-villi units during the regenerative process. 

Under normal conditions, stem cells in the crypts proliferate and migrate up the villi 

to provide continuous cell renewal to maintain the intestinal lining (15, 114). Under 

pathological conditions, these cells can become hyperproliferative, to compensate 

for increased damage to the lining (116). Based on our previous results 

demonstrating no signs of atrophy in the ileal crypt-villi units, we predicted that the 

proliferative capacity of these structures would not be altered during the 

regenerative process. To prove this, we performed immunohistochemical staining 

for proliferating cells using a KI-67 antibody and found that there were no significant 

changes in the proliferative capacity of the crypt-villi units in the ileum during liver 

regeneration. Together with the previous results, our findings suggested that liver 

regeneration does not affect the architectural phenotype or the proliferative 

capacity of the intestine, which contributes new insight and demonstrates that liver 

regeneration does not impact the phenotype of the ileum. 

To determine the role of intestinal SIRT1 in maintaining this phenotype in the ileum 

during liver regeneration, we utilised SIRT1intKO mice and measured the lengths 

and number of proliferating cells in the villi-crypt units of the ileum, as described 

above. We anticipated that SIRT1intKO mice might exhibit atrophy and 

hyperproliferation in the villi-crypt units of the ileum, as a previous study by 

Wellman et al., (2017) documented that mice with intestinal SIRT1 deficiency 

presented with intestinal inflammation when exposed to chemical stressors, which 

the authors predicted to be due to an altered gut microbiome (55). Therefore, we 

hypothesised that SIRT1intKO mice could have increased susceptibility to the 

stress triggered by PHx and liver regeneration. Surprisingly, we found no 

significant changes in the length or the proliferative capacity of the villi-crypt units 

in the ileum of SIRT1intKO mice compared to WT, as they progressed through the 

regenerative process. This opposes our hypothesis that SIRT1intKO mice would 

be susceptible to intestinal damage during the regenerative process but lies in 

accordance with our notion that liver regeneration does not impact the phenotype 

of the ileum, and in extension, intestinal SIRT1 is not involved in maintaining it.  

To further confirm our notion that the ileum is not impacted by inflammation during 

the regenerative response, we counted the number of goblet cells in ileal sections 

during liver regeneration. Goblet cells reside along the length of the intestine and 

secrete mucus to shield the intestinal epithelium from potential pathogens arriving 
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in the lumen (15). Goblet cell number can increase in response to inflammation, to 

maintain intestinal integrity, therefore an increase in their abundance indicates 

intestinal inflammation (113). We found that the abundance of goblet cells did not 

significantly change during the regenerative process. However, there was a 

notable trend where goblet cell number rose to a peak at 6h post-PHx before 

returning to basal levels at 72h post-PHx. Interestingly, previous research by 

Wlodarska et al., (2017) demonstrated that goblet cell number increases during 

liver regeneration due to gut bacteria secreting indoleacrylic acid. This increases 

the expression of the mucin-2 (MUC2) gene, which promotes the differentiation of 

goblet cells, increases mucus production and subsequently, maintains the integrity 

of the gut mucosal barrier during liver regeneration (120). Although our data is not 

statistically significant, this trend we are observing is congruent with the findings of 

this research. Therefore, one could predict that this increase in goblet cells during 

the regenerative process is involved in protecting the ileum from damage during 

the regenerative process.  

In extension to this, we quantified the number of goblet cells in the ileums of 

SIRT1intKO mice during liver regeneration to further confirm that intestinal SIRT1 

deletion does not lead to increased inflammation in the ileum. We found no 

significant differences in the number of goblet cells compared to their WT 

littermates across the regenerative process. This supports our previous results that 

SIRT1intKO mice are not susceptible to ileal inflammation during liver 

regeneration. However, we did notice that the peak in goblet cell number appeared 

to be delayed to 24h post-PHx in SIRT1intKO mice compared to the peak at 6h 

post-PHx in their WT littermates. This did not reach statistical significance but could 

point towards the regenerative process being delayed or impaired in SIRT1intKO 

mice, which will be investigated further in chapter 5. 

The influx of bile acids returning to the liver from the ileum is known to play a crucial 

role in promoting FXR and subsequently liver regeneration following PHx (73), yet 

the composition of the ileal bile acid pool had never been investigated. We 

hypothesised that the composition of the ileal bile acid pool would be altered during 

liver regeneration, as Liu et al., (2016) had documented that the gut microbiome is 

altered during liver regeneration, which they predicted was due to shifts in the 

composition of the bile acid pool (117), as bile acids can exert antimicrobial effects 

on the gut bacteria (10). To establish if the ileal bile acid pool is altered during liver 

regeneration, we extracted bile acids from content obtained from the ileum of 
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wildtype mice across liver regeneration and performed LC-MS analysis. Firstly, we 

found that concentrations of primary bile acids (CA, UDCA, a-MCA, and b-MCA) 

and secondary bile acid (DCA) significantly decreased during the liver regenerative 

process compared to basal conditions. This was interesting, as previous studies 

have shown that elevated levels of bile acids are required in the liver to accelerate 

regeneration, through activating the pro-regenerative effects of hepatic FXR (73). 

Therefore, a possible explanation for the decrease in bile acids in the ileum during 

liver regeneration could be because bile acids are being increasingly absorbed and 

transported back to the liver to trigger the pro-regenerative effects of FXR. If this is 

true, we would expect to observe elevated levels of bile acids in the liver during 

these time points, which will be investigated later in chapter 4. To further confirm 

this, the expression of bile acid efflux pumps which transport bile acids from the 

ileum to the liver could be investigated, which will be explained in more detail in 

the future work segment (section 3.5).  

Secondly, we found that the concentration of all conjugated primary and secondary 

bile acids peaked at 72h post-PHx. Together with the previous results, this implies 

that the ileal bile acid pool shifts to having increased concentrations of conjugated 

bile acids following liver regeneration. One theory to explain this increased 

abundance of conjugated bile acids in the ileum by the termination phase of liver 

regeneration could be that the bile salt hydrolases (BSH), which are released by 

the gut microbiota to deconjugate bile acids are less abundant as a result of liver 

regeneration. Interestingly, previous research has shown that reduced 

deconjugation of bile acids can occur when the gut microbiome shifts towards 

being more pro-inflammatory, as the loss in beneficial, anti-inflammatory bacterial 

species such as Bifidobacterium and Lactobacillus are also those that are capable 

of releasing BSH which deconjugate bile acids (121). Given that compositional 

changes to the gut microbiome have previously been reported in liver regeneration 

(117) the shift in the gut microbiota could be responsible for the increased 

abundance of conjugated bile acids following liver regeneration. To the best of our 

knowledge, whether the gut microbiome shifts to become more proinflammatory 

during liver regeneration has not yet been established. Therefore, future work to 

determine if the gut microbiome shifts to become more proinflammatory during the 

regenerative process would be insightful and enable us to draw more informed 

conclusions. It is also important to note here that we previously concluded that the 

structure of the ileum (villi-crypt units) was not impacted by liver regeneration and 

did not appear to exhibit any inflammation-induced damage. However, it is known 
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that proinflammatory gut microbiota can increase the risk of intestinal barrier 

disruption and intestinal inflammation (122). Therefore, if we were to establish in 

future work that the gut microbiome shifts to become proinflammatory during liver 

regeneration, it would be important to establish how this impacts the ileal 

architecture beyond 72h post-PHx, which is currently beyond the scope of this 

study.  

Next, we aimed to define the role that intestinal SIRT1 plays in regulating the 

composition of the ileal bile acid pool during liver regeneration. We expected that 

intestinal SIRT1 might indirectly regulate the composition of the bile acid pool 

because previous independent studies have demonstrated that intestinal SIRT1 

can activate FXR (54), which can have antimicrobial effects on gut bacteria by 

stimulating antimicrobial peptides (123), and the gut microbiota can metabolise and 

modify bile acids (28). To investigate this, we performed LC-MS analysis on bile 

acids extracted from ileal content harvested from SIRT1intKO mice during the 

regenerative process and compared to their WT littermates. Firstly, we found that 

during basal conditions, SIRT1intKO mice had significantly increased 

concentrations of conjugated primary and secondary bile acids compared to WT. 

Wellman et al., (2016) reported that SIRT1intKO mice have a proinflammatory gut 

microbiome (55), therefore this would lie in agreement with our previous hypothesis 

that a proinflammatory gut microbiome can cause reduced deconjugation of bile 

acids. However, it is important to note here that whether intestinal SIRT1 deficiency 

leads to a proinflammatory gut microbiome or not remains disputed, as other 

studies have concluded that the gut microbiome of SIRT1intKO mice is protective 

against inflammation (124). This highlights the need for future research to be 

conducted to confirm if SIRT1intKO mice exhibit a proinflammatory gut microbiome 

and if so, how this is associated with the accumulation of conjugated bile acids.  

Our second finding when analysing the composition of the ileal bile acid pool in 

SIRT1intKO mice was that at 3h post-PHx, SIRT1intKO mice had significantly 

decreased concentrations of primary (unconjugated) bile acids, CDCA and a-MCA 

compared to WT. One could hypothesise that if conjugated bile acids are increased 

during basal conditions due to reduced deconjugation, this could have a knock-on 

effect and lead to decreased concentration of the deconjugated forms of these bile 

acids 3h post-PHx. In agreeance with this hypothesis, we found that TCDCA is 

significantly increased during basal conditions in SIRT1intKO mice and is the 

taurine-conjugated form of CDCA. The taurine conjugated form of a-MCA, T- a-
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MCA, also appears to be increased during basal conditions in SIRT1intKO mice, 

however this does not reach statistical significance. Based on this, we speculate 

that the decreased concentration of CDCA and a-MCA at 3h post-PHx is due to 

the reduced deconjugation in these mice.  

Conversely, we found that by 72h post-PHx, SIRT1intKO mice had decreased 

concentrations of conjugated primary (T-a-MCA) and conjugated secondary 

(TUDCA) bile acids in the ileum compared to WT. This implies that when intestinal 

SIRT1 is deleted, the composition of the ileal bile acid pool opposes that observed 

in WT mice during liver regeneration, with decreased concentrations of conjugated 

bile acids following liver regeneration. This indicates a SIRT1-FXR-gut microbiota-

bile acid axis exists to regulate the composition of the ileal bile acid pool during 

liver regeneration, because when intestinal SIRT1 is deleted, the composition of 

the bile acid pool changes. More research to understand which gut microbes are 

inhibited by FXR and how these specific gut microbes regulate bile acids would be 

required to fully understand how intestinal SIRT1 regulates the ileal bile acid pool 

via this axis.  

Our final aim of this chapter was to define the role of intestinal SIRT1 in regulating 

the expression of FXR and FGF15 during the regenerative process. Following PHx, 

intestinal FXR can be activated by bile acids which can trigger its downstream 

target, FGF15, to travel via the portal circulation to the liver and bind to its hepatic 

receptor, FGFR4 (43, 44). This regulates bile acid homeostasis and promotes 

hepatocyte proliferation and therefore, FXR and FGF15 have been hailed as 

crucial for successful liver regeneration (100, 101). It has previously been revealed 

that the FXR-FGF15 cascade can also be activated by intestinal SIRT1 in the 

context of bile acid metabolism (54), however the role of intestinal SIRT1 in liver 

regeneration has never been researched. To investigate the expression of 

intestinal SIRT1 during liver regeneration for the first time, and to establish the 

impact of intestinal SIRT1 deletion on FXR and FGF15 regulation during liver 

regeneration, we performed western blotting analysis on proteins isolated from the 

ileum of SIRT1intKO mice and WT mice. Firstly, in WT mice we found that intestinal 

SIRT1 was highly expressed during the early time points (3-6h post-PHx) of liver 

regeneration, before steadily decreasing and reaching almost complete absence 

by 48-72h post-PHx. Likewise, FXR and FGF15 increased following PHx (3-6h 

post-PHx) before decreasing however, their expression returned and reached a 

peak at 72h post-PHx. Therefore, this implies that SIRT1 influences FXR 
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expression during the earlier phases of liver regeneration but does not appear to 

influence the peak expression observed at 72h post-PHx. FGF15 mostly mirrored 

the expression of its upstream mediator, FXR, however FGF15 had increased 

protein expression at 48h post-PHx, when FXR expression was absent. This 

suggests that at this time point during liver regeneration, FGF15 can be activated 

independently of FXR. In fact, previous research has shown that the vitamin D 

receptor, which can be activated by bile acids, can transcriptionally regulate FGF15 

independently of FXR (125, 126). Therefore, a bile acid- vitamin D receptor- FGF15 

cascade could be upregulated at 48h post-PHx. This could be investigated with 

future research and will be discussed further in section 3.5. 

Based on our hypothesis that the FXR-FGF15 cascade is activated by intestinal 

SIRT1 only during the early time points of liver regeneration, we looked towards 

bile acids as a potential activator of the FXR-FGF15 cascade at other time points 

during liver regeneration. Interestingly, we found that when conjugated bile acid 

concentrations were low in the ileum between 24-48h post-PHx, ileal FXR protein 

expression was also decreased, then when conjugated bile acid concentrations 

reached a peak at 72h post-PHx, FXR expression was also at its highest. 

