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ABSTRACT 

There are many causes of cholestasis, which results when the flow of bile acids 

is slowed or stopped. Bile acids are hydrophobic molecules synthesized from 

cholesterol in the liver, and when present in excess, are cytotoxic to cell 

membranes. Treatment options for cholestasis are limited, and if left untreated or 

inadequately treated, many patients will require a liver transplant; thus, 

underscoring the importance of successfully managing this disease. Activation of 

nuclear receptors in animal models has been shown to be hepatoprotective 

during bile acid-induced cholestasis; however, the mechanisms underlying the 

hepatoprotective effects are poorly understood. Therefore, the over-arching goal 

of this project is to glean an improved comprehension of the mechanisms of 

hepatoprotection during bile acid-induced cholestasis. All of the studies involve 

administration of CAR activators phenobarbital (PB), oltipraz (OPZ), 1,4-bis[2-

(3,5-dichloropyridyloxy)]benzene [TCPOBOP (TC)] or corn oil (CO) to C57BL/6 

wild type (WT), or WT and CAR knockout (CAR-/-) mice prior to induction of 

intrahepatic cholestasis using the secondary bile acid lithocholic acid (LCA). 

Efflux transport proteins such as Mrps 3 and 4 are known to be up-regulated 

during cholestasis, and this was the first topic of exploration. Unexpectedly, the 

expression of efflux transporters was not consistently up-regulated in protected 

mice. However, a decrease in total liver bile acid concentrations was observed. 

These changes in hepatic bile acids indicated that bile acid biosynthesis may be 

relevant to hepatoprotection. Indeed decreases in total and individual bile acids 
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correlated with hepatoprotection, and Cyp8b1 expression was also increased 

which could be suggestive of a shift in the bile acid biosynthesis pathway towards 

the formation of less toxic bile acid species. CAR may also have a role in cell 

death via apoptosis by altering Bcl-2 protein expression. Although apoptosis was 

decreased in hepatoprotected mice, an increase in the expression of Mcl-1 and 

Bcl-xL was not observed, suggesting hepatoprotection is not a direct result of 

CAR-induced Mcl-1 expression. These findings add significantly to the body of 

knowledge surrounding cholestatic liver disease and suggest that studies aimed 

toward manipulation of nuclear receptors are worthy of further exploration.  
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INTRODUCTION 

THE LIVER  

 The liver is the largest internal organ and has high blood flow 

(approximately 27% of the cardiac output) and low vascular resistance. It is 

comprised of four lobes that are surrounded by fibrous connective tissue, called 

Glisson’s capsule. The liver receives dual blood supply from the portal vein and 

the hepatic artery which bring nutrients and oxygen, respectively. These blood 

vessels enter at the hilum, from which the common bile duct and lymphatic 

vessels exit. Hepatocytes, which constitute the liver parenchyma, are large 

epithelial cells with a life span of approximately five months that are capable of 

considerable regeneration.  

The phrase ‘causes liver injury’ is a vague description of how xenobiotics 

cause toxicity, but it does not describe the various ways in which hepatic cells 

respond to such insults. There are several cell types located in the liver and they 

respond in many different ways to acute or chronic exposure of chemicals. Thus, 

a basic appreciation of liver anatomy and physiology is necessary to understand 

disease processes that affect the liver. Key aspects of the liver that will be 

discussed include 1) structural organization, 2) function, and 3) bile acids. 
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Hepatic Structural Organization 

 The structure of the liver has been characterized by two different 

concepts, namely the liver lobule and the functional acinus (Figure 1-1). In the 

classical lobule organization, the liver is divided into hexagonal lobules oriented 

around central veins.  Each angle of the hexagon is termed a ‘portal triad’ and 

consists of a portal vein, hepatic arteriole and bile duct. The liver lobule as a 

whole is divided into three regions, referred to as centrilobular, midzonal and 

periportal. The acinus was developed as a functional concept of liver 

organization, and contrary to the lobule concept, has at its center the blood 

supply (portal and arterial) to liver parenchyma. Each of the three zones in the 

acinus represents metabolic regions that are increasingly distant from the blood 

supply.  Cells in zone 1 are closest to incoming blood and are exposed to oxygen 

concentrations between 9-13% and additionally have the highest amount of 

glutathione. Conversely, cells in zone 3 are relatively hypoxic (4-5% oxygen) but 

have the highest amount of cytochrome P450 proteins. Another physiologic 

gradient in the acinus is that of bile acids, where cells in zone 1 extract the 

majority of bile acids, leaving very little in the blood to flow past zone 3. As blood 

flows into the portal areas via branches of the portal vein and hepatic artery, the 

oxygenated and deoxygenated blood mixes as it distributes into the sinusoids 

and towards the central vein. Central veins converge and merge forming the 

hepatic veins that empty into the inferior vena cava.   
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 Figure 1-1. Schematic of liver operational units, the classic lobule and 
the zonal acinus. Figure adapted from Martini, 2006. CV, central vein; 
HA, hepatic artery; PV, portal vein; BD, bile duct. 
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Groups of hepatocytes are separated by an anastomosing system of 

sinusoids. The liver sinusoids are composed of fenestrated epithelial cells 

arranged in a discontinuous layer, which is separated from the underlying 

hepatocytes by a subendothelial space known as the space of Disse. Molecules 

smaller than 250 kDa can pass through the fenestrated pores crossing the space 

of Disse between the endothelium and hepatocytes, which facilitates the 

movement of fluids and molecules between the sinusoid and hepatocytes. Within 

the space of Disse are non-parenchymal cells such as phagocytic Kupffer cells 

and fat-storing Ito cells. Kupffer cells are the resident macrophages of the liver 

and are derived from monocytes. Kupffer cells constitute the majority of the 

body’s phagocytic macrophages and were first discovered by Karl Wilhelm von 

Kupffer in 1876 (Haubrich, 2004). The primary function of Kupffer cells is to 

ingest and degrade particulate matter such as spent red blood cells that are no 

longer functional. Macrophages can also develop specialized functions 

depending upon the needs of the tissue. As such, Kupffer cells can release 

cytokines such as Interleukin 1 and can act as antigen presenting cells (Laskin, 

et al., 1988). Ito cells, also known as hepatic stellate cells are fat-storing cells in 

the liver. These cells accumulate exogenously acquired vitamin A and also store 

vitamins D, E, K and B12. Additionally, Ito cells synthesize collagen and 

extracellular matrix proteins. Ito cells can become activated during liver 

regeneration by two growth factors, platelet-derived growth factor (PDGF) and 
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transforming growth factor-β (TGFβ). When Ito cells are depleted of lipids, they 

are thought to resemble fibroblasts and contribute to liver fibrosis. 