Therefore, the regulation of ileal FXR closely mirrored the concentration of 

conjugated bile acids during the mid-late stages of liver regeneration (24-72h post-

PHx). It is important to note here that not all bile acids activate FXR, and some are 

antagonists of FXR. For example, conjugated bile acids TCA, TCDCA, TDCA and 

have all been documented to have agonistic effects on FXR (127, 128, 129), 

whereas T-α-MCA, T-β-MCA, GCA and TUDCA have all been documented to have 

antagonistic effects on FXR (118, 130, 131). Although there are many reasons why 

FXR could be increased in the presence of both agonistic and antagonistic bile 

acids, one theory could be that the agonists are outcompeting the binding of the 

antagonists to FXR at 72h post-PHx. Overall, more research is required to 

understand how conjugated bile acids regulate FXR to be able to draw conclusions 

from this. 

To define the importance of intestinal SIRT1 as a regulator of the FXR-FGF15 

cascade during liver regeneration, we investigated the expression of FXR and 

FGF15 in the absence of intestinal SIRT1. Based on our previous results indicating 

that SIRT1 is increased during the early time points of liver regeneration, we 

anticipated that the deletion of intestinal SIRT1 would result impaired FXR and 

FGF15 activation during these time points. We found that following PHx, 
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SIRT1intKO mice had decreased expression of FXR and FGF15 protein at 3h and 

6h post-PHx compared to WT, which supports our hypothesis that intestinal SIRT1 

is an important regulator of the FXR-FGF15 cascade during the early phases of 

liver regeneration. In addition, we found that during basal conditions, SIRT1intKO 

mice had increased expression of FXR and FGF15 protein in the ileum compared 

to WT. As mentioned previously, the FXR-FGF15 cascade can also be activated 

by bile acids, and in accordance with this, we found that SIRT1intKO mice had 

increased concentrations of primary conjugated bile acid, TCDCA, and secondary 

conjugated bile acid, TDCA, in the ileal bile acid pool during basal conditions 

compared to WT, which are agonists of FXR  (127, 128, 129). However, conjugated 

bile acids that are recognised as antagonists of FXR in the liver, such as T- α-MCA 

and GCA (118, 130, 131)  were also increased in the ileal bile acid pool of 

SIRT1intKO mice during basal conditions, so once again it can only be speculated 

that the agonists are outcompeting the binding of antagonists of FXR at this time 

point, or these bile acids behave differently in the ileum compared to to the liver 

and actually activate FXR in the ileum. In line with the notion that increased 

concentrations of conjugated bile acids activate FXR expression, we found that 

when conjugated bile acids (T-α-MCA and TUDCA) were decreased in SIRT1intKO 

mice at 72h post-PHx, FXR and FGF15 expression was also decreased in the 

ileum of SIRT1intKO mice. 

Taken together, we speculate that during the early phases of liver regeneration (3-

6h post-PHx), ileal FXR expression is mostly regulated by SIRT1, whereas during 

the mid-late phases of liver regeneration (24-72h post-PHx), FXR is regulated by 

bile acids, and in particular, conjugated bile acids. This theory can be further 

supported by the fact that FXR increases significantly in expression from basal 

conditions to 3h post-PHx, and it is unlikely that FXR could be transcribed, 

translated, and highly expressed in just 3h. Therefore, it is more likely that this 

increase in expression is due to post-transcriptional modifications. Indeed, SIRT1 

has been shown to modulate FXR signalling at multiple levels, including 

transcriptional regulation and post-translational deacetylation (53, 54), and so this 

further supports the notion that FXR is activated by SIRT1 during these early time 

points.  

In conclusion, this chapter demonstrates that under normal conditions the 

composition of the bile acid pool is impacted by liver regeneration, and that 

intestinal SIRT1 may regulate this composition via FXR. In addition, intestinal 
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SIRT1 is defined as a key regulator of the FXR-FGF15 cascade during the early 

phases of liver regeneration, whilst bile acids seem to be key activators of this 

cascade during the mid-late stages of liver regeneration. In the following chapter, 

it will be intriguing to elucidate the impact of intestinal SIRT1 deletion on the 

downstream hepatic target of the FXR-FGF15 bile acid signalling cascade, 

FGFR4, and how this impacts the liver bile acid pool during liver regeneration.  

3.5 Future work 

In this chapter we found that concentrations of primary and secondary bile acids 

significantly decreased in the ileum following PHx compared to basally, which we 

hypothesised was due to bile acids being increasingly absorbed and transported 

back to the liver to accelerate liver regeneration. To investigate this, the gene and 

protein expression of bile acid transporters which pump bile acids out of the ileum 

and into the portal circulation (ASBT and OSTα/β) (36) could be quantified using 

qPCR and western blotting analysis, respectively. We hypothesise that these bile 

acid transporters would be increased following PHx, which would lie in agreement 

with our notion that bile acids are being increasingly transported to the liver to 

activate FXR and subsequently, accelerate liver regeneration.  

In addition, we found that the ileal bile acid pool shifts during liver regeneration 

leading to increased concentrations of conjugated bile acids at 72h post-PHx. We 

hypothesised this was due to a shift in the gut microbiome, leading to less gut 

bacteria that can deconjugate bile acids through the released of bile salt hydrolases 

(BSH) and previous studies had shown that when the gut microbiome shifts 

towards being more pro-inflammatory, its leads to the loss of gut bacteria that are 

capable of releasing BSH (121). In extension, we found that when intestinal SIRT1 

is deleted, mice had increased conjugated bile acids during basal conditions. If our 

hypothesis is true, then we would also expect to observe a proinflammatory gut 

microbiome in SIRT1intKO mice during basal conditions. To establish if the gut 

microbiome shifts to become more proinflammatory during liver regeneration and 

how the deletion of intestinal SIRT1 impact this, DNA could be obtained from the 

gut microbiome of WT and SIRT1intKO mice and sequenced using shotgun 

metagenomic sequencing, which serves to fully characterise microorganisms 

contained within a metagenomic sample and can be complemented with 

metaproteomic/transcriptomic analysis to define their individual functions (132). 
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While characterising the expression of the FXR-FGF15 axis during liver 

regeneration, we found that FGF15 was increased in expression at 48h post-PHx 

when FXR expression was absent. This led us to speculate that something else 

could be activating FGF15. Previous research has demonstrated that the vitamin 

D receptor, which can be activated by bile acids, can transcriptionally regulate 

FGF15 independently of FXR (125). This could be explored by performing western 

blotting analysis to determine if the protein expression of the vitamin D receptor is 

increased at 48h post-PHx.  

Finally, we hypothesised that during the early phases of liver regeneration, ileal 

FXR is regulated by SIRT1, then during the later stages of liver regeneration, ileal 

FXR relies more on activation via bile acids. To test this, we could perform PHx on 

WT mice and feed them bile acid sequestrants to decrease bile acid levels. Then, 

we could perform western blotting analysis for FXR and FGF15 to observe the 

impact of decreased bile acids on the expression of FXR and FGF15 during the 

later stages of liver regeneration, compared to normal chow diet. If our hypothesis 

is true, we would expect to see decreased FXR and FGF15 protein expression 

during the later stages of liver regeneration compared to normal conditions.
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Chapter 4: The impact of intestinal SIRT1 deletion on the 
liver phenotype and hepatic bile acid metabolism during 
liver regeneration. 

4.1 Introduction 

Intestinal bile acid metabolism factors, FXR and FGF15, have been defined as 

crucial signalling molecules for successful liver regeneration (100, 101). Once 

activated by FXR, FGF15 can travel through the portal circulation and bind to its 

hepatic receptor, FGFR4, which inhibits bile acid synthesis via CYP7A1 and 

simultaneously triggers hepatocyte proliferation via pSTAT3 during liver 

regeneration (43, 44, 101). Intestinal SIRT1 can activate this FXR-FGF15 

signalling cascade during bile acid metabolism (54), yet the role of intestinal SIRT1 

has never been studied in the context of liver regeneration. In addition, the deletion 

of FXR and FGF15 has been shown to result in severe hepatic damage associated 

with toxic bile acid accumulation during liver regeneration (100, 101), yet the impact 

of intestinal SIRT1 deletion on the liver phenotype and the bile acid pool during 

liver regeneration has never been explored.  

In the previous chapter, we revealed that ileal FXR and FGF15 were dysregulated 

as a result of intestinal SIRT1 deletion. Next, it is important to uncover the impact 

that the dysregulation of this axis has on downstream hepatic target, FGFR4, and 

its ability to repress CYP7A1, and subsequently maintain bile acid homeostasis. 

 

4.2 Aims 

The aim of this chapter is to define the role of intestinal SIRT1 in maintaining bile 

acid homeostasis during liver regeneration by observing the impact of intestinal 

SIRT1 deletion on the phenotype of the liver during regeneration, the regulation of 

the hepatic bile acid pool and how the dysregulation of the ileal SIRT1-FXR-FGF15 

axis impacts FGFR4 expression in the liver.  
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4.3 Results 

4.3.1. The deletion of intestinal SIRT1 leads to severe parenchymal damage during 

liver regeneration.   

Research has demonstrated that under normal conditions, liver regeneration 

following PHx is not associated with massive necrosis and severe parenchymal 

damage (65). However, PHx in mice with gene deletions of intestinal FXR or 

FGF15, results in significant necrosis and parenchymal damage (100, 101). As 

mentioned previously, intestinal SIRT1 has been demonstrated to be an upstream 

mediator of the FXR-FGF15 cascade in the context of bile acid metabolism (54), 

yet the impact of its deletion on the liver parenchyma during regeneration has never 

been studied.   

To define the impact of deleting intestinal SIRT1 on the liver parenchyma during 

regeneration, we performed PHx on SIRT1intKO mice and quantified transaminase 

levels in their serum across the regenerative process to compare to their WT 

littermates. Transaminases are enzymes which are normally present in the liver 

and are important for amino acid metabolism. Therefore, when they are elevated 

in the serum, they serve as useful indicators of hepatic damage (110). We found 

that levels of alanine transaminase (ALT) and aspartate transaminase (AST) were 

significantly elevated in the serum of SIRT1intKO mice at 24h post-PHx, compared 

to their WT littermates (fig 4.1). 

To further validate this suspected hepatic damage, harvested liver samples from 

SIRT1intKO mice were fixed, sectioned, and stained with H&E to visualise the 

histology of the liver parenchyma during the regenerative process. 

Histopathological analysis revealed that at 24h post-PHx, SIRT1intKO mice had 

severe parenchymal damage indicated by large areas of necrosis, compared to 

their WT littermates (fig 4.1).  

In summary, these results demonstrated that the deletion of intestinal SIRT1 leads 

to significant parenchymal damage in the liver during the regenerative response.  
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Fig 4.1 The deletion of intestinal SIRT1 leads to severe parenchymal damage during 
liver regeneration. (A) Quantification of liver injury blood markers (ALT and AST) indicates 

significant liver injury at 24h post-PHx in SIRT1intKO mice compared to WT. (B) 

Haematoxylin and eosin staining of liver sections confirms significant parenchymal necrosis 

in SIRT1intKO mice at 24h post-PHx compared to WT. Representative images taken at x4 

magnification. Values are mean ± SEM. n= ≥4 mice per treatment group. Significance was 

determined using 2-way ANOVA with Bonferroni post-test (WT VS SIRT1intKO) ****P < 

0.0001.  
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4.3.2. The severe parenchymal damage observed in SIRT1intKO mice is associated 

with the accumulation of toxic bile acids during liver regeneration.  

 

Next, we aimed to uncover the cause of the severe hepatic damage observed in 

SIRT1intKO mice at 24h post-PHx. While bile acids serve as important signalling 

molecules during regeneration, in excess they are toxic and can cause severe 

parenchymal damage (23). Intestinal SIRT1 is recognised as a master regulator of 

bile acid metabolism factors, FXR and FGF15 (54), which are responsible for 

signalling from the intestine to the liver to repress bile acid synthesis through 

FGFR4, to maintain optimal bile acid concentrations (43, 44). In the previous 

chapter, we found that FXR and FGF15 were dysregulated in the absence of 

intestinal SIRT1. Therefore, we hypothesised that the dysregulation of the ileal 

SIRT1-FXR-FGF15 cascade in SIRT1intKO mice would result in increased bile 

acid concentrations during the regenerative process and this accumulation would 

be responsible for the severe hepatic damage observed in SIRT1intKO mice at 

24h post-PHx.  

To investigate this, we analysed the composition of the hepatic bile acid pool in 

SIRT1intKO mice by extracting bile acids from liver samples harvested across the 

regenerative process and performing LC-MS analysis. We found that at 24h post-

PHx, SIRT1intKO mice had significantly higher concentrations of primary bile acids 

(CA, a-MCA, and b-MCA) and conjugated primary bile acids (TCA and GCA) 

compared to WT. Interestingly, SIRT1intKO mice had significantly lower 

concentrations of secondary bile acid (LCA) than WT at 6h post-PHx, which is 

recognised as an antagonist of FXR, and also the most hepatotoxic component of 

bile (133, 134). When the total concentration of bile acids in the liver was 

calculated, no significant differences were observed between SIRT1intKO and WT 

livers.  

Overall, these results indicated that there were elevated concentrations of specific 

bile acids at 24h post-PHx, which are likely to be associated with the severe hepatic 

damage observed in SIRT1intKO mice at this time point.  
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Primary bile acids: 
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Primary conjugated bile acids: 
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Secondary bile acids: 

 

 

 

 

 

 

 

 

 

 

Secondary conjugated bile acids: 
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Total bile acids: 

 

 

 

 

 

 

 

 

 

 

Fig 4.2 The severe parenchymal damage observed in SIRT1intKO mice is associated 
with the accumulation of toxic bile acids during liver regeneration. Liquid 

chromatography- mass spectrometry to quantify bile acids in the liver during regeneration 

showed significantly increased concentrations of primary bile acids (CA, α-MCA and β-

MCA) and primary conjugated bile acids (TCA and GCA) at 24h post-PHx in SIRT1intKO 

mice compared to WT mice. Secondary bile acid LCA was decreased at 6h post-PHx in 

SIRT1intKO mice compared to WT mice. Values are mean ± SEM. n= ≥4 mice per 

treatment group. Significance was determined using unpaired t-test (WT vs SIRT1intKO) 

*P < 0.05, **P < 0.01. 
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 4.3.3. Dysregulation of the ileal SIRT1-FXR-FGF15 cascade in SIRT1intKO mice 

leads to reduced expression of FGFR4 but does not lead to increased expression of 

bile acid synthesis enzyme, CYP7A1.  

 

In chapter 3, we found that the ileal bile acid metabolism cascade (SIRT1-FXR-

FGF15) was dysregulated as a result of deleting intestinal SIRT1. In this chapter, 

we have revealed that the deletion of intestinal SIRT1 is associated with the toxic 

accumulation of bile acids causing severe parenchymal damage in the liver during 

regeneration Therefore, we aimed to explore whether the dysregulation of the 

SIRT1-FXR-FGF15 axis impacts its downstream hepatic target, FGFR4, and 

whether this leads to increased expression of bile acid synthesis enzyme, 

CYP7A1, causing the observed toxic bile acid accumulation. To investigate this, 

we performed western blotting analysis on proteins isolated from liver samples 

across the regenerative process. 

We discovered reduced protein expression of FGFR4 in the livers of SIRT1intKO 

mice at 3, 24 and 48h post-PHx compared to WT. FGFR4 negatively regulates 

CYP7A1 (44), so from this we hypothesised that CYP7A1 protein expression would 

be upregulated. However, we found that CYP7A1 protein expression was also 

significantly decreased in SIRT1intKO mice at 3h and 48h post-PHx compared to 

WT. 

To understand why CYP7A1 protein expression is decreased in SIRT1intKO mice, 

despite its inhibitor, FGFR4, being downregulated, we investigated the expression 

of an another well-recognised CYP7A1 inhibitor, hepatic FXR (39). To investigate 

this, we performed western blotting analysis on proteins isolated from liver samples 

harvested across the regenerative process. We found that at 6h and 48h post-PHx, 

SIRT1intKO mice had increased protein expression of FXR compared to WT.  

Overall, these results indicated that dysregulation of the SIRT1-FXR-FGF15 axis 

in SIRT1intKO mice results in decreased expression of FGFR4 in the liver. 

However, this does not result in increased CYP7A1 protein, instead the protein 

expression of this rate-limiting bile acid synthesis enzyme is decreased in the livers 

of SIRT1intKO mice. Further investigation into another negative regulator of 

CYP7A1, hepatic FXR, showed that FXR expression was increased at 6h and 48h 

post-PHx in SIRT1intKO mice, and is potentially responsible for repressing 
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CYP7A1 expression. These results also insinuated that the rate-limiting bile acid 

synthesis enzyme, CYP7A1, is not responsible for the toxic bile acid accumulation 

observed in SIRT1intKO mice at 24h post-PHx. 
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Fig 4.3 Dysregulation of the ileal SIRT1-FXR-FGF15 cascade in SIRT1intKO mice 
leads to reduced expression of FGFR4 but does not lead to increased expression of 
bile acid synthesis enzyme, CYP7A1. Western blotting analysis of whole liver lysates 

showing (A) decreased expression of FGFR4 at 3h, 24h and 48h post-PHx in SIRT1intKO 

mice compared to WT mice (B) decreased expression of CYP7A1 at 3h and 48h post-PHx 

in SIRT1intKO mice compared to WT mice (C) increased expression of FXR at 6h and 48h 

post-PHx in SIRT1intKO mice compared to WT mice. Values are mean ± SEM. n= ≥4 mice 

per treatment group.   
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4.3.4. CYP2C70 and SULTA1 gene expression is increased at 6h post-PHx in 

SIRT1intKO mice. 

Previously, we found that the rate-limiting bile acid synthesis enzyme, CYP7A1, 

was not responsible for the accumulation of toxic bile acids leading to hepatic 

damage in SIRT1intKO mice. Therefore, we decided to investigate the gene 

expression of other enzymes that can synthesise and detoxify bile acids to 

decipher the cause of this toxic accumulation during liver regeneration.  

Alongside CYP7A1, CYP8B1 is also involved in the classical pathway of bile acid 

synthesis. Whether or not the primary bile acids synthesised by CYP7A1 become 

CA or CDCA depends on the presence of CYP8B1. In short, if CYP8B1 is 

expressed then the newly synthesised bile acids will be hydroxylated and become 

CA, if CYP8B1 is not expressed then it will become CDCA (23). Seeing as we had 

significantly increased concentrations of CA in SIRT1intKO livers at 24h post-PHx, 

we wanted to investigate if the gene expression of CYP8B1 was increased, 

potentially causing this accumulation of CA. To determine this, we performed 

qPCR analysis to determine the gene expression of CYP8B1 and found no 

significant differences between SIRT1intKO and WT livers at any time point during 

liver regeneration. 

The alternative bile acid synthesis pathway does not require CYP7A1 activity, and 

is instead initiated by the CYP27A1 enzyme, which can also synthesise CA and 

CDCA from cholesterol (24). Through qPCR analysis, we found no significant 

differences in the gene expression of CYP27A1 between SIRT1intKO and WT 

livers.   

Once synthesised, bile acids are detoxified and converted. During phase I of bile 

acid detoxification, CDCA can be hydroxylated to a-MCA by CYP2C70, which can 

then form the isomer b-MCA (25). This phase I detoxification of bile acids can also 

be performed by enzymes CYP2B10 and CYP3A11 (24, 26). Because we found 

increased concentration of a-MCA and b-MCA in the SIRT1intKO mice bile acid 

pool at 24h post-PHx, we were intrigued to see if any of these genes were 

upregulated during the regenerative process. To investigate this, we performed 

qPCR analysis to determine the gene expression of CYP2C70, CYP2B10 and 

CYP3A11 and found that CYP2C70 gene expression was increased in the liver at 
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6h post-PHx in SIRT1intKO mice compared to WT. We found no significant 

differences in the gene expression of CYP2B10 or CYP3A11.  

During phase II of bile acid detoxification, enzymes UGTA1 and UGTA2 perform 

glucuronide conjugation, which modifies bile acids to make them more water 

soluble to be successfully eliminated from the liver (24).  Through qPCR analysis, 

we found that the gene expression of UGTA1 and UGTA2 enzymes were not 

significantly different between SIRT1intKO livers and WT at any time point during 

liver regeneration. SULTA1 is a sulfation enzyme that increases the solubility of 

bile acids to decrease their intestinal absorption and increase their excretion (135). 

Therefore, sulfation is also an important process during phase II of bile acid 

detoxification and has been shown to successfully eliminate bile acids with high 

hepatotoxicity, such as LCA (136, 137). Intriguingly, SULTA1 gene expression was 

significantly upregulated at 6h post-PHx in the livers of SIRT1intKO mice compared 

to WT.  

In summary, these results suggest that the increased expression of the CYP2C70 

gene at 6h post-PHx might be responsible for the accumulation of a-MCA and b-

MCA in SIRT1intKO mice at 24h post-PHx, via increased hydroxylation of CDCA 

(25). Furthermore, the increased gene expression of SULTA1 at 6h post-PHx 

suggests that this gene may be upregulated in attempt to protect the liver from the 

hepatotoxic effects of certain bile acids.  
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Bile acid synthesis enzymes: 
 

 

Phase I detoxification enzymes: 
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Phase II detoxification enzymes: 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.4 CYP2C70 and SULTA1 gene expression is increased at 6h post-PHx in 
SIRT1intKO mice. qPCR analysis of liver extracts shows increased expression of Phase I 

detoxification enzyme, CYP2C70, and Phase II detoxification enzyme, SULTA1 at 6h post-

PHx in SIRT1intKO mice compared to WT mice. Values are mean ± SEM. n= ≥4 mice per 

treatment group. Significance was determined using unpaired t-test (WT vs SIRT1intKO) 

*P < 0.05.  
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4.3.5. The gene expression of bile acid transporters is dysregulated during basal 

conditions in SIRT1intKO mice.    

 

To further attempt to underpin the cause of toxic bile acid accumulation in the livers 

of SIRT1intKO mice at 24h post-PHx, we investigated the gene regulation of 

hepatic bile acid transporters, which enable the transport of bile acids between the 

intestine and the liver (30). In brief, bile acids are transported out of hepatocytes 

into the bile canaliculi via BSEP, while phospholipids are transported out of the 

hepatocyte simultaneously via MDR2 to prevent bile acids damaging the bile duct 

epithelium (32, 34). In addition, bile acids that are conjugated to glucuronides are 

transported out by either MRP2 or MRP4, the latter of which can also transport bile 

acids that are conjugated to taurine or glycine (TCA and GCA) (32, 35). These bile 

acids are then stored in the gallbladder until they are released post-prandially to 

the intestine (24). Eventually, bile acids are recycled from the intestine back to the 

liver via the portal circulation and are imported back into hepatocytes from the 

sinusoid via NTCP with assistance from OATP (32) 

To investigate if bile acid transporters genes are dysregulated and causing the 

accumulation of toxic bile acids in SIRT1intKO mice, we performed qPCR analysis 

to determine the gene expression of bile acid transporters in the liver during the 

regenerative process. Firstly, we found that during basal conditions, SIRT1intKO 

mice had significantly decreased expression of bile acid exporter (BSEP) and bile 

acid importers (NTCP and OATP). We also found that at 24h post-PHx, 

SIRT1intKO mice had increased gene expression of MDR2.  

In summary, these results suggest that the deletion of intestinal SIRT1 leads to 

dysregulated gene expression of bile acid transporters during basal conditions, but 

not during the regenerative response. In addition, the increased gene expression 

of MDR2 at 24h post-PHx in SIRT1intKO mice implies an adaptive response to 

protect bile ducts from the toxic effects of bile acids by pumping phospholipids into 

the canaliculi simultaneously (34).  
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Fig 4.5 The gene expression of bile acid transporters is dysregulated during basal 
conditions in SIRT1intKO mice.  qPCR analysis of liver extracts shows decreased 

expression of bile acids exporter (BSEP) and bile acid importers (NTCP and OATP) at 0h 

and increased expression of phospholipid exporter (MDR2) at 24h post-PHx in SIRT1intKO 

mice compared to WT mice. Values are mean ± SEM. n= ≥4 mice per treatment group. 
Significance was determined using 2-way ANOVA with Bonferroni post-test (WT vs 

SIRT1intKO) *P < 0.05, **P < 0.01. 
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4.4 Discussion 

To date, the impact of deleting intestinal SIRT1 on the phenotype of the liver and 

on hepatic bile acid homeostasis during liver regeneration had never been 

researched. This was surprising, given that deletion of downstream targets of 

intestinal SIRT1 in the bile acid metabolism pathway, FXR and FGF15, were 

documented to result in hepatic damage and toxic bile acid accumulation during 

liver regeneration (54, 100, 101). In this chapter, we found that the deletion of 

intestinal SIRT1 resulted in severe parenchymal damage at 24h post-PHx which 

was associated with toxic bile acid accumulation. Hepatic bile acid metabolism 

factors were dysregulated in SIRT1intKO mice compared to WT, but this did not 

elucidate a cause for the accumulation of bile acids. Therefore, we proceeded to 

characterise the expression of genes associated with bile acid synthesis, 

detoxification, and transport with the aim to decipher the mechanism behind the 

toxic bile acid accumulation observed in SIRT1intKO mice during liver 

regeneration.   

Initially, we aimed to define the impact of deleting intestinal SIRT1 on the 

phenotype of the liver during regeneration. Previous studies had demonstrated that 

the deletion of key bile acid metabolism factors, intestinal FXR and FGF15, 

resulted in severe hepatic damage during liver regeneration, which was due to the 

toxic accumulation of bile acids resulting from impaired bile acid homeostasis (100, 

101). Intestinal SIRT1 had previously been shown to activate the FXR-FGF15 

cascade in the context of bile acid metabolism (54), and in chapter 3 we 

demonstrated that intestinal SIRT1 appears to regulate the FXR-FGF15 cascade 

during the early phases of liver regeneration. Based on this information, we 

hypothesised that SIRT1intKO mice would exhibit hepatic damage during liver 

regeneration. To investigate this, we quantified levels of transaminases in the 

serum of mice across the regenerative process. Transaminases are enzymes 

involved in amino acids metabolism that are usually present in the liver, therefore 

their elevation in the serum indicates hepatic damage (110). We found that at 24h 

post-PHx, SIRT1intKO mice had significantly elevated levels of ALT and AST in 

the serum compared to WT, signifying hepatic damage. To further support this 

data, we performed H&E staining on liver sections across the regenerative process 

and discovered significant necrosis and parenchymal damage in the liver at 24h 

post-PHx compared to WT. Together, these results revealed that intestinal SIRT1 

deletion led to hepatic damage during the regenerative process. We predicted that 
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this parenchymal damage would be due to the hepatotoxic effects of accumulating 

bile acids, as we had disrupted the ileal bile acid metabolism pathway (SIRT1-FXR-

FGF15), and the accumulation of bile acids can be extremely toxic and damaging 

to the liver (23). 