Hepatic Function 

The liver, a unique organ with a diverse array of functions, has remarkable 

regenerative capabilities. Hepatocytes can act as unipotent stem cells with the 

ability to divide and differentiate into either hepatocytes or cholangiocytes to 

regenerate a liver with as little as 25% remaining mass. Although the rapid 

regeneration of the liver is still poorly understood, there appears to be 

involvement of hepatocyte growth factor (HGF) in causing liver cell division and 

growth. Among its many functions the most well known function of the liver is its 

ability to metabolize and detoxify endobiotic and xenobiotic compounds. In many 

cases, the hepatic biotransformation of a drug terminates any pharmacologic 

activity and decreases the toxicity of xenobiotics. Within specific areas of the liver 

are biotransforming enzymes, commonly divided into two groups, called phase I 

and phase II.  The majority of phase I enzymes are encompassed in the 

cytochrome P-450 (CYP) family of monooxygenases but also include esterases, 

peptidases, epoxide hydrolase, alcohol dehydrogenase, aldehyde 

dehydrogenase, and monoamine oxidase, among others. Biotransformation via 

phase I enzymes adds or exposes a functional group on the substrate through 

reactions involving hydrolysis, reduction, and/or oxidation. This results in a small 

reduction in the hydrophobicity of compounds. Improving water solubility is 
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further accomplished by phase II enzymes which catalyze biotransformation via 

glucuronidation, sulfation, acetylation, methylation, and/or conjugation with 

glutathione and amino acids (such as taurine and glycine). Phase II reactions 

increase the hydrophilicity of xenobiotics thereby promoting excretion. These 

reactions generally occur in the presence of cofactors, such as NADPH in 

reactions catalyzed by cytochrome P450 and 3’-phosphoadenosine-5’-

phosphosulfate (PAPS) in sulfation reactions with sulfotransferases. Phase I 

reactions often precede phase II reactions, but this is not always the case. The 

centrilobular area, or zone 3 in the acinus model, is the location in the liver with 

the highest amount of cytochrome P-450 proteins, whereas the periportal (zone 

1) area contains the greatest amount of glutathione.  

In addition to xenobiotic metabolism, the liver is also plays a critical role in 

carbohydrate metabolism. The liver maintains glucose homeostasis through the 

regulation of glycogen, which allows the liver to remove excess amounts of 

glucose from the blood, store it and then return it to the blood when glucose 

concentrations fall. Conversely, when blood glucose levels are high, as occurs 

following a meal rich in carbohydrates, insulin is activated to synthesize glycogen 

from glucose, resulting in efficient removal of excess glucose from the blood. 

As discussed in further detail below, the liver plays a significant role in the 

synthesis of cholesterol and bile acids. While bile acids are vital in the 

emulsification of fatty acids, the liver is also responsible for fat metabolism. The 

three main forms of fat found in foods are glycerides (mainly triglyceride), 
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phospholipids, and sterols (mainly cholesterol). The β-oxidation of fatty acids is a 

process used to metabolize lipids for energy production. Whereas a large amount 

of cholesterol is used in bile acid biosynthesis, a portion of synthesized 

cholesterol is transported via lipoproteins and carried to the blood. From there, it 

is distributed to tissues where it can be used to form cell membranes, 

intracellular structures and chemical substances such as the hormones 

testosterone and estradiol. Another central function of the liver is protein 

metabolism. The liver is responsible for the production of approximately 90% of 

the plasma proteins, including albumin. The digestion process breaks proteins 

down into amino acids and when amino acids are in excess, they are 

metabolized in the liver to glycogen or fat which are subsequently used for 

energy metabolism. The final products of protein catabolism include ATP, water, 

carbon dioxide, ammonia, and urea. Ammonia is a basic compound that can 

raise intracellular pH leading to toxicity if not properly regulated. Urea is 

essentially a waste product but can be important for the removal of excess 

nitrogen from the body due to ammonia production during protein break down. 

Other metabolic functions of the liver include the storage of vitamins such as 

vitamins A, D and B12 as well as iron in the form of ferritin. Hepatic cells contain 

large amounts of the protein apoferritin. Apoferritin combines reversibly with iron, 

and as such can bind excess iron for storage in the liver or it can release iron 

when circulating levels are low.  Another vitamin that plays a role in the liver is 

vitamin K. The liver is involved in the formation of substances which regulate 
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blood coagulation, such as fibrinogen, prothrombin, accelerator globulin, and 

Factor VII. Vitamin K is required for the formation of some of these substances 

such as prothrombin and Factors VII, IX, and X. 

An important player involved in liver disease is bilirubin. The liver is 

responsible for the metabolism and excretion of bilirubin. Bilirubin is an oxidative 

end product of hemoglobin catabolism. It is very hydrophobic and among other 

things, can accumulate in the CNS resulting in neurotoxicity. Having a 

characteristic yellowish-orange color, excess bilirubin is easily observed in the 

skin of patients with chronic liver disease. In the blood, bilirubin is non-covalently 

bound to albumin, and in the presence of albumin crosses sinusoidal membranes 

via organic anion transporting polypeptide 2 (OATP2) with high affinity (Cui et al., 

2001). Unconjugated bilirubin can also enter hepatocytes by passive diffusion 

through the hydrophobic lipid core (Zucker et al., 1999). Bilirubin is 

glucuronidated by UDP-glucuronosyltransferase (UGT1A1) and transported 

across the canalicular membrane by Mrp2, where it is excreted in the bile. The 

genetic absence of UGT1A1 results in a disease called Crigler-Najjar syndrome, 

which is characterized by hyperbilirubinemia that is fatal unless treated with liver 

transplantation (Jansen, 1999).  

Bile and Bile Acids   

Bile is a complex yellow-orange fluid produced in the liver and some of its 

components include water, electrolytes, organic anions, proteins, cholesterol, 
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phospholipids and bilirubin. The essential functions of bile include digestion and 

absorption of dietary lipids and fat-soluble vitamins in the small intestine, as well 

as the elimination of waste via secretion into bile and elimination in feces. Other 

functions include lipid transport, stimulation of bile flow, phospholipid secretion, 

and negative feedback regulation of bile acid and cholesterol biosynthesis 

(Hofmann, 1999). Hepatocytes secrete bile into canaliculi, small channels in 

between hepatocytes which contain bile ducts. The smaller bile ducts merge into 

the common bile duct which leads to the gallbladder where bile acids are stored 

and concentrated during the fasting state.  