Following this, we wanted to explore if the accumulation of toxic bile acids was 

responsible for the severe hepatic damage documented in SIRT1intKO mice at 

24h post-PHx. We utilised LC-MS analysis to analyse the composition of the 

hepatic bile acid pool in SIRT1intKO mice compared to their WT littermates during 

the regenerative process. We found that at 24h post-PHx, SIRT1intKO mice had 

significantly elevated concentrations of primary bile acids, namely CA, a-MCA and 

b-MCA, and conjugated primary bile acids, TCA and GCA, compared to WT. This 

lies in agreement with the previous studies where FXR and FGF15 were deleted 

and resulted in bile acid-induced hepatic damage (100, 101). It is important to note 

that these studies only reported the total serum concentration of bile acids, rather 

than the bile acids that were specifically increased in the liver during regeneration 

and responsible for the hepatic damage. Therefore, our results demonstrate that 

specific bile acids are responsible for the hepatic damage observed in SIRT1intKO 

mice, which points towards specific enzymes that are involved in the synthesis of 

those bile acids to be dysregulated as a result of intestinal SIRT1 deletion and 

causing the observed hepatic damage. 

Next, we aimed to expose the mechanism causing the toxic accumulation of bile 

acids in SIRT1intKO mice during liver regeneration. At first, we focused our 

attention on the expression of hepatic bile acid metabolism factor, FGFR4, and its 

downstream target, CYP7A1. This is because it is established that the FXR-FGF15 

signalling from the intestine can activate FGFR4 in the liver which can 

subsequently repress the bile acid synthesis enzyme, CYP7A1 (44). As we had 

observed decreased signalling of the FXR-FGF15 axis during early phases of liver 

regeneration in SIRT1intKO mice, we hypothesised that the toxic accumulation of 

bile acids would be due to decreased FGFR4 activation and subsequently, the 

increased synthesis of bile acids through CYP7A1. To determine the protein 

expression of FGFR4 and CYP7A1 in the absence of intestinal SIRT1, we 

performed western blotting analysis on proteins isolated from liver samples from 

SIRT1intKO across the regenerative process and compared them to their WT 

littermates. We found that SIRT1intKO mice had reduced FGFR4 expression in the 

liver at 3, 24 and 48h post-PHx compared to WT. This supported our hypothesis 
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that the dysregulation of the ileal FXR-FGF15 cascade in SIRT1intKO mice would 

lead to defective FGFR4 signalling in the liver. As FGFR4 negatively regulates 

CYP7A1 (44), we expected CYP7A1 protein expression to be increased while 

FGFR4 protein expression was reduced. We were surprised to find that CYP7A1 

protein expression was decreased in SIRT1intKO mice at 3 and 48h post-PHx 

compared to WT. This proposed that CYP7A1 is not responsible for the toxic 

accumulation of bile acids in the liver of SIRT1intKO mice. Furthermore, these 

results suggested that another factor was repressing CYP7A1 in the absence of 

FGFR4 in SIRT1intKO mice. 

To elucidate if another factor was repressing CYP7A1 expression in SIRT1intKO 

mice, we investigated the expression of an alternative inhibitor of CYP7A1, hepatic 

FXR. Previous studies have shown that following activation by either bile acids or 

hepatic SIRT1, hepatic FXR can inhibit CYP7A1 activity (39). We found that at 6h 

and 48h post-PHx, SIRT1intKO mice had increased hepatic FXR expression 

compared to WT. This implied that hepatic FXR was potentially responsible for the 

repressed expression of CYP7A1 at 48h post-PHx. However, this does not 

elucidate why CYP7A1 was also decreased at 3h post-PHx in SIRT1intKO mice 

compared to WT. Interestingly, other factors have been shown to repress CYP7A1 

expression during liver regeneration, such as c-Jun N-terminus kinase (JNK) and 

hepatocyte growth factor (HGF) dependent pathways (138). In fact, previous 

studies have demonstrated that these signalling pathways are activated during the 

priming phase of liver regeneration and are independent of hepatic FXR, whereas 

hepatic FXR is required to regulated CYP7A1 expression at the later stages of 

regeneration (138). Therefore, one could hypothesise that CYP7A1 is decreased 

at 3h post-PHx independently of both FXR and FGFR4 expression via JNK or HGF 

dependent signalling pathways, to compensate for the decreased activation of 

FGFR4 from the ileum during the priming phase of liver regeneration. To explore 

this, future work could be conducted to determine the expression of JNK and HGF 

in the livers of SIRT1intKO mice during the priming phase of liver regeneration, 

which will be discussed further in section 4.5. 

The aforementioned results imply that the rate-limiting bile acid synthesis enzyme, 

CYP7A1, is not responsible for the accumulation of toxic bile acids at 24h post-

PHx in livers of SIRT1intKO mice. Because only specific bile acids (CA, a-MCA, b-

MCA, GCA and TCA) were accumulating in the livers of SIRT1intKO mice, we 

hypothesised that there may be dysregulations in the enzymes responsible for the 
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synthesis and detoxification of these bile acids. To investigate this, we performed 

qPCR analysis to determine the expression of bile acid synthesis and detoxification 

genes in the livers of SIRT1intKO mice during the regenerative process. We found 

that the CYP2C70 gene, which has previously been documented to convert CDCA 

to a-MCA and b-MCA (25), was upregulated in the livers of SIRT1intKO mice at 6h 

post-PHx. This increased expression of CYP2C70 could explain why a-MCA and 

b-MCA were significantly increased in the liver of SIRT1intKO mice at 24h post-

PHx. Alongside these primary bile acids, CA and conjugated primary bile acids, 

TCA and GCA, were also increased during this time point. To decipher the cause 

for increased concentration of CA in the liver at 24h post-PHx, we performed qPCR 

analysis to measure the gene expression of CYP8B1, the classical pathway 

enzyme that converts newly synthesised bile acids to CA (23) and CYP27A1, the 

alternative pathway enzyme that can also synthesise CA. We found that neither of 

these enzymes were significantly increased in SIRT1intKO mice during 

regeneration. Therefore, the reason for CA accumulation in the livers of 

SIRT1intKO mice remained inconclusive. To attempt to underpin the reason why 

conjugated bile acids, GCA and TCA were accumulating in the liver at 24h post-

PHx, we analysed the gene expression of MRP4, as this transporter has been 

documented to export GCA and TCA out of hepatocytes  (32, 35). We speculated 

that because GCA and TCA were accumulating in the liver at 24h post-PHx, MRP4 

might be downregulated at this time point. However, we found no significant 

differences in the gene expression of MRP4 at 24h post-PHx in the livers of 

SIRT1intKO mice compared to WT. Therefore, the reason for the accumulation of 

conjugated bile acids, GCA and TCA, in the liver of SIRT1intKO mice during liver 

regeneration remained inconclusive. Future research into the enzymes that 

conjugate primary bile acids into GCA and TCA might provide insight into why they 

are accumulating, which will be explored further in section 4.5. 

In an attempt to underpin the mechanism causing certain bile acids to accumulate 

in the liver of SIRT1intKO mice during liver regeneration, we investigated the 

expression of genes involved in the detoxification of bile acids during the 

regenerative process. We discovered that SULTA1, an important sulfation enzyme 

that detoxifies bile acids and enables their elimination in the faeces or urine (135), 

was increased at 6h post-PHx in SIRT1intKO mice compared to WT. Interestingly, 

we had previously discovered from the LC-MS analysis that secondary bile acid, 

LCA, was significantly decreased in the liver at 6h post-PHx. LCA has been defined 

as the most hepatotoxic component of bile, and therefore is almost exclusively 
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present in its sulphated form, after detoxification by SULTA1 (134, 135). 

Furthermore, SULTA1 can be activated by FXR in the liver (139), and hepatic FXR 

expression was also increased at 6h post-PHx in SIRT1intKO mice. Therefore, 

based on these results, we predicted that the increased expression of FXR at 6h 

post-PHx led to the upregulation of the SULTA1 gene. This led to increased 

detoxification of LCA, enabling its excretion from the liver. This notion can be 

supported by the previous work by Kazgan et al., (2014) who reported that 

SIRT1intKO mice have a significant increase in faecal bile acid elimination to 

protect the liver from toxic bile acid accumulation (54). Although this was 

documented during basal conditions and not in the context of liver regeneration, 

SIRT1intKO mice could potentially have an enhanced ability to eliminate bile acids 

from the liver during regeneration via the action of hepatic FXR, to attempt to 

protect themselves from the increased abundance of bile acids in the remnant liver.  

To determine if the transportation of bile acids into and out of the liver is 

dysregulated and therefore responsible for bile acid accumulation in livers of 

SIRT1intKO mice during the regenerative process, we investigated the gene 

expression of bile acid transporters using qPCR analysis. To recap, bile acids are 

transported out of hepatocytes into the bile canaliculi via BSEP, while 

phospholipids are transported out of the hepatocyte simultaneously via MDR2 to 

prevent bile acids damaging the bile duct epithelium (32, 34). In addition, bile acids 

that are conjugated to glucuronides are transported out by either MRP2 or MRP4, 

the latter of which can also transport bile acids that are conjugated to taurine or 

glycine (TCA and GCA) (32, 35). These bile acids are then stored in the gallbladder 

until they are released post-prandially to the intestine (24). Eventually, bile acids 

are recycled from the intestine back to the liver via the portal circulation and are 

imported back into hepatocytes from the sinusoid via NTCP with assistance from 

OATP (32). In the context of liver regeneration, previous studies have shown that 

bile acid exporters (BSEP, MRP2, MRP4) are increased following PHx while bile 

acid importers (NTCP and OATP) are decreased following PHx, which is thought 

to protect the remnant liver from bile acid toxicity (140). We found that SIRT1intKO 

mice had significantly decreased expression of bile acid exporter, BSEP, during 

basal conditions. This decrease in bile acid exportation from the liver during basal 

conditions could imply that bile acids would be accumulating in the liver of 

SIRT1intKO mice during basal conditions. However, we did not observe increased 

concentrations of bile acids during basal conditions compared to WT. Furthermore, 

we found that the gene expression of bile acid importers, NTCP and OATP, was 
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significantly decreased during basal conditions. From this, one could hypothesise 

that bile acids were not accumulating in the liver of SIRT1intKO mice during basal 

conditions because less bile acids were being imported into the liver in the first 

place. Why these bile acid transporters are decreased during basal conditions is 

unclear. BSEP enables the secretion of conjugated bile acids into the canaliculi for 

secretion to the intestine (42). Interestingly, in chapter 3 we documented that 

SIRT1intKO mice had increased concentrations of conjugated bile acids during 

basal conditions. As BSEP gene expression is decreased during basal conditions, 

it could be speculated that BSEP is downregulated to avoid overloading the 

intestine with more conjugated bile acids, and NTCP and OATP are also decreased 

to compensate for the decreased export of bile acids in the liver to avoid bile acid-

induced damage during basal conditions. Further work is needed to elucidate why 

these bile acid transporters are dysregulated during basal conditions; however this 

is currently beyond the scope of this study.  

In addition, we found that SIRT1intKO mice had significantly increased gene 

expression of MDR2 at 24h post-PHx compared to WT mice. MDR2 has previously 

been shown to export phospholipids into the canaliculi while bile acids are exported 

to protect the bile duct epithelium from bile acid-induced damage (32, 34). 

Therefore, we hypothesise that this upregulation in MDR2 is in response to the 

increased concentrations of bile acids in the liver at 24h post-PHx. Intriguingly, 

hepatic FXR has been reported to activate MDR2 (42) and we observed increased 

protein expression of FXR at 6h post-PHx. This implies that FXR may be 

responsible for activating MDR2 at 24h post-PHx, to protect the bile duct epithelium 

from the toxic effects of bile acids.  

In the previous chapter, we discovered that following PHx in WT mice, there were 

significantly decreased levels of total bile acids in the ileum during the regenerative 

process. Previous literature had described that elevated levels of bile acids are 

required in the liver to accelerate regeneration, through activating the pro-

regenerative effects of hepatic FXR (73). Therefore, we hypothesised that the 

decreased levels of bile acids in the ileum were due to their increased recycling 

back to the liver to accelerate liver regeneration. To explore this, we calculated the 

total bile acid concentration in the WT liver and found that bile acids were in fact 

significantly increased in the liver at 24h post-PHx and this was not associated with 

any significant hepatic damage (suppl. fig 3). Therefore, this supported our 

hypothesis in the previous chapter that the decreased levels of bile acids in the WT 
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ileum during liver regeneration could be due to increased recycling of bile acids 

back to the liver to accelerate regeneration.  

In conclusion, this chapter demonstrates that SIRT1intKO mice have severe 

hepatic damage at 24h post-PHx as a result of toxic bile acid accumulation. This 

toxic bile acid accumulation is likely caused by the upregulation of CYP27A1 gene, 

the bile acid synthesis enzyme that converts CDCA to α-MCA and β-MCA. 

However, why CA, TCA and GCA are accumulating remains unclear. Bile acid 

transporter expression is dysregulated in SIRT1intKO mice during basal conditions 

but does not appear to be causing toxic bile acid accumulation basally. Overall, 

this chapter demonstrates that intestinal SIRT1 is an important mediator of bile 

acid homeostasis during liver regeneration.  
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4.5 Future work 

In this chapter, we found that CYP7A1 was decreased at 6h post-PHx in 

SIRT1intKO mice, which was not correlated to increased expression of its 

inhibitors, FGFR4 and hepatic FXR, at this time point. Therefore, we speculated 

that another factor is capable of inhibiting CYP7A1 at 6h post-PHx. Previous 

research has identified JNK and HGF as factors that can inhibit CYP7A1 

expression independently of FXR during the priming phase of liver regeneration 

(138). To investigate if these factors are responsible for the repression of CYP7A1 

at 6h post-PHx in SIRT1intKO mice, the protein expression of JNK and HGF during 

the priming phase of liver regeneration could be analysed via western blotting 

analysis. 

In addition, we found that conjugated primary bile acids, TCA and GCA, were 

significantly increased in the livers of SIRT1intKO mice at 24h post-PHx compared 

to WT. To determine why conjugated bile acids are accumulating in SIRT1intKO 

mice during the regenerative process, qPCR analysis could be performed to 

examine the expression of an enzyme that conjugates primary bile acids to taurine 

or glycine to form TCA and GCA, such as BAAT (bile acid-CoA amino acid N-

acetyltransferase) enzyme (23). We would hypothesise that the gene expression 

of this enzyme is increased at around 6-24h post-PHx, leading to the increased 

presence of these conjugated primary bile acids.  

Finally, we found that SIRT1intKO mice had increased gene expression of SULTA1 

at 6h post-PHx, which is thought to increase elimination of toxic bile acids in the 

faeces or urine (135). Previous research has found that during basal conditions, 

SIRT1intKO mice have a significant increase in faecal bile acid elimination which 

protects the liver from the toxic accumulation of bile acids (54). To observe if this 

could be the case in SIRT1intKO mice during liver regeneration, faecal samples 

could be collected from SIRT1intKO mice across the regenerative process, from 

which bile acids could be extracted and analysed via LC-MS analysis to compare 

the bile acid pool in SIRT1intKO mice faeces to WT. This would reveal if 

SIRT1intKO mice have an enhanced ability to eliminate bile acids from the liver 

during regeneration to attempt to protect themselves from the increased 

abundance of bile acids in the remnant liver.
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Chapter 5: Investigating the role of intestinal SIRT1 in liver 
regeneration. 

5.1 Introduction 

Liver regeneration is comprised of three key phases: priming, proliferation and 

termination (141). The initial priming phase serves to prepare hepatocytes for 

proliferation through the actions of proinflammatory cytokines. In brief, interleukin-

6 (IL-6) and tumour necrosis factor-a (TNF-a) are released from Kupffer cells and 

bind to their respective receptors on hepatocytes to stimulate key activators of 

transcription such as signal transducer and activator of transcription-3 (STAT3) 

(62). This results in the transcription of multiple target genes, such as cyclins and 

mitogens, required for hepatocytes to progress through the phases of the cell cycle 

and proliferate (62, 67). Once the original liver mass has been restored by the 

proliferation phase, the liver enters the termination phase of regeneration, to avoid 

excessive growth and subsequent tumour development (68).  

The role that intestinal SIRT1 plays in this regenerative process is yet to be studied. 

In previous chapters, we established that the deletion of intestinal SIRT1 results in 

the dysregulation of its downstream bile acid metabolism pathway (FXR-FGF15-

FGFR4), which associated with the toxic accumulation of bile acids. As a result, 

SIRT1intKO livers exhibited severe parenchymal damage in the liver at 24h post-

PHx, a key time point during the proliferation phase of liver regeneration. This FXR-

FGF15-FGFR4 signalling has also been shown to be crucial in triggering 

proliferation during liver regeneration, and the deletion of the signalling factors in 

this pathway has been demonstrated to result in reduced proliferation and impaired 

regeneration (100, 101, 142). Based on these results, we hypothesised that 

intestinal SIRT1 will be an important regulator of liver regeneration via this 

pathway, and its deletion will negatively impact the regenerative response.  

5.2 Aims 

The aim of this chapter is to define the role of intestinal SIRT1 in liver regeneration 

by investigating the impact of intestinal SIRT1 deletion on the priming and 

proliferation phases of liver regeneration, and whether liver mass is successfully 

restored by 10d post-PHx. 
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5.3 Results 

5.3.1. The deletion of intestinal SIRT1 results in reduced expression of pSTAT3 during 

the priming phase. 

The priming phase of liver regeneration serves to prepare hepatocytes for 

proliferation. Proinflammatory cytokines IL-6 and TNF-a are released from kupffer 

cells and bind to their respective receptors on hepatocytes; ; IL-6 receptor (IL-6R) 

and TNF receptor 1 (TNFR1) (62). This leads to the phosphorylation of a key 

priming phase protein, signal transducer and activator of transcription-3 (STAT-3), 

which activates the transcription and translation of mitogens and cell cycle 

proteins, which are required for the proliferation phase of liver regeneration (143). 

To establish the impact of deleting intestinal SIRT1 on the priming phase of liver 

regeneration, we performed an enzyme-linked immunosorbent (ELISA) assay to 

detect the protein concentration of proinflammatory cytokines, IL-6 and TNF-a, in 

the liver at key priming phase time points (3h and 6h post-PHx). We found no 

significant differences in protein concentration of IL-6 or TNF-a between 

SIRT1intKO mice livers and WT mice livers during the priming phase of liver 

regeneration (fig 5.1). To investigate further, we performed qPCR analysis to 

determine the gene expression of receptors IL-6R and TNFR1 during the priming 

phase. In line with the previous results, we found no significant differences in the 

gene expression of these receptors between SIRT1intKO and WT livers (fig 5.1) 

To determine whether the downstream target of these cytokines, STAT-3, is also 

unaffected by the deletion of intestinal SIRT1, we conducted western blotting 

analysis for the protein expression of phosphorylated STAT-3 (pSTAT3) during the 

priming phase. Interestingly, we discovered that at 6h post-PHx, the SIRT1intKO 

livers had significantly less pSTAT-3 protein compared to WT (fig 5.1). 

Overall, these results demonstrated that the deletion of intestinal SIRT1 results in 

decreased protein expression of key priming phase protein, pSTAT3, which is 

important for the transcription of proteins required for the proliferation phase of 

regeneration.  
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Figure 5.1  The deletion of intestinal SIRT1 results in reduced expression of pSTAT3 
during the priming phase. (A) Enzyme-linked immunosorbent assay on liver extracts 

shows comparable IL-6 and TNF-α expression in both WT and SIRT1intKO mice during 

priming phase time points. (B) qPCR analysis of liver extracts shows comparable IL-6R 

and TNFR1 expression in both WT and SIRT1intKO mice during priming phase time points. 

(C) Western blotting analysis of whole liver lysates showing decreased phosphorylation of 

STAT3 at 6h post-PHx in SIRT1intKO mice compared to WT. Values are mean ± SEM. n= 

≥4 mice per treatment group.  
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5.3.2. The proliferation phase of liver regeneration is impaired in the absence of 

intestinal SIRT1.  

Once stimulated by the priming phase, hepatocytes enter the proliferation phase 

where the liver regenerates via self-duplication of remnant hepatocytes (57). To 

replicate, hepatocytes exit the G0 phase and progress through the stages of the 

cell cycle which include the first growth phase (G1), the DNA synthesis phase (S), 

the second growth phase (G2) and finally, the mitosis phase (M), where cells divide 

to produce two new daughter cells (67). 

To determine the impact of intestinal SIRT1 deletion on hepatocyte proliferation 

following PHx, we performed immunohistochemical analysis for KI-67, a well-

recognised biomarker of proliferation (105), on liver tissue sections. We found that 

at 40h post-PHx, SIRT1intKO mice had a significantly decreased KI-67 positive 

cells compared to WT (fig 5.2).  

Although KI-67 serves as a helpful biomarker for proliferating cells, it does not 

indicate which phase of the cell cycle hepatocytes are residing in. Therefore, to 

determine this, we performed further analysis for key proteins associated with the 

different phases of the cell cycle.  

Firstly, we investigated the expression of key proteins associated with the initial 

growth phase (G1) of the cell cycle. Phosphorylated extracellular-signal regulated 

kinase (pERK), is an important signalling factor that enables hepatocytes to exit 

the G0 phase and enter the G1 phase of the cell cycle (144). We found that at 24h 

post-PHx, pERK protein expression was significantly decreased in SIRT1intKO 

livers compared to WT (fig 5.2). Another protein essential for the progression of 

cells into the G1 phase of the cell cycle is cyclin D1 (67). We found decreased 

cyclin D1 expression at 34h, 48h and 72h post-PHx in the livers of SIRT1intKO 

mice compared to WT mice (fig 5.2).  

Based on this, it was important to determine the ability of hepatocytes from 

SIRT1intKO mice to enter the synthesis phase of the cell cycle, where DNA 

replication occurs. We performed immunohistochemical analysis for BrdU, which 

stains cells specifically in the synthesis phase of the cell cycle (106). We found that 

at 48h post-PHx, livers from SIRT1intKO mice had a significantly lower percentage 

of BrdU positive cells compared to WT (fig 5.2).  
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Finally, to characterise the mitosis phase of the cell cycle, where the cell divides to 

produce two new daughter cells, we performed immunofluorescence using anti- p-

Histone H3 antibody, which stains cells in the mitosis phase of the cell cycle (108). 

We discovered that at 48h post-PHx, SIRT1intKO livers had significantly less 

hepatocytes in the mitosis phase of the cell cycle (fig 5.2 and suppl. fig 4). 

Taken together, these results suggest that the initial G1 phase of the cell cycle is 

impaired in SIRT1intKO mice, which leads to reduced progression of hepatocytes 

through the synthesis (S) and mitosis (M) phases of the cell cycle, a process which 

is fundamental to the successful regeneration of livers following PHx.  
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Figure 5.2 Hepatocyte proliferation is impaired during liver regeneration in the 
absence of intestinal SIRT1. (A) Immunohistochemistry using an anti-KI-67 antibody in 

paraffin-embedded liver sections showing decreased hepatocyte proliferation (brown) at 

40h post-PHx in SIRT1intKO mice compared to WT mice. (B) Western blotting analysis of 

whole liver lysates showing decreased phosphorylation of ERK at 24h and 48h post-PHx 

in SIRT1intKO mice compared to WT. (C) Western blotting analysis of whole liver lysates 

showing decreased expression of Cyclin D1 at 6h, 24h and 48h post-PHx in SIRT1intKO 

mice compared to WT. (D) Immunohistochemistry using an anti-BrdU antibody in paraffin-

embedded liver sections (brown) showing decreased % of hepatocytes in the DNA 

synthesis phase of the cell cycle at 48h post-PHx in SIRT1intKO mice compared to WT 

mice. (E) pHistone-H3 (pink) and DAPI (blue) immunofluorescence staining on liver 

sections showing decreased % of hepatocytes in the mitosis phase of the cell cycle at 48h 

post-PHx in SIRT1intKO mice compared to WT mice. See supplementary figure 4 for other 

representative images of p-Histone-H3 stained liver sections at other time points. 

Representative images taken at x20 (A) and x10 (D, E) magnification. Values are mean ± 

SEM. n= ≥4 mice per treatment group. Significance was determined using unpaired t-test 

(WT vs SIRT1intKO) *P < 0.05.  
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5.3.3. SIRT1intKO mice display increased abundance of senescent hepatocytes 

during the regenerative response.  

 

Senescence is defined as irreversible cell cycle arrest, and can arise from 

senescence-inducing signals, such as DNA damage (87). This process serves to 

block proliferation of affected or injured cells to protect the tissue from uncontrolled 

proliferation and aid repair (87, 145). Senescence has been demonstrated to be a 

useful process to terminate liver regeneration in areas that have reached complete 

restoration, however in pathological conditions where hepatocytes become 

senescent in response to injury, the regenerative capacity of the liver can be lost, 

resulting in impaired restoration of the liver mass (85, 146). As we observed 

extensive parenchymal damage and impaired proliferation in the livers of 

SIRT1intKO mice following PHx, we sought to determine if SIRT1intKO livers had 

increased abundance of senescent cells. 

To determine this, we performed immunohistochemical analysis on liver sections 

for P21, which is a reliable marker of senescence (107). We found that at 24h post-

PHx, SIRT1intKO mice had significantly increased levels of P21 positive 

hepatocytes compared to WT (fig 5.3 and suppl. fig 5).  

To support this notion that SIRT1intKO mice have increased abundance of 

senescent cells in the liver during regeneration, we performed qPCR analysis to 

measure the gene expression of senescence-associated secretory phenotype 

(SASP) factors. These are proinflammatory factors, such as IL-6 and TNF-a, which 

are secreted by senescent cells to induce senescence in neighbouring cells across 

an organ to uphold the integrity of the tissue and aid repair in response to damage 

(147). We found that at 24h post-PHx, SIRT1intKO mice had significantly 

increased gene expression of both IL-6 and TNF-a in the liver compared to WT (fig 

5.3).  

Overall, these results indicated that in response to severe hepatic damage, there 

is increased abundance of senescent hepatocytes in the livers of SIRT1intKO 

mice, resulting in impaired proliferation of hepatocytes.  
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Figure 5.3 SIRT1intKO mice display increased number of senescent hepatocytes in 
the liver during the regenerative response. (A) Immunohistochemistry using an anti-P21 

antibody in paraffin embedded liver sections showing increased percentage of senescent 

hepatocytes at 24h post-PHx in livers from SIRT1intKO mice compared to WT. (B) qPCR 

analysis of liver extracts showing increased expression of IL-6 and TNF-α at 24h post-PHx 

in SIRT1intKO mice compared to WT. Representative images taken at x10 magnification. 

Values are mean ± SEM. n= ≥4 mice per treatment group. Significance was determined 

using unpaired t-test (A) or 2-way ANOVA with Bonferroni post-test (B) (WT vs 

SIRT1intKO) *P < 0.05, **P < 0.01. 
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5.3.4. SIRT1intKO mice retain the capacity to regenerate back to 100% of their 

original liver mass.  