The term bile acid refers to a compound containing a steroid structure bearing 

a carboxylated side-chain group. There are numerous acidic compounds in bile 

but not all of them are referred to as ‘bile acids’. For example, though bilirubin 

glucuronides are acids and occur in bile, they are not called bile acids because 

they lack the steroid (cholesterol) structure. In humans, the most important bile 

acids are cholic acid, deoxycholic acid, and chenodeoxycholic acid. Bile acids 

are weak acids which can be isolated as such in unionized form, however they 

generally occur as the sodium salts. Because of their hydrophobic and cytotoxic 

properties, bile acids in humans are amidated with glycine or taurine to form bile 

salts before their excretion into bile. Bile acids can function directly as signaling 

molecules in the liver and the intestines by activating a nuclear hormone receptor 

known as the farnesoid X receptor (FXR). This negative feedback results in 

inhibition of bile acid synthesis in the liver when bile acid levels are too high. 
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Emerging evidence associates FXR activation with alterations in triglyceride 

metabolism, glucose metabolism and liver growth. The nuclear receptor 

regulation of bile acids is discussed in further detail below. 

Hepatocellular bile formation occurs via the active transport of solutes into 

bile canaliculi. Bile acids are the main solutes in bile and, by inducing the passive 

movement of water through tight junctions, represent the main osmotic driving 

force in the generation of bile flow (Zollner and Trauner, 2006). The secretion of 

bile is pivotal for normal liver function and several membrane transport proteins 

are involved in the uptake and export of bile acids. The two sinusoidal 

(basolateral) systems primarily responsible for hepatic bile acid uptake are the 

sodium-taurocholate cotransporter (NTCP) and the sodium-independent organic 

anion transporter (OATP). Conjugated bile acids are transported across the 

sinusoidal membrane with sodium, whereas unconjugated bile acids and a 

variety of organic anions, such as bilirubin, are taken up via OATP2 

(Paumgartner, 2006). The transport of bile acids and other solutes across the 

canalicular membrane by ATP binding cassette (ABC) transporters represents 

the rate-limiting step in bile formation. Bile acids are transported across the 

canalicular membrane by the bile salt export pump (BSEP), whereas conjugated 

bilirubin and other conjugated organic anions are transported by the multidrug 

resistance-associated protein 2 (MRP2). Under normal conditions, approximately 

95% of bile acids are recovered from the small intestine and returned to the liver 

via enterohepatic circulation (Fig. 1-2). The 5% that are lost are then replaced by 
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synthesis of new bile acids in the liver, which utilizes most of the body’s 

cholesterol supply (Hofmann, 1999).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-2. Enterohepatic circulation of bile acids.  Figure from Alrefai and Gill, 2008. 



 

24

 

Bile Acid Biosynthesis  

Bile acid biosynthesis is a major pathway for the elimination of cholesterol, 

with approximately 500 mg being converted into bile acids each day in the adult 

human (Russell, 2003). Bile acid formation from cholesterol is a complicated 

process that involves at least 17 different enzymes. Those bile acids produced 

directly from cholesterol are termed primary bile acids; in most species, including 

humans, these are cholic acid (CA) and chenodeoxycholic acid (CDCA). 

However, interspecies variability is known to occur. In mice, for example, the two 

primary bile acids are cholic acid and muricholic acid. Primary bile acids can 

undergo further metabolism into secondary and tertiary bile acids with 

conjugation via amidation by amino acids taurine or glycine, glucuronidation, 

sulfation or dehydroxylation by intestinal bacteria to form deoxycholic acid (DCA) 

and lithocholic acid (LCA) (Bomzon, et al., 1997). The term bile acid then, refers 

to compounds containing a steroid structure bearing a carboxylated side-chain 

group.   

Due to the complex nature of bile acid biosynthesis, a brief overview of the 

enzymes involved in the synthesis of the primary bile acids as well as some of 

the more common secondary and tertiary bile acids is essential (Fig. 1-3). In 

humans, the “classical” or neutral pathway of synthesis predominates for primary 

bile acids. Beginning from the activation of 7α-hydroxylase (Cyp7A1), which 
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Figure 1-3. Proposed bile acid biosynthesis pathway derived from cholesterol. The 
neutral (classic) and acidic (alternative) routes are shown with the main enzymes 
involved. The 7α-hydroxylation of cholesterol by CYP7A1 is the rate limiting enzyme in 
the neutral pathway. The neutral pathway is considered the most important pathway for 
bile acid formation in humans. The acidic pathway is important for the removal of 
cholesterol from extrahepatic tissues and appears to be able to compensate for the 
neutral pathway when it is repressed to maintain bile acid formation. Dashed lines 
indicate multiple intermediate steps (Note: not all bile acids, enzymes or intermediates 
shown). Chemical structure sources: http://sigmaaldrich.com, http://steraloids.com   
 

http://sigmaaldrich.com/
http://steraloids.com/
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converts cholesterol into 7-hydroxycholesterol in the presence of NADPH and O2, 

the synthesis can proceed according to either of two pathways to produce the 

two primary bile acids. The production of CA is dependent upon the action of 

sterol 12α-hydroxylase (Cyp8B1), and the available amount of this enzyme 

determines the overall production ratio of CA versus CDCA. Of the two primary 

bile acids, it is CA that regulates the feedback pathway for synthesis in mice. 

Common secondary bile acids formed from CA include glycocholic acid (GCA), 

whereby glycine is added as a side chain via an amidation reaction involving the 

bile acid-CoA amino acid N-acetyltransferase (BAT) enzyme, and deoxycholic 

acid (DCA), where a hydroxyl group is removed via the action of 7α-

dehydroxylase. DCA can also undergo taurine conjugation via BAT to form 

taurodeoxycholic acid (TDCA). From the alternate primary bile acid, CDCA, there 

is glycine or taurine conjugation via BAT to form glycochenodeoxycholic acid 

(GCDCA) and taurochenodeoxycholic acid (TCDCA), respectively, as well as 7β-

epimerization to from ursodeoxycholic acid (UDCA), followed by 7β-

dehydroxylation by intestinal bacteria to form lithocholic acid (LCA).  

In contrast, the acidic or “alternative” pathway yields predominantly CDCA 

from the metabolism of oxysterols. Under normal conditions, this pathway is 

responsible for only a minor (5-10%) proportion of bile acid production (Pullinger, 

et al., 2002). 27-Hydroxycholesterol is the most abundant oxysterol in humans 

and is synthesized from 7-hydroxycholesterol via the sterol 27-hydroxylase 
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(Cyp27A1) enzyme in mitochondria (Russell, 2003). Additionally, Cyp27A1 can 

also hydroxylate cholesterol at the 24- and 25-carbon positions. 