 

It has previously been described that after a 70% PHx, the rodent liver rapidly 

regenerates back to 100% of its original size, in as little as 7-10 days (148). 

However, we have observed that the deletion of intestinal SIRT1 results in 

increased senescent hepatocytes and impaired proliferation. Therefore, we 

hypothesised that livers from SIRT1intKO mice would not be able to regenerate 

back to 100% of their original mass by 10d post-PHx.  

To investigate this, mice and their respective harvested livers were weighed during 

sample collection. Surprisingly, the resultant liver: body weight ratio (LW:BW) that 

was calculated from this data declared no significant differences between 

SIRT1intKO and WT mice at any time point post-PHx (fig 5.4).  

To support this, we analysed serum transaminase levels of alanine transaminase 

(ALT) and aspartate transaminase (AST) which are liver enzymes that, when 

elevated in the serum, indicate hepatic damage (110). In accordance with the 

previous results, we found no significant differences between SIRT1intKO and WT 

serum transaminase levels at 10d post PHx (fig 5.4). 

In addition, harvested liver samples were stained with haematoxylin and eosin 

(H&E) to visualise the histology at 10d post-PH. We observed no significant 

differences in the liver parenchyma of SIRT1intKO and WT livers at 10d post-PHx 

(fig 5.4). 

Taken together, these results suggest that the livers from SIRT1intKO mice 

somehow retain the capacity to regenerate back to 100% of their original liver mass 

following PHx, despite the observed increase in senescent hepatocytes and 

impaired proliferation.  
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Fig 5.4 SIRT1intKO mice retain the capacity to regenerate back to 100% of their 
original liver mass. (A) Liver to body weight ratio expressed as a percentage of liver 

weight against total body weight shows comparable results between WT and SIRT1intKO 

mice. (B) Quantification of liver injury blood markers (ALT and AST) indicates no significant 

differences between SIRT1intKO mice and WT mice at 10d post-PHx. (C) Haematoxylin 

and eosin staining of liver sections confirms no significant differences in parenchyma 

histology between WT and SIRT1intKO mice at 10d post-PHx. Representative images 

taken at x4 magnification. Values are mean ± SEM. n= ≥4 mice per treatment group.   
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5.4 Discussion 

The role that intestinal SIRT1 plays in regulating the regenerative response has 

never been established. In previous chapters, we demonstrated that the deletion 

of intestinal SIRT1 resulted in the dysregulation of the bile acid metabolism 

signalling cascade (FXR-FGF15-FGFR4). This resulted in the accumulation of 

toxic bile acids which caused severe parenchymal damage. The FXR-FGF15-

FGFR4 signalling cascade has also previously been defined to be crucial for liver 

regeneration, as deletion of factors in this cascade led to impaired proliferation and 

defective liver regeneration (100, 101), yet the role of intestinal SIRT in liver 

regeneration had never been explored. In this chapter, we describe that the 

deletion of intestinal SIRT1 results in the reduced activation of key priming phase 

protein, pSTAT3. Further investigation into how this impacted the proliferation 

phase revealed that hepatocytes exhibited decreased expression of proteins 

associated with proliferation and that there was an increased abundance of 

senescent hepatocytes in the liver. Surprisingly, the livers from SIRT1intKO mice 

retained the capacity to regenerate back to 100% of their original liver mass by 10 

days post-PHx. 

Firstly, we aimed to characterise the impact of intestinal SIRT1 deletion on the 

priming phase of liver regeneration. We found that the protein expression of 

pSTAT-3 was significantly decreased at 6h post-PHx in livers from SIRT1intKO 

mice. This was surprising given that key upstream mediators of pSTAT-3, IL-6 and 

TNF-a, and their respective receptors IL-6R and TNFR1, did not appear to be 

affected by intestinal SIRT1 deletion. In agreement, a previous study found that 

FGF15-KO mice had significantly reduced pSTAT-3 activation that was not 

associated with decreased IL-6 and TNF-a  signalling (101). Given that intestinal 

SIRT1 lies upstream of FGF15, it is likely that the pSTAT3 dysregulation in both 

SIRT1intKO and FGF15-KO mice is a result of an interrupted SIRT1-FXR-FGF15 

cascade. Indeed, mechanistic studies have found that pSTAT-3 can be activated 

by FGFR4 (142), which lies downstream of the SIRT1-FXR-FGF15 cascade (44, 

101). This study also found that reduced FGFR4-pSTAT3 signalling resulted in 

impaired hepatocyte proliferation combined with hepatic damage associated with 

toxic bile acid accumulation. In the previous chapter, we found that SIRT1intKO 

mice had decreased expression of FGFR4 at 3h post-PHx and bile acid-induced 

hepatic damage, therefore we hypothesise that the dysregulation of pSTAT3 in 
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SIRT1intKO mice is due to defective signalling of the SIRT1-FXR-FGF15-FGFR4 

pathway observed in these mice.  

Based on these findings that key priming phase protein, pSTAT3, was 

dysregulated in SIRT1intKO mice, we wanted to observe how this impacted the 

proliferation phase of liver regeneration. Because we had already established that 

FGFR4-pSTAT3 signalling was decreased in SIRT1intKO mice, and that previous 

studies had documented that dysregulation of this axis led to reduced hepatocyte 

proliferation (142), we hypothesised that proliferation would be impaired in 

SIRT1intKO mice. To investigate this, we performed western blotting and 

immunohistochemical analysis for specific markers expressed during the different 

phases of the cell cycle. Firstly, we found that pERK, which enables hepatocytes 

to exit the G0 phase and enter the G1 phase of the cell cycle (144), was 

significantly decreased at 24h and 48h post-PHx in livers of SIRT1intKO mice 

compared to WT. ERK can be phosphorylated by the gp130 subunit when IL-6 

binds to IL-6R. We previously demonstrated in figure 5.1 that IL-6 and IL-6R gene 

expression is not dysregulated in SIRT1intKO mice, so this led us to predict that 

another pathway which phosphorylates ERK may be impacted by the deletion of 

intestinal SIRT1 during liver regeneration. Another well-known pathway that can 

lead to the phosphorylation of ERK is the Ras-Raf-MEK cascade, also known as 

the mitogenic activated protein kinase (MAPK) pathway (62). Interestingly, Xu et 

al., (2018) found that this pathway can be activated by FGFR4, which 

phosphorylates FGF receptor substrate 2 (FRS2) which then activates MAPK/ERK 

signalling (149). In the previous chapter we demonstrated that FGFR4 signalling 

was decreased in SIRT1intKO mice, due to the dysregulation of the ileal 

FXR/FGF15 signalling in the absence of intestinal SIRT1. Therefore, we predict 

that pERK signalling is decreased as a result of a depleted 

SIRT1/FXR/FGF15/FGFR4/MAPK axis. To support this, future work could be 

conducted to determine the protein expression of key factors in the MAPK pathway 

during the regenerative process, which we would expect to be downregulated in 

SIRT1intKO mice. 

To continue our investigation into how the deletion of intestinal SIRT1 impacts 

hepatocyte proliferation during liver regeneration, we performed western blotting 

and immunohistochemical analysis to determine the protein expression of other 

proteins involved in the cell cycle. We found that Cyclin D1, an important regulator 

of the G1 phase of the cell cycle, was significantly reduced at 34h, 48h and 72h 
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post-PHx in the livers of SIRT1intKO mice. In addition, we found that synthesis 

phase marker, BrdU, was significantly decreased at 48h post-PHx compared to 

WT. Furthermore, mitosis phase marker, p-Histone H3 was significantly decreased 

at 48h post-PHx compared to WT. The decreased expression of these markers 

indicated that less hepatocytes were progressing through the cell cycle and 

proliferating in SIRT1intKO mice. In line with this, previous studies where FXR and 

FGF15 are deleted indicated that proliferation is impaired during regeneration (100, 

101). These previous studies further support our prediction that this impaired 

signalling is due to the defective SIRT1-FXR-FGF15-FGFR4 signalling from the 

ileum to the liver during liver regeneration and suggest that the impaired activation 

of pSTAT3 and pERK leads to the decreased proliferation of hepatocytes in 

SIRT1intKO mice during liver regeneration.  

Next, we aimed to investigate if this impaired proliferative ability was associated 

with increased abundance of senescent cells in the livers of SIRT1intKO mice. 

Senescence is permanent cell cycle arrest and arises in response to DNA damage 

to uphold the integrity of the organ and protect from uncontrolled proliferation (87). 

As we had observed extensive parenchymal damage in the livers of SIRT1intKO 

mice in chapter 4, we hypothesised that SIRT1intKO mice would have increased 

abundance of senescent cells due to increased DNA damage. To begin exploring 

this, we performed an immunohistochemical stain for P21, which is a reliable 

marker of senescence (107). In line with our hypothesis, we found that SIRT1intKO 

mice had significantly increased P21 positive hepatocytes at 24h post-PHx 

compared to WT. To further support this, we performed qPCR analysis for the gene 

expression of senescence association secretory phenotype (SASP) factors, such 

as IL-6 and TNF-a. SASP factors are released by senescent cells to induce 

neighbouring cells to become senescent to further protect the organ (147), and 

therefore their upregulated expression can serve as a useful indication of 

increased senescent cells. We found that livers from SIRT1intKO mice had 

increased gene expression of both IL-6 and TNF-a at 24h post-PHx compared to 

WT. This led us to conclude that the increased senescent hepatocytes in the livers 

of SIRT1intKO mice was due to DNA damage following the bile acid-induced 

hepatic damage at 24h post-PHx. Seeing as senescent cells are in a state of 

permanent cell cycle arrest (87) this increase abundance of senescent hepatocytes 

could be hypothesised to be contributing to the decreased number of hepatocytes 

progressing through the cell cycle in the proliferation phase of liver regeneration. 

However, it is important to note here that the increased presence of these factors 
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could be indicative of the tissue damage response, rather than true hepatic 

senescence. To further confirm the presence of senescent hepatocytes, future 

work should be conducted as outlined in section 5.5. 

It has previously been described that after a 70% PHx, the rodent liver rapidly 

regenerates back to 100% of its original mass in as little as 7-10 days (148). Due 

to our results demonstrating that hepatocyte proliferation is significantly reduced in 

SIRT1intKO mice and the increase in senescent hepatocytes, we anticipated that 

the livers from SIRT1intKO mice would exhibit incomplete restoration of the liver 

mass at day 10 post-PHx. To investigate this, we calculated the LW:BW ratio at 

10d post-PHx. Surprisingly, no significant differences were found between 

SIRT1intKO mice and WT mice in the LW:BW ratio at any time point during the 

regenerative process. To support this, we quantified the levels of transaminases, 

ALT and AST, which are indicators hepatic damage (110), and found no significant 

differences in transaminase levels between SIRT1intKO and WT mice at 10d post-

PHx. In addition, we visualised the parenchyma of the liver at 10d using H&E 

analysis and found no significant differences in the liver histology between 

SIRT1intKO and WT livers. Taken together, these results suggested that 

somehow, the livers from SIRT1intKO mice retain the capacity to regenerate back 

to their original mass, despite the observed hepatic damage, increased senescent 

hepatocytes and impaired proliferation. This implies that the livers from 

SIRT1intKO mice are regenerating through an alternative means. Interestingly, 

previous research has shown that when normal regenerative signalling pathways 

are impaired, the liver can seek alternative means to regenerate (92, 95), which 

will be investigated in the following chapter. 

In this chapter, we conclude that intestinal SIRT1 plays a significant role in the liver 

regenerative process. We hypothesise that the dysregulation of the 

SIRT1/FXR/FGF15/FGFR4 axis as described in previous chapters leads to 

decreased phosphorylation of STAT3 and ERK, which results in impaired 

hepatocyte proliferation during liver regeneration. In parallel, we predict that the 

toxic bile acid accumulation described in chapter 4 resulting from the dysregulation 

of the SIRT1/FXR/FGF15/FGFR4 pathway leads to DNA damage and 

subsequently, the increased abundance of senescent hepatocytes, which further 

contributes to defective hepatocyte proliferation in the liver. Despite all of this, the 

liver surprisingly retains the capacity to regenerate back to its original mass in the 

absence of intestinal SIRT1. 
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5.5 Future work 

In this chapter, we found that the protein expression of pERK was significantly 

decreased at 24h and 48h post-PHx in SIRT1intKO mice compared to WT. We 

predicted that this was due to decreased SIRT1-FXR-FGF15-FGFR4 signalling, 

which led to reduced activation of the MAPK pathway, which can phosphorylate 

ERK (62, 149). To investigate if the decreased expression of pERK is due to 

impaired MAPK signalling, western blotting analysis could be utilised to analyse 

the expression of proteins involved in the MAPK signalling cascade, such as RAF 

and MEK, during the regenerative process. This will help to further distinguish if 

the dysregulation of the SIRT1-FXR-FGF15-FGFR4-MAPK pathway is responsible 

for the decreased activation of pERK and subsequent impairment of hepatocyte 

proliferation in SIRT1intKO mice. 

In addition, we discovered an increased abundance of senescent hepatocytes in 

the livers of SIRT1intKO mice at 24h post-PHx. DNA damage serves as a trigger 

for cell to become senescent (87), and we found that SIRT1intKO mice had severe 

hepatic damage at 24h post-PHx. Therefore, we hypothesised that this hepatic 

damage triggered the hepatocytes to become senescent. To investigate this, 

qPCR analysis could be conducted to determine the expression of genes 

associated with DNA damage response, such as ATM kinase, histone γ-H2AX and 

P53 (107). We would expect to see increased expression of these DNA damage 

genes prior to the emergence of senescent cells at 24h post-PHx.  
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Chapter 6: Exploring how liver mass is restored when 
hepatocyte proliferation is impaired in SIRT1intKO mice.  

6.1 Introduction 

Under normal conditions, the liver regenerates via self-duplication of remnant 

hepatocytes, which enter the cell cycle and divide to produce two new daughter 

cells to restore the liver mass (57). However, if normal regenerative processes are 

impaired, the liver will seek an alternative means to regenerate (92, 95).  

One alternative means is hepatocyte hypertrophy, where cells enlarge and 

increase in size to restore the original mass of the liver when proliferation is 

impaired (92). Another alternative means is liver progenitor cell (LPC)-driven 

regeneration, where cholangiocytes (which line the bile ducts of the liver) 

dedifferentiate to become LPCs, also known as facultative liver stem cells (93). 

LPCs can differentiate into both cholangiocytes and hepatocytes to restore liver 

mass and function (93). However, LPCs are highly proliferative, long-living stem 

cells and so are more prone to accumulate genetic mutations, transform and 

become tumorigenic (98). 

In the previous chapter, we found that when intestinal SIRT1 was deleted, 

proliferation was impaired and there was an increased abundance of senescent 

hepatocytes. Despite this, SIRT1intKO mice were able to reach complete liver 

mass restoration by 10d post-PHx. This result was surprising, especially as 

previous studies have found that the deletion of downstream target of intestinal 

SIRT1, FGF15, results in the reduced ability of the liver to recover its original mass 

following PHx (101). This suggests that when intestinal SIRT1 is deleted, 

proliferation is impaired, but the liver utilises an alternative means to regenerate.  

6.2 Aims 

The aim of this chapter is to elucidate how SIRT1intKO mice can restore liver mass 

following PHx when normal means of proliferation are impaired.  
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6.3 Results 

6.3.1. Hepatocyte hypertrophy is not utilised to reconstitute liver mass in SIRT1intKO 

mice. 

To understand how SIRT1intKO mice were able to regenerate back to complete 

liver mass by 10d post-PHx, we first investigated if the hepatocytes were 

expanding in size to reconstitute the liver mass when the normal means were 

impaired, recognised as hypertrophy (90, 92).  

To study this, we performed H&E staining on liver sections obtained from 

SIRT1intKO mice and the area of individual hepatocytes was measured using 

Image J software on microscopic images, to determine if hepatocytes were 

increasing in size during the regenerative process compared to WT. We found no 

significant differences in hepatocyte size between livers from SIRT1intKO and WT 

mice at any time point analysed during the regenerative process (fig 6.1).  

In summary, these results implied that the livers from SIRT1intKO mice are not 

utilising hepatocyte hypertrophy to reconstitute liver mass when the normal means 

of proliferation are impaired.  

 

 

 

 

 

 
 

 

 

 

 

Figure 6.1 Hepatocyte hypertrophy is not utilised to reconstitute liver mass in 
SIRT1intKO mice. Measured area of hepatocytes in liver sections indicates no significant 

differences in hepatocyte size between SIRT1intKO mice and WT mice. Values are mean 

± SEM. n= ≥4 mice per treatment group.   
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6.3.2. Liver mass is restored by the activation of the stem cell compartment in 

SIRT1intKO mice.   

  

Previously, we concluded that hepatocyte hypertrophy is not utilised to restore liver 

mass by 10d post-PHx in SIRT1intKO mice. Another alternative means that could 

be employed is liver progenitor cell (LPC)-driven regeneration. When the liver is 

severely damaged and hepatocyte proliferation is impaired, cholangiocytes (biliary 

epithelial cells) which line the bile ducts of the liver can dedifferentiate to become 

LPCs, also referred to as facultative liver stem cells. These LPCs have the potential 

to differentiate into both cholangiocytes and hepatocytes, to restore liver mass and 

function (93). Cytokeratin-19 (CK-19) is expressed by both cholangiocytes in the 

ducts of the liver and by LPCs that have migrated out into the liver parenchyma 

(94). Therefore, when CK-19 positive cells are significantly increased around bile 

ducts and migrating into liver parenchyma, this serves as a useful marker of LPC 

activation.    

To investigate the presence of LPCs, we immunohistochemically stained liver 

sections with CK-19 antibody. We discovered that at 0h and 24h post-PHx, there 

was a significantly increased abundance of CK-19 positive cells around the bile 

ducts of SIRT1intKO mice compared to WT. Furthermore, we found that at 24h 

and 48h post-PHx, there were significantly more CK-19 positive cells in the liver 

parenchyma of SIRT1intKO mice compared to WT (fig 6.2 and suppl. fig 6). 

Overall, these results suggested that the stem cell compartment is activated in the 

bile ducts during basal conditions and at 24h post-PHx, before LPCs migrate to the 

damaged liver parenchyma to aid restoration of liver tissue at 24-48h post-PHx, 

when the usual means of proliferation are impaired in SIRT1intKO mice.  
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Fig 6.2 Liver mass is restored by the activation of the stem cell compartment in 
SIRT1intKO mice. Immunohistochemistry using an anti-CK-19 antibody in paraffin-

embedded liver sections showing (A) increased ductular reaction at 0h and 24h post-PHx 

and (B) increased presence of liver progenitor cells at 24h and 48h post-PHx in the 

parenchyma of livers from SIRT1intKO mice compared to WT mice. Representative images 

taken at x10 magnification. Representative images of other time points shown in 

supplementary figure 6. Values are mean ± SEM. n= ≥4 mice per treatment group. 
Significance was determined using unpaired t-test (WT vs SIRT1intKO) *P < 0.05, ***P < 

0.001. 
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6.3.3. The activation of liver progenitor cells does not lead to uncontrolled proliferation 

in SIRT1intKO mice.  

Liver progenitor cells are highly proliferative, long-living stem cells, and are 

therefore prone to accumulating genetic mutations, proliferating uncontrollably, 

and becoming tumorigenic (98). Previously, our results demonstrated an increased 

activation of the stem cell compartment in livers of SIRT1intKO mice. To investigate 

whether the activation of liver progenitor cells renders SIRT1intKO livers unable to 

terminate liver regeneration and therefore, at risk of tumorigenesis in the long-term, 

we performed a 6-month post-PHx experiment to observe the phenotype and 

proliferative ability of the liver after a longer period.   

Firstly, we measured levels of transaminases, ALT and AST, in the serum of 

SIRT1intKO mice at 6m post-PHx, which are useful markers of hepatic damage 

(110). We found no significant differences in the levels of ALT or AST in the serum 

of SIRT1intKO mice compared to WT at 6m post-PHx (fig 6.3).  

Next, we performed a H&E stain to observe the histology of the liver at 6m post-

PHx. We found that there were no significant differences in the liver histology 

between SIRT1intKO and WT mice during this time point (fig 6.3).   

To further support that LPC-derived hepatocytes from SIRT1intKO mice were not 

highly proliferative at 6m post-PHx, we performed immunohistochemical analysis 

for KI-67, a reliable biomarker of cell proliferation (105). We found no significant 

differences in the number of KI-67 positive hepatocytes between SIRT1intKO and 

WT livers (fig 6.3).  

Overall, these results implied that the activated liver progenitor cells discovered in 

the liver of SIRT1intKO mice were not exhibiting uncontrolled proliferation and 

potential tumorigenesis.  
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Figure 6.3 The activation of liver progenitor cells does not lead to uncontrolled 
proliferation in SIRT1intKO mice. (A) Quantification of liver injury blood markers (ALT 

and AST) indicates no significant differences between SIRT1intKO mice and WT mice at 6 

months post-PHx. (B) Haematoxylin and eosin staining of liver sections confirms no 

significant differences in parenchyma histology between WT and SIRT1intKO mice at 6 

months post-PHx. (C) Immunohistochemistry using an anti-KI-67 antibody in paraffin 

embedded liver sections showing no significant differences in hepatocyte proliferation 

between SIRT1intKO mice and WT mice at 6 months post-PHx. Representative images 

taken at x4 (B) and x20 (C) magnification. Values are mean ± SEM. n= ≥4 mice per 

treatment group.  
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6.4 Discussion 

In the previous chapter, we found the deletion of intestinal SIRT1 resulted in 

impaired proliferation and increased abundance of senescent hepatocytes during 

regeneration, but somehow the livers retained the capacity to regenerate back to 

their original mass by 10d post-PHx. In this chapter, we demonstrate that liver 

mass was restored by the activation of the stem cell compartment in the livers of 

SIRT1intKO mice. Further investigation into the tumorigenic potential of this 

activated stem cell compartment demonstrated that at 6m post-PHx, these cells 

were not displaying signs of uncontrolled proliferation and tumorigenesis.  

During normal liver regeneration, hepatocytes proliferate via self-duplication to 

restore liver mass (57). However, when proliferation is impaired, the liver must 

utilise an alternative route to regenerate to restore its original mass and function. 

One alternative route of regeneration is hepatocyte hypertrophy, where 

hepatocytes increase in size to restore liver mass (92). Although it remains 

controversial, previous literature suggests that hypertrophy plays an important role 

in the regenerative process and interestingly, a previous study found that when 

FGFR4 was ablated, mice had impaired proliferation during liver regeneration but 

managed to restore their liver mass through compensatory hypertrophy of 

hepatocytes (90, 91, 142). In the previous chapters we concluded that FGFR4 

expression is decreased as a result of intestinal SIRT1 deletion, therefore we 

expected hepatocyte hypertrophy to be responsible for the complete restoration of 

liver mass in SIRT1intKO mice. To investigate this, we measured the area of 

hepatocytes using Image J software across the regenerative process and 

compared to WT. We found no significant differences in the size of hepatocytes 

between SIRT1intKO mice and WT mice at any time point during the regenerative 

process. This opposed our hypothesis and suggested that hypertrophy is not the 

mechanism enabling the liver to regenerate when hepatocyte proliferation is 

impaired in SIRT1intKO mice. This leads us to speculate that hepatocyte 

hypertrophy is only activated when there is complete ablation of FGFR4, as the 

expression of FGFR4 was only decreased at specific time points rather than 

completely ablated in the regenerating liver of SIRT1intKO mice.  

The next alternative means of regeneration we investigated was LPC-driven 

regeneration. When hepatocyte proliferation is impaired, cholangiocytes 

dedifferentiate into LPCs, migrate into the parenchyma, and differentiate into 
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cholangiocytes and hepatocytes to restore liver mass and function (93). To 

decipher if LPCs are being activated in SIRT1intKO mice when normal proliferation 

is impaired, we performed an immunohistochemical stain for CK-19 in liver 

sections across the regenerative process. CK-19 is expressed by both 

cholangiocytes in the ducts of the liver and LPCs that have migrated away from 

the ducts into the liver parenchyma (94). Therefore, when CK-19 positive cells are 

significantly increased in the area around bile ducts, it signifies a stem cell 

compartment activation, and when there are CK-19 positive cells in the 

parenchyma away from bile ducts, this serves as a useful indication of LPCs 

migrating into the tissue to aid tissue restoration. We found that the number of CK-

19 positive cells was significantly increased at 24h post-PHx around the bile ducts 

of the livers in SIRT1intKO mice compared to WT. However, it is important to note 

here that this ductular reaction is mild compared to other models (95). To determine 

if this ductular reaction led to the migration of CK-19 positive cells into the damaged 

parenchyma of livers from SIRT1intKO mice, we quantified the number of CK-19 

positive cells in image fields without bile ducts and found that at 24h and 48h post-

PHx, SIRT1intKO mice had increased CK-19 positive cells in the parenchyma 

compared to WT, and in addition, these cells were seen migrating towards large 

areas of necrosis. This implied that LPCs were being recruited to replace damaged 

hepatocytes and restore liver mass and function in the SIRT1intKO liver. This is 

interesting, because a previous study by Lu et al., (2015) demonstrated that the 

induction of hepatocyte senescence induced the ductular reaction and activated 

LPCs (150). In support of this, a recent study by Pu et al., (2023) generated a 

mouse model where the Fah gene was deleted, stimulating hepatocyte 

senescence during liver regeneration, and found that this led to increased levels of 

LPCs (95). Therefore, we conclude that the increased abundance of senescent 

hepatocytes triggered the activation of the liver stem cell compartment in 

SIRT1intKO mice, enabling the livers to restore mass and function when the normal 

proliferative means were impaired.  

It is important to note that we also discovered that SIRT1intKO mice had increased 

abundance of CK-19 positive cells around the bile ducts of the liver during basal 

conditions. An increased ductular reaction during basal conditions can be 

associated with liver fibrosis (the development of fibrous connective tissue which 

can lead to scaring) and damage (151), suggesting that SIRT1intKO mice may 

have a fibrotic or damaged phenotype during basal conditions. However, our 

results in the previous chapters do not indicate damage during basal conditions. 
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For example, bile acid concentrations were not increased in the liver of SIRT1intKO 

mice during basal conditions and markers of hepatic damage, ALT and AST, were 

not increased in the serum at this time point. Therefore, further analysis will be 

required to rule out the possibility of fibrosis in the livers of SIRT1intKO mice during 

basal conditions, which will be discussed in section 6.5.  