Individual Bile Acids 

There are a multitude of secondary and tertiary bile acids, each varying in 

structure by the position and number of hydroxyl groups attached to the steroid 

backbone, with common attachment sites at positions 3, 7, and 12. Individual bile 

acids differ greatly, not only in the position and number of hydroxyl groups, but 

also in their rate of synthesis, conjugation, half life, excretion, toxicity and their 

ability to regulate bile acid synthesis. Generally, the fewer hydroxyl groups 

present, the more toxic the bile acid (Scholmerich, et al., 1984). Thus, 

monohyxroxylated bile acids are considered the most toxic. LCA is the principal 

monohdroxylated bile acid, comprising an estimated 5% of the total bile acid pool 

(Yousef, et al., 1972). Administration of LCA causes rapid, dose-dependent 

cholestasis in many species and has been utilized as a model of intrahepatic 

cholestasis (Fickert, et al., 2006; Zhang, et al., 2004; Yousef, et al., 1997). LCA is 

metabolized via the action of Cyp3A which efficiently catalyzes the 6α-

hydroxylation of LCA to the more hydrophilic 6-hydroxylithocholic acid (Araya and 

Wikvall, 1999). Once hydroxylated, LCA is then available for glucuronidation and 

subsequent excretion. 

Some less common cholestatic monohydroxylated bile acids include 3-β-

hydroxy-5-cholenoic acid, 3-β-hydroxy-5-β-cholanic acid, tauro-3-β-hydroxy-5-
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chelenoate-3-sulfate and mono-allo bile acid (Yousef, et al., 1998).  Both CDCA 

and DCA are dihydroxylated bile acids, and are known to cause cholestasis 

following dietary administration (Tuchweber et al., 1986; Delzenne, et al., 1992). 

Additionally, DCA is the only bile acid known to also cause lipid peroxidation 

(Delzenne, et al., 1992). CA, a trihydroxylated bile acid is considered hydrophilic, 

and at low concentrations it has been shown to offer some protection to 

biological membranes against the toxicity of hydrophobic bile acids such as LCA 

(Bomzon, et al., 1997). Only at high concentrations can CA cause the same toxic 

effects to biological membranes as LCA. 

Nuclear Receptor Regulation 

 Bile acids are under tight regulation, and many of the transcription factors 

that regulate bile acid synthesis are nuclear receptors (Fig. 1-4). Although there 

are a wide variety of nuclear receptors, all nuclear receptors share a number of 

common structural features such as a ligand binding domain (LBD), a DNA 

binding domain (DBD), a variable length hinge region between the LBD and 

DBD, and variable N-terminal and C-terminal domains (Kumar and Thompson, 

1999). Nuclear receptors bind to a specific response element on DNA, generally 

as either a homo- or hetero-dimer.  
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Figure 1-4. Regulation of bile acid biosynthesis by nuclear hormone receptors. 
VDR, vitamin D receptor; PXR, pregnane X receptor; FXR, farnesoid X receptor; 
SHP, small heterodimeric partner; LRH-1, liver receptor homologue-1; LXR, liver 
X receptor; HNF, Hepatocyte nuclear factor; PPAR, peroxisome proliferators 
activated receptor; DME’s, drug metabolizing enzymes. 



 

30

 

When bile acid concentrations are in excess, their synthesis is reduced via 

negative feedback mechanisms that decrease the expression of two important 

enzymes in the biosynthetic pathway, cholesterol 7α-hydroxylase and sterol 12α-

hydroxylase (Russell, 2003). The cytochrome P450 7A1 gene encodes 

cholesterol 7α-hydroxylase, which is the rate-limiting enzyme in the bile acid  

synthesis pathway. A decrease in bile acid synthesis is triggered by bile acid 

binding to the farnesoid X receptor (FXR), a nuclear receptor known as the bile 

acid sensor. FXR then activates transcription of a negative response element, 

the small heterodimeric partner (SHP), which heterodimerizes to and inactivates 

liver receptor homologue-1 (LRH-1). LRH-1 is responsible for activation of the 

genes encoding cholesterol 7α-hydroxylase and sterol 12α-hydroxylase 

(Cyp8b1).  Without LRH-1, these two enzymes are not available, thus the 

synthesis of bile acids does not occur. Conversely, when cholesterol levels are 

high, Cyp7A1 is not blocked and bile acid synthesis proceeds; this effect is 

mediated by the liver X receptor alpha (LXRα). LXRα is activated upon binding of 

oxysterols and initiates transcription of Cyp7A1. When challenged with a 

cholesterol-rich diet, LXRα null (LXRα-/-) mice fail to induce transcription of the 

Cyp7A1 gene, resulting in rapid accumulation of the sterol in the liver, altered 

hepatic function, and eventually death (Peet, et al., 1998). Another nuclear 

receptor involved in the regulation of bile acid synthesis is the retinoid X receptor 

alpha (RXRα).  RXRα serves as a heterdimeric binding partner for FXR and 

LXRα. 
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 With one of its primary functions being regulation of bile acids, FXR is 

abundant in the liver, with considerable expression also in the kidney and 

intestine. Activation of FXR requires heterodimerization with RXRα, which when 

bound to bile acids, can suppress bile acid synthesis by inhibiting Cyp7A1 

transcription (Makishima, et al., 1999). Chenodeoxycholic acid is the most potent 

bile acid activator of FXR, with other bile acids such as deoxycholic acid, cholic 

acid, ursodeoxycholic acid (UDCA) and β-muricholic acid being less potent 

activators (Makishima, et al., 1999; Parks, et al., 1999; Wang, et al., 1999). In 

addition to regulating bile acid synthesis, FXR also has influence over bile acid 

transport.  Increased levels of bile acids activate FXR to up-regulate expression 

of the bile salt export pump (BSEP) (Ananthanarayanan, et al., 2001), a 

canalicular export transporter, to increase bile acid efflux. In contrast, FXR down-

regulates the sodium taurocholate cotransporting polypeptide (NTCP) (Sinal, et 

al., 2000), a bile acid uptake transporter in the liver. FXR is also known to up-

regulate the multidrug resistance associated protein-2 (Mrp2), organic anion 

transporting polypeptide 8 (Oatp8), and the ileal bile acid binding protein (Kast, et 

al., 2002; Jung, et al., 2002; Grober, et al., 1999).  With bile acids acting as 

natural ligands, FXR represents a molecular target capable of inducing 

expression of bile acid efflux transporters, repressing bile acid uptake 

transporters, and decreasing expression of the enzymes needed for bile acid 

synthesis. 
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 SHP is an orphan nuclear receptor that lacks the DNA binding domain but 

contains in its promoter region an FXR binding site comprised of an inverted 

repeat that is separated by a single nucleotide (Lu, et al., 2000). In addition to 

LRH-1, SHP is known to interact with other nuclear receptors such as hepatocyte 

nuclear factor-4α (HNF-4α), CAR, LXR, estrogen receptor, thyroid hormone 

receptor, glucocorticoid receptor, androgen receptor, peroxisome proliferator 

activated receptors (PPARs), PXR, and NFκB (Eloranta, et al., 2005; Boulias, et 

al., 2005). This wide range of affiliated receptors indicates that SHP is involved in 

the regulation of a variety of biochemical pathways. Under normal conditions, 

SHP is expressed at low levels in the liver; however its expression is induced by 

increased bile acids. When this occurs, SHP inactivates LRH-1 to decrease bile 

acid synthesis. In this regulatory loop, a low concentration of cholic acid will 

ultimately trigger the activation of Cyp7A1 expression, with resultant return to 

homeostasis. There are many levels of bile acid regulation, including alternate 

pathways that exist in the absence of SHP. Kerr and colleagues (2002) have 

shown that SHP null mice have an increase in bile acid synthesis versus wild 

type mice from loss of repression of Cyp7A1. Using a transient transfection 

assay, Ourlin and colleagues (2003) have found that SHP also interacts with 

PXR to repress activation of Cyp3A. This illustrates that there are multiple 

regulation pathways for bile acid homeostasis. A full understanding of this 

regulatory pathway remains to be elucidated. 
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 PXR has been shown to bind to a section of the Cyp3A promoter 

(AG(G/T)TCA motif) (Zhang, et al., 1999). The Cyp3A enzymes metabolize over 

50% of the prescription drugs on the market as well as other xenobiotics and 

endogenous substances (Eloranta, et al., 2005). Since Cyp3A is extensively 

involved in drug metabolism, it is notable that this wide range of different 

xenobiotics as well as endogenous bile acids (LCA and UDCA) can activate 

PXR. PXR is a promiscuous receptor with the ability to bind to a diverse group of 

drugs including rifampicin, synthetic steroids, anti-glucocorticoids, and hyperforin 

found in the extract of St. John’s wort.  Similar to FXR, when PXR is activated by 

increased bile acids, it is known to inactivate the Cyp7A1 gene to repress bile 

acid synthesis. In its role in bile acid homeostasis, PXR can regulate the 

expression of liver transporters such as Oatp2 and Mrp2. When activated by bile 

acids, PXR can up-regulate Oatp2 to increase the uptake of bile acids from portal 

blood. Interestingly, rat PXR has a 95% sequence homology with mouse PXR 

but only 79% identity with human PXR due to differences in the LBD. However, 

mouse and human PXR share 96% homology (Zhang, et al., 1999). PXR is 

primarily expressed in the liver and intestine, but also found in the kidney, lung 

and stomach. PXR and Cyp3A share similar tissue distribution patterns, and 

along with induction of Cyp3A by xenobiotics acting as PXR inducers or as direct 

ligands of PXR, a high potential for drug-drug interactions exists.  The co-

administration of certain drugs may cause a synergistic induction of Cyp3A and 
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PXR resulting in enhanced metabolism and decreased drug efficacy. PXR also 

shares some common ligands and functions with another nuclear receptor, CAR.  

 The constitutive androstane receptor (CAR) is another member of the 

nuclear receptor superfamily which forms a heterodimeric complex with RXRα. 

CAR is best known for its activation by phenobarbital and the subsequent 

increase in expression of Cyp2B genes. The cytochrome P-450 enzymes are 

examples of shared regulation between CAR and PXR. PXR can regulate Cyp2B 

through recognition of the phenobarbital response element (PBRE), while CAR 

can regulate Cyp3A through activation of the PXR response element in the 

Cyp3A promoter region (Eloranta, et al., 2005). Whereas these two nuclear 

receptors share some overlapping regulatory functions, they differ in their 

location within the cell. CAR is a cytoplasmic receptor that requires activation 

before it is translocated to the nucleus, while PXR is nuclear. When inactive, 

CAR is retained in the cytoplasm by the CAR cytoplasmic retention protein 

(CCRP) and the molecular chaperone heat shock protein 90 (HSP90). CAR can 

be activated by either direct ligand binding, such as with TCPOBOP, or indirectly 

by compounds such as phenobarbital. With direct ligand binding, the CCRP and 

HSP90 proteins dissociate from CAR allowing its translocation to the nucleus 

where it heterodimerizes with RXRα, associates with co-activators, and binds to 

response elements within the regulatory region of target genes. Unlike direct 

ligand binding, the indirect activation of CAR occurs via a poorly understood 

signaling cascade involving the recruitment of protein phosphatase 2A (PP-2A). 
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In addition to phenobarbital, indirect activation of CAR can occur with a diverse 

array of compounds such as LCA, bilirubin, steroids, and oltipraz (Goodwin and 

Moore, 2004; Merrell, et al., 2008). Once activated in the nucleus, the binding of 

the CAR:RXRα complex to the response element results in subsequent gene 

transcription. Genes known to be regulated by CAR are involved in oxidative 

metabolism, conjugation, and transport and include several cytochromes P-450 

such as Cyp2B and Cyp3A, glutathione-S-transferases, sulfotransferases 

(Sult2A), multidrug resistance-associated proteins (Mrps 1, 2, 4), and organic 

anion transporting polypeptides (OATPs 2, 4). PXR can bind to CAR bindings 

sites on the PBRE and CAR can bind to PXR response elements of the Cyp3A 

gene (Xie, et al, 2000; Smirlis, et al., 2001), thus demonstrating the overlapping 

nature of these nuclear receptors. Cyp3A catalyzes the 6α-hydroxylation of LCA 

to attenuate its toxicity and promote excretion. Ring hydroxylation of bile acids 

increases their hydrophilicity and makes them more accessible for further 

metabolism by phase II enzymes or transporters to facilitate excretion. CAR is 

also responsible for the sulfation of LCA via transcriptional increases in Sult2A 

and 3’-phosphoadenosine 5’-phosphosulfate synthetase 2 (PAPS), the enzyme 

responsible for generating the co-substrate (Saini, et al., 2004). Activation of 

CAR was also shown to increase the transcription of Mrp4, a sinusoidal efflux 

protein that transports LCA out of hepatocytes into blood (Assem, et al., 2004). 
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TRANSPORT PROTEINS 

Vital to the normal function of bile acids is their transport. The secretion of 

bile is dependent on a number of different transporters within hepatocytes, 

cholangiocytes, renal cells, and those cells of the intestine where the majority of 

bile acids are reabsorbed. As the topic of this dissertation pertains to 

hepatoprotection, the focus herein will reflect transport proteins specific to the 

liver. The molecular regulation of hepatobiliary transporters is important in the 

understanding of biochemical features of cholestasis and may represent viable 

clinical targets of drug therapy. The liver comprises a broad range of uptake, 

canalicular, and sinusoidal transporters involved in the flux of various 

endogenous and exogenous compounds such as bile acids, bilirubin, cholesterol, 

hormones, and drugs.  