LPCs are recognised as highly proliferating, long-living stem cells and therefore 

have previously been reported to have an increased risk of accumulating genetic 

mutations, transforming and becoming tumorigenic (98). As SIRT1intKO mice had 

increased activation of LPCs, we anticipated that they would display signs of 

tumorigenesis by 6 months post-PHx. Surprisingly, we found no signs of hepatic 

damage or increased proliferation of hepatocytes in the livers of SIRT1intKO mice 

at 6m post-PHx compared to WT. This suggested that the increased activation of 

LPCs to restore liver mass in SIRT1intKO mice did not appear to cause liver 

tumours. However, this was only analysed after 6m post-PHx, to support this 

further, the tumorigenic potential of LPC-driven regenerated livers could be 

analysed 1 year after PHx.  

In conclusion, we propose that the increased abundance of senescent hepatocytes 

resulting from the bile acid-induced damage in the livers of SIRT1intKO mice 

activated the recruitment of LPCs, which enabled complete restoration of liver 

mass by 10d post-PHx. We also conclude that at 6m post-PHx, hepatocytes do not 

appear to be at risk of tumorigenesis following LPC-driven regeneration.  
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6.5 Future work 

In this chapter, we demonstrated that SIRT1intKO mice have increased activity of 

LPCs during regeneration, and this led us to hypothesise that these cells aid the 

restoration of the liver back to its original mass and function. To support this, an 

immunohistochemical stain for K7, a marker of intermediate hepatocytes, would 

demonstrate that LPCs are differentiating into hepatocytes following their migration 

into the liver parenchyma (152). We found that LPCs were migrating into the 

parenchyma at 24 and 48h post-PHx, therefore it would be best to perform K7 

immunohistochemical analysis on liver tissue sections harvested at 24h, 48h and 

72h post-PHx.  

SIRT1intKO mice exhibit increased abundance of senescent hepatocytes at 24h 

post-PHx, and this coincided with the migration of LPCs from the bile ducts to the 

damaged parenchyma of the liver. As previous studies have demonstrated that 

LPCs can be activated by senescent cells (95, 150), it would be interesting to 

determine the correlation between senescent cells and LPCs in SIRT1intKO mice. 

To do this, a senolytic drug, e.g., Navitoclax (153), could be administered to 

SIRT1intKO mice during regeneration. Samples could then be harvested and 

immunohistochemically analysed for CK-19 to determine if LPC activation is 

reduced in the absence of senescence hepatocytes.  

We found that SIRT1intKO mice had increased CK-19 positive staining around the 

bile ducts during basal conditions, also recognised as the ductular reaction, which 

can be an indication of fibrosis and damage. To rule out the possibility of fibrosis, 

an immunohistochemical analysis for Sirius red could be performed on liver 

sections from SIRT1intKO across the regenerative process and compared to WT. 

Fibrosis is a reparative response following tissue injury, where fibrotic tissue is 

formed from the accumulation of components such as collagen and fibronectin 

(154). Ultimately, this can result in scarring, causing disruption in the tissue 

architecture and loss of function (154). Picrosirius red (also known as Sirius red) is 

a commonly used histochemical technique that stains collagen, and therefore 

serves as a useful marker of fibrosis (155). To rule out the possibility of fibrotic 

tissue accumulation in SIRT1intKO mice during basal conditions, Sirius red 

staining could be employed on liver sections from SIRT1intKO mice at 0h post-

PHx and compared to WT mice.
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Chapter 7: Discussion 

7.1 Thesis summary  

In this thesis, we demonstrate that liver regeneration impacts the composition of 

the ileal bile acid pool and that intestinal SIRT1 may regulate this composition via 

FXR. In addition, we show that intestinal SIRT1 is an upstream mediator of the 

FXR-FGF15-FGFR4 axis which signals from the ileum to the liver to maintain bile 

acid homeostasis and promote hepatocyte proliferation during the regenerative 

response. Finally, we establish that the deletion of intestinal SIRT1 results in bile 

acid-induced hepatic damage and subsequently increases the abundance of 

senescent hepatocytes that fail to proliferate. In turn, this activates the liver stem 

cell compartment, enabling the complete reconstitution of liver mass.  

 

7.2 Liver regeneration causes a shift in the ileal bile acid pool 

The influx of bile acids returning to the liver from the ileum has previously been 

shown to be a crucial promotor of liver regeneration following PHx (73). Despite 

this, the composition of the ileal bile acid pool had never been investigated during 

liver regeneration. Interestingly, previous work by Liu et al., (2016) had 

demonstrated that the composition of the gut microbiome is altered during the 

regenerative process (117). They speculated that this was due to the actions of 

bile acids, which have been shown to modulate the microbial composition of the 

intestine both directly via antimicrobial effects and indirectly via the effects of FXR 

(10, 117). This implied that the composition of the bile acid pool might shift during 

liver regeneration in order to cause these changes. This thesis demonstrates that 

liver regeneration does cause a shift in the ileal bile acid pool composition. During 

basal conditions, the concentrations of unconjugated bile acids were significantly 

increased, whereas by the termination phase of liver regeneration the 

concentrations of conjugated bile acids were increased. This unveiled new 

research questions, such as what causes the ileal bile acid pool composition to 

shift during liver regeneration, and the involvement of these bile acids in the 

regenerative process. 

When gene expression of intestinal SIRT1 was deleted, the composition of the ileal 

bile acid pool opposed that observed in WT, with increased levels of conjugated 
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bile acids during basal conditions, and decreased concentrations of conjugated 

bile acids by the termination phase of liver regeneration. Independent studies have 

shown that intestinal SIRT1 can activate FXR (54), FXR can have antimicrobial 

effects on the gut microbiota by stimulating antimicrobial peptides (123), and the 

gut microbiota can metabolise and modify bile acids (28). Our results indicate that 

this SIRT1-FXR-gut microbiota-bile acid axis exists to regulate the composition of 

the ileal bile acid pool during both basal conditions and during liver regeneration, 

because when intestinal SIRT1 was deleted, the composition of the ileal bile acid 

pool shifts during both basal and regenerative conditions. Future research would 

be required to elucidate which gut microbes are responsible for regulating the 

conjugation of bile acids in the ileum to fully understand this axis.  

 

7.3 Intestinal SIRT1 is an upstream mediator of the FXR-FGF15-FGFR4 
axis during liver regeneration  

The FXR-FGF15-FGFR4 axis had previously been defined by numerous studies 

as a crucial signalling cascade for both bile acid metabolism and liver regeneration, 

as its activation leads to the inhibition of bile acid synthesis to maintain bile acid 

homeostasis (39, 43, 44, 73, 100, 101, 142), whilst simultaneously triggering the 

phosphorylation of STAT3 and ERK, which are important promotors of hepatocyte 

proliferation (62). In agreement, previous studies have demonstrated that the 

deletion of the key factors in this axis leads to bile acid-induced damage and 

impaired proliferation during regeneration (100, 101, 142). Intestinal SIRT1 has 

previously been documented to activate FXR in the context of bile acid metabolism 

(54), however despite this, its role in this axis during liver regeneration had never 

been studied. In this thesis, we demonstrated for the first time that the deletion of 

intestinal SIRT1 led to decreased expression of FXR and FGF15 in the ileum, 

which subsequently led to decreased activation of FGFR4 in the liver. Further 

investigation into the impact of this on bile acid homeostasis in the liver revealed 

toxic accumulation of bile acids which associated with severe hepatic damage. In 

addition, we found that the dysfunction of this axis resulted in decreased pSTAT3 

and pERK signalling and subsequently, impaired proliferation during the 

regenerative response. Our novel findings illustrate that bile acid homeostasis and 

hepatocyte proliferation is promoted by intestinal SIRT1 via the FXR-FGF15-

FGFR4 axis during liver regeneration.  



Chapter 7 
 

147 | P a g e  
 

7.4 Bile acid-induced hepatic damage resulted in increased hepatocyte 
senescence in the regenerating liver 

Previously, we proposed that intestinal SIRT1 expression is essential to maintain 

bile acid homeostasis and promote hepatocyte proliferation during liver 

regeneration via the FXR-FGF15-FGFR4 axis, as its deletion resulted in the toxic 

accumulation of bile acids and impaired proliferation. In this thesis, we also 

discovered an increased abundance of senescent hepatocytes in the livers of 

SIRT1intKO mice, which we hypothesised were contributing to the impaired 

hepatocyte proliferation. We concluded that the increased hepatocyte senescence 

was caused by the toxic accumulation of bile acids, based on previous studies that 

demonstrated that the accumulation of bile acids can lead to DNA damage (156), 

which can induce hepatocytes to become senescent (85). Hepatocyte senescence 

during liver regeneration can impair the regenerative process and prevent 

complete restoration of the liver mass, therefore we have provided further evidence 

that intestinal SIRT1 expression is essential to promote hepatocyte proliferation 

during the regenerative process.  

 

7.5 Senescence activates liver progenitor cells to restore liver mass 
when hepatocyte proliferation is impaired  

A previous study by Lu et al., (2015) demonstrated that inducing senescence in 

over 98% of hepatocytes (as confirmed by P21 staining) activated liver progenitor 

cells during regeneration (150). In support of this, a more recent study by Pu et al., 

(2023) induced hepatocyte senescence in virtually all hepatocytes (as confirmed 

by P21 staining) and identified the presence of transitional liver progenitor cells, 

which reside in a state between biliary epithelial cell and hepatocyte gene 

expression (95). Our results demonstrate that when hepatocyte proliferation is 

impaired in SIRT1intKO mice, liver progenitor cells were activated in the presence 

of 10-20% of hepatocytes that express P21. This result supports previous studies 

that hepatocyte senescence triggers the activation of liver progenitor cells to 

reconstitute liver mass and provides new insight into the level of hepatocyte 

senescence that is required to activate this response. As the activation of liver 

progenitor cells resulted as an indirect effect of deleting intestinal SIRT1, one could 

say that this points towards the suppression of intestinal SIRT1 as a therapeutic 

approach to reconstitute liver mass and function when hepatocyte proliferation is 
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impaired in patients with chronic liver conditions. However, it is important to note 

that the activation of liver progenitor cells in SIRT1intKO mice was associated with 

hepatocyte senescence potentially caused by severe hepatic damage and 

therefore, this negative impact of intestinal SIRT1 deletion on the liver would need 

to be bypassed before this poses as a therapeutic approach.   

 

7.6 Thesis conclusion and impact  

In this thesis, we demonstrate that intestinal SIRT1 maintains bile acid 

homeostasis and promotes hepatocyte proliferation during liver regeneration. 

Additionally, we demonstrate that the loss of intestinal SIRT1 causes hepatocytes 

to become senescent, which triggers the activation of the liver stem cell 

compartment. This activation of the stem cell compartment enables the liver to 

reconstitute its liver mass when hepatocyte proliferation is impaired. The overall 

conclusion of this research is that intestinal SIRT1 is a crucial regulator of liver 

regeneration and highlights the importance of the gut-liver axis during this process. 

In extension, these results demonstrate that inhibiting the actions of intestinal 

SIRT1 indirectly enables reconstitution of the liver mass via liver stem cells when 

hepatocyte proliferation is impaired but is associated with severe hepatic damage. 

Our research offers an important contribution to the field of liver regeneration as 

we are the first to demonstrate that intestinal SIRT1 plays a vital role in this 

process, which contributes fundamental knowledge to facilitate the development of 

future therapeutics to aid liver repair and regeneration in those with chronic liver 

diseases.
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Supplementary figures: 
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Suppl. Fig 1 Haematoxylin and eosin-stained ileal sections from WT and SIRT1intKO 
mice. Measurement of villi and crypt length from haematoxylin and eosin-stained ileal 

sections showing no significant differences in villi or crypt length between SIRTi1intKO mice 

and WT mice. Representative images are taken at x20 magnification.  
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Suppl. Fig 2 KI-67-stained ileal sections from WT and SIRT1intKO mice. 
Immunohistochemistry using an anti-KI-67 antibody in paraffin embedded ileal sections 

showing no significant differences in epithelial cell proliferation in the villi and crypts of WT 

and SIRT1intKO mice. Representative images are taken at x20 magnification.   
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Suppl. Fig 3 Total concentration of bile acids in the liver across the regenerative 
process. LC-MS analysis shows that the total bile acid concentration is significantly 

increased at 24h post-PHx. Values are mean ± SEM. n= ≥4 mice per treatment group. 

Significance was determined using one-way ANOVA (WT vs SIRT1intKO) *P < 0.05. 
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Suppl. Fig 4 pHistone-H3-stained liver sections from WT and SIRT1intKO mice. 
Immunohistochemistry using an anti-pHistone-H3 antibody (pink) to stain mitotic 

hepatocytes and DAPI (blue) to stain nuclei. Representative images taken at x10 

magnification. 
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Suppl. Fig 5 P21-stained liver sections from WT and SIRT1intKO mice. 
Immunohistochemistry using an anti-P21 antibody (brown) to stain senescent hepatocytes. 

Representative images taken at x10 magnification. 

 

WT           SIRT1intKO                                          
SIRT1intKO 

0h 

 

 

 

 

24h 

 

 

 

 

48h 

 

 

 

72h 



Appendix 
 

167 | P a g e  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

WT          SIRT1intKO                                          
SIRT1intKO 

0h 

 

 

 

 

24h 

 

 

 

48h 

 

 

 

72h 

A. 



Appendix 
 

168 | P a g e  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Suppl. Fig 6 CK-19-stained liver sections from WT and SIRT1intKO mice. 
Immunohistochemistry using an anti-CK-19 antibody (brown) to stain ductular reaction (A) 

and liver progenitor cells in the parenchyma (B). Representative images taken at x10 

magnification. 
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