During cholestatic disease, the liver develops a number of intrinsic 

adaptive responses to minimize the detrimental effects of accumulation of 

hydrophobic bile acids (Fig. 1-5). Characteristic adaptive modifications that occur 

relate to expression changes in basolateral (sinusoidal) and canalicular transport 

systems which are regulated by several nuclear hormone receptors as well as 

changes in the level of bile acid biosynthesis. Specific adaptive changes include 

a down-regulation of bile acid uptake transporters in conjunction with up-

regulation of efflux transporters in an attempt to maintain normal intracellular 

concentrations of bile acids. These changes in transporter expression are  
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Figure 1-5. Adaptive changes in the liver during cholestasis. Pictorial 
representation of hepatic adaptive changes in bile acid transport, biosynthesis and 
metabolism during cholestasis (Trauner et al., 2005). 
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accompanied by a decrease in de novo bile acid synthesis via repression of 

CYP7A1 and CYP8B1 along with up-regulation of bile acid metabolizing genes 

such as CYP3A4, CYP2B6 (CYP2b10 rodent homolog), sulfotransferases and 

UDP-glucuronosyltransferases. Bile acid metabolism results in increased ring 

structure hydroxylation and overall hydrophilicity to facilitate excretion. 

Bile acids enter hepatocytes at the basolateral surface, which is in contact 

with blood sinusoids at the space of Disse. The contents of this peri-sinusoidal 

space are received from portal blood via fenestrae of the sinusoidal endothelium 

(Hofmann, 1994). Most bile acids reach the space of Disse bound to albumin and 

thus require dissociation from this protein before they are able to cross the 

membrane (Meier, 1995). Dissociation occurs with a conformational change in 

albumin as it reaches the basolateral membrane of hepatocytes (Horie et al., 

1988). The extraction capacity for conjugated bile acids in portal blood entering 

the liver is very high (approximately 90%) and occurs during the first pass of 

blood through hepatocytes (Meier, 1995). The extraction of bile acids from portal 

blood occurs via sodium-dependent uptake by the Na+ taurocholate co-

transporting polypeptide (NTCP) and Na+-independent uptake by organic anion 

transporting polypeptide (OATP) proteins. NTCP (Slc10A1), as the name 

suggests, is dependent on the flux of sodium maintained by the Na+/K+-ATPase 

pump. NTCP is able to mediate the flux of both conjugated and unconjugated bile 

acids, with a preference for the conjugated form (Schroeder et al., 1998). At this 

time, no genetic mutations are known to affect NTCP, however Ho et al. (2004) 
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recently identified ethnicity related polymorphisms that are associated with 

decreased transport function. NTCP expression can be altered during disease 

states such as primary biliary cirrhosis (PBC) and in conditions such as 

pregnancy (Arrese et al., 2003; Zollner et al., 2003). During cholestasis when bile 

acid concentrations are high NTCP expression is down-regulated as an adaptive 

response by the liver to reduce further bile acid entry into hepatocytes (Anwer, 

2004). As a regulatory mechanism, Jung and Kullack-Ublick (2003) have 

suggested NTCP expression is inhibited when HNF1α is suppressed. 

In rodents, there are three identified OATPs, namely Oatp1a1 (Slc21a1; 

formerly Oatp1), Oatp1a4 (Slc21a5; formerly Oatp2), and Oatp1b2 (Slc21a10; 

formerly Oatp4 or Lst-1) and all are involved in bile acid uptake, with Oatp1a1 

and Oatp1a4 being involved in the transport of bilirubin as well (Trauner and 

Boyer, 2003; Kamisako et al., 2000). Though the OATPs are capable of 

transporting conjugated and unconjugated bile acids, they do so with lower 

affinity than NTCP (Eckhardt et al., 1999). In a comparison of Oatp1a1 and 

Oatp1a4, Eckhardt and colleagues also demonstrated these two transporters 

have overlapping substrate specificity of bile acids, but their hepatic localization 

patterns are different. Oatp1a1 showed a homogeneous distribution pattern, 

whereas Oatp1a4 was localized in perivenous (zone 3) hepatocytes, thus 

implicating Oatp1a1 as the main transporter involved in the Na+ -independent 

uptake of bile acids. However, the role of Oatp1a4 may become important during 

cholestasis when the expression of Oatp1a1 or Ntcp is down-regulated by 
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adaptive processes. Bile acids decrease the expression of several OATPs and 

rodent Oatps are reduced in several models of cholestasis (Fickert et al., 2001; 

Hagenbuch et al., 2003). Oatp1b2 is expressed at the basolateral membrane of 

hepatocytes and shares approximately 44% sequence homology with Oatp1a1 

and Oatp1a4 (Cattori et al., 2000). Oatp1b2 also transports organic anions such 

as dihydroepiandrosterone sulphate (DHEAS) and bile acids such as 

taurocholate (Cattori et al., 1999). 

Bile acids are actively transported across the canalicular membrane 

against a 1000-fold concentration gradient, thus requiring ATP (St-Pierre et al., 

2001). The bile salt export pump (BSEP), a member of the ATP-binding cassette 

(ABC) family of transport proteins, is important for the extrusion of bile acids as 

demonstrated by its loss from the canalicular membrane via genetic mutation, 

which results in progressive familial intraheptic cholestasis (PFIC2) (Strautnieks 

et al, 1998). Song and colleagues (2008) demonstrated the involvement of liver 

receptor homologue-1 (LRH-1) in the transcriptional regulation of BSEP. They 

found a functional LRH response element in the BSEP promoter to which LRH-1 

specifically binds. Because bile acids are regulated by FXR through indirect 

repression of LRH-1, these results suggest a coordinated regulatory effort of 

these nuclear receptors on bile acid biosynthesis as well as bile acid transport. 

For example, when FXR is not activated by bile acids (meaning bile acid 

concentrations are normal), LRH-1 is active and is able to regulate the 

expression of BSEP to export bile acids. 
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Another member of the ABC family of transporters is MRP2 which, like the 

BSEP, is localized to the canalicular membrane. Extrahepatically, MRP2 is 

expressed at the brush-border membrane of renal proximal tubule cells and in 

enterocytes at the apical membrane of gallbladder epithelial cells (Fardel et al., 

2005). MRP2 transports a variety of endogenous compounds such as bilirubin 

glucuronide, glutathione-S conjugates, leukotrienes, and bile acids, as well as 

xenobiotics such as antibiotics, anticancer drugs, and HIV protease inhibitors 

(Cui et al., 1999; Konig et al., 1999; Fardel et al., 2005). The importance of 

MRP2 is demonstrated in Dubin Johnson syndrome, a liver disease caused by 

genetic mutation of MRP2 resulting in the accumulation of conjugated bilirubin. 

MRP2 is regulated by three nuclear receptor signaling pathways via FXR, PXR 

and CAR, which share a common response element in the 5’-flanking region of 

this gene (Kast et al., 2002). Like many ABC transporters, MRP2 can be inhibited 

by several compounds such as probenecid, rifampicin, cyclosporine A and 

indomethacin (Fardel et al., 2005). As previously mentioned, MRP2 expression 

can be up-regulated in diseases such as cholestasis. Endogenous substances 

known to increase the expression of MRP2 are bile acids, hormones and 

inflammatory cytokines, whereas exogenous compounds include structurally 

diverse metals (arsenic, antimony) and drugs (e.g., oltipraz, phenobarbital, 

tamoxifen, ritonavir) (Fardel et al., 2005). In addition to its role in the efflux of 

endogenous substances across the canalicular membrane of hepatocytes, MRP2 

localization in the kidney also links it to the elimination of many drugs. Due to its 
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importance in the hepatic transport of several exogenous compounds, MRP2 

also plays a key role in the pharmacokinetics of many drugs.  

As with many bile acid transporters, bile acid efflux is altered during 

cholestatic conditions to facilitate the export of accumulating bile acids. The 

process of bile acid transport across the sinusoidal membrane is mediated by the 

multidrug resistance-associated proteins (MRPs). There are nine members of 

this subfamily of transporters (MRP1-9), with four expressed in the liver (Trauner 

and Boyer, 2003). MRP1 is able to transport bile acids such as sulfated TLCA 

and TCDCA and is expressed at high levels in the kidney, lung, intestine and 

brain and low levels in the liver (Trauner and Boyer, 2003; Cherrington et al., 

2002). Interestingly, Mrp1 was not up-regulated following treatment in rats with a 

variety of microsomal enzyme inducers (Cherrington et al., 2005). 

MRP3 transports a variety of bile acids including glycocholate, 

taurocholate and taurolithocholate-3-sulfate and glucuronide conjugates but the 

significance of its role in the efflux of bile acids during cholestasis remains to be 

determined (Hirohashi et al., 2000). MRP3 is highly expressed in the intestine 

and expressed at low levels in the liver under basal conditions, but is up-

regulated in Mrp2-deficient mice and in patients with Dubin Jonhson syndrome 

(Cherrington et al., 2002; Ogawa et al., 2000; Soroka et al., 2001). This 

information has led to the proposal that Mrp3 may play a hepatoprotective role in 

the efflux of excess bile acids during cholestasis. However, a study by Zelcer et 

al. (2006) in Mrp3-/- mice demonstrated no difference in histology or liver enzyme 
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levels between wild type (WT) and Mrp3-deficient (Mrp3-/-) mice in a bile duct 

ligation (BDL) model of cholestasis. In the BDL model, a 50% reduction in Mrp2 

expression in WT mice was noted without an accompanying increase in Mrp3 

expression. BDL in Mrp3-/- mice did result in a 60% reduction in conjugated 

bilirubin, suggesting that since Mrp3 is known to transport glucuronide 

conjugates, it may be responsible (at least partially) for the transport of bilirubin 

glucuronide into the blood. These results suggest that although Mrp3 does 

contribute to the sinusoidal efflux of bilirubin glucuronide, it is not up-regulated in 

BDL mice and therefore is not able to contribute significantly to the efflux of 

accumulating bile acids to prevent hepatotoxicity.  

In contrast, several others have reported up-regulation of hepatic Mrp3 

following BDL in mice as well as in human forms of cholestasis (Soroka et al., 

2001; Scheffer et al., 2002; Shoda et al., 2001). As a response element for Lrh-1 

was identified in the Mrp3 promoter (Inokuchi et al., 2001), Bohan and colleagues 

(2003) postulated that intact cytokine signaling is required for induction of Mrp3 

via activation of Lrh-1. Using BDL Tnfr-/- mice, Bohan et al demonstrated that Lrh-

1 and Mrp3 were significantly induced in WT but not knockout mice, which also 

had severe hepatocellular necrosis. A previous study demonstrated that 

inflammatory cytokines (Tnfα, IL-1β, IL-6) are up-regulated in the liver following 

BDL (Plebani et al., 1999) and IL-1β levels are down-regulated in Tnfr-/- mice 

compared to WT mice. Additionally, the lack of induced Mrp3 in Tnfr-/- mice was 

associated with hepatocellular necrosis, increased hepatic bile acid 
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concentrations, weight loss and mortality. These data suggest that cytokine 

signaling via intact Tnfα may contribute to the up-regulation of Mrp3. 

As previous studies have demonstrated the up-regulation of Mrp3 

following treatment with known CAR activators, Cherrington et al. (2003) further 

investigated the regulation of Mrp3 by CAR. Using CAR-/- mice treated with PB, 

Cherrington et al found that Mrp3 remained highly inducible even in the absence 

of CAR. RXRα-/- mice lack the ability to form a RXRα/CAR heterodimer and thus 

lack functional CAR. In RXRα-/- mice treated with PB, CYP2b10, the prototypical 

gene induced by CAR was repressed below basal expression levels, indicating 

the necessity of RXRα as a heterodimeric partner with CAR for activation of gene 

transcription. These results demonstrate that CYP2b expression is dependent on 

CAR, whereas Mrp3 induction occurs independently of CAR. As Mrp3 is 

expressed on the basolateral membrane of enterocytes, it has been suggested 

that Mrp3 plays a role in the export of bile acids from enterocytes back into portal 

circulation (Belinsky et al., 2005). In BDL Mrp3-/- mice, Belinsky et al found a 

similar degree of bile acid excretion, pool size and fractional turnover rates as in 

WT mice, suggesting that Mrp3 does not play a significant role in the 

enterohepatic circulation of bile acids. The ability of Mrp3 to transport bile acids, 

bilirubin and various other exogenous compounds in combination with its up-

regulation during various models of cholestasis and when Mrp2 function is lost 

(i.e., Mrp2-/- mice, Dubin Johnson syndrome) has led to the hypothesis that Mrp3 
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protects hepatocytes by functioning as an alternate excretory route when the 

canalicular membrane is disrupted. 

Although some controversy exists with respect to whether Mrp3 is 

important in the efflux of bile acids during cholestasis, Teng and Piquette-Miller 

(2007) have reported on the importance of Mrp3 during cholestasis. In studies 

conducted in wild type (PXR+/+) mice, the role of various transporters in the PXR 

activator-mediated hepatoprotection against CA-induced cholestasis was 

investigated. In these studies, protection of WT (PXR+/+) mice was associated 

with up-regulation of Mrp3 and CYP3a11. Additionally, a degree of resistance to 

CA-induced hepatotoxicity in PXR-/- mice was noted and was associated with 

higher basal and drug-induced expression of Mrp3, leading to the conclusion that 

Mrp3 is integral in the export of bile acids as a protective mechanism during 

cholestasis. Thus, it is evident that Mrp3 has some role during cholestasis. 

However, further research is required to fully delineate the precise function of 

Mrp3 in hepatoprotection. 

The other major transporter involved in the efflux of bile acids from the 

liver is Mrp4. Mrp4 is localized at the sinusoidal membrane of hepatocytes and  

transports bile acids (TLCA-S, GLCA, LCA), steroids (DHEA-S), cyclic 

nucleotides, and folate (Chen et al., 2001; Zelcer et al., 2003). Along with MRP1 

and MRP2, MRP4 is also involved in the co-transport of reduced glutathione 

(GSH) with bile acids (Rius et al., 2006). Hepatocytes are a rich source of GSH, 

a physiological antioxidant and the main transport form of cysteine (DeLeve and 
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Kaplowitz, 1990). Thus, the transport of GSH across the sinusoidal membrane is 

important for its delivery to other tissues. Ruis and colleagues (2006) 

demonstrated that Mrp4 transports taurine and glycine conjugated primary bile 

acids with GSH. And like Mrp1, Mrp4 is also inhibited by the leukotriene 

antagonist MK571 (Jedlitschky et al., 2004). Mrp4 is expressed in several tissues 

including prostate, liver, testis, ovary, brain, kidney, and liver (Ritter et al., 2005). 

In a study by Kitada et al. (2003), Mrp4 expression was not up-regulated during 

LCA-induced cholestasis. However, other studies have demonstrated increased 

expression in rats and mice following BDL and in patients with progressive 

familial intrahepatic cholestasis (PFIC) (Wagner et al., 2003; Keitel et al., 2005). 

Hepatic expression of Mrp4 was also substantially up-regulated in FXR-/- mice as 

well as in CA-fed mice (Scheutz et al., 2001). These studies indicate a role for 

Mrp4 during cholestasis. 

Compared to MRPs1-4, less is known about the physiological function of 

MRPs 5 and 6. Interestingly, Wijnholds et al. (2000) showed that Mrp5-/- mice had 

no discernable phenotype. Like MRP4, MRP5 is also able to transport cyclic 

nucleotides (cAMP, cGMP) as well as 9-(2-phosphonyl methoxyethyl) adenine 

(PMEA), 6-mercaptopurine, 5-fluorouracil, and methotrexate (Sampath et al., 

2002; Maher et al., 2006). Jedlitschky et al. (2004) showed that MRP5 is inhibited 

by sildenafil. In humans, MRP5 is expressed on the sinusoidal membrane of 

hepatocytes, with the highest levels of expression observed in skeletal muscle, 

heart, and brain (Kool et al., 1997). Interestingly, MRP6 is localized on both the 



 

47

 

sinusoidal and apical membranes of hepatocytes, and is also found in kidney 

and, to a lesser extent, in the small intestine (Kool et al., 1999; Madon et al., 

2000). The expression of Mrp5 and Mrp6 was unchanged by CA-feeding in 

FXR+/+ and FXR-/- mice (Zollner et al., 2006b). Additionally, Maher et al. (2006) 

found that hepatic expression levels of Mrp5 and Mrp6 were not significantly 

altered following BDL. Maher et al also evaluated expression levels of these two 

transporters following administration of several microsomal enzyme inducers. 

From these studies, it was concluded that hepatic expression of Mrp5 and Mrp6 

is not coordinately regulated with phase I enzymes, and that Mrp5 and Mrp6 are 

not pertinent for the transport of bile acids during cholestasis. Thus, while MRPs 

5 and 6 are expressed on the sinusoidal membrane of hepatocytes, their role in 

the efflux transport of bile acids appears negligible. 

Hepatoprotection 

 The study of methods to protect the liver during disease has been ongoing 

for many years, with the idea that if the pathophysiological mechanisms of injury 

are understood, clinical outcomes can be improved. Recent research on 

cholestatic liver disease has focused on nuclear receptor regulation of bile acids 

and bile acid metabolizing genes. During cholestasis, many genes are altered as 

an adaptive mechanism to reduce hepatocellular accumulation of bile acids 

thereby protecting against liver injury. Ultimately, however, these intrinsic 

adaptive mechanisms alone are not sufficient to protect the liver from 
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accumulating bile acids during chronic cholestasis, thereby necessitating 

pharmacologic/therapeutic intervention. 

 PXR regulates the expression of CYP3A and is involved in bile acid 

metabolism. Staudinger et al. (2001) used PXR knockout mice (PXR-/-) treated 

with the known PXR activator pregnenolone 16 -carbonitrile (PCN) in an LCA-

induced model of cholestasis to investigate the role of PXR in LCA metabolism. 

CYP3A4 (Cyp3a11 rodent homologue) catalyzes the 6α-hydroxylation of LCA 

and TCDCA, thereby decreasing the hydrophobicity of these bile acids and 

promoting their elimination (Araya and Wikvall, 1999). As expected, Cyp3a11 

expression was markedly down-regulated in PCN-treated PXR-/- mice. However, 

Cyp3a11 expression was maintained in PB-treated mice. As PB is a known CAR 

activator, this finding demonstrates the overlapping regulation of Cyp3a11 by 

CAR and PXR. Li and colleagues (1990) demonstrated that PCN also down-

regulates Cyp7a1 expression in WT and PXR-/- mice, whereas expression of 

Oatp2, the bile acid uptake transporter, was increased in WT but not PXR-/- mice. 

Li et al also evaluated whether bile acids regulate PXR activity, and found that 

LCA, along with its major metabolite 3-keto-LCA, were efficacious activators of 

PXR. Urinary analysis in PXR-/- mice demonstrated a significant increase in LCA 

concentration compared to WT mice, and mice treated with LCA had increased 

expression of hepatic CYP3a11 and Oatp2, demonstrating that LCA activates 

PXR to regulate its own metabolism and transport. Li et al therefore suggest that 

induction of PXR would increase the uptake of LCA into hepatocytes where it can 
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be hydroxylated by CYP3a11 to increase its hydrophilicity and facilitate its 

excretion. These results collectively demonstrate that PXR plays a fundamental 

role in protecting the liver from LCA-induced toxicity via induction of CYP3a11. 

 For many years, it has been known that PB increases bilirubin conjugating 

capacity and is regulated by CAR (Yaffe et al., 1966; Wei et al., 2000). Thus, 

Huang et al. (2003) speculated that CAR plays a role in bilirubin metabolism and 

demonstrated that CAR can activate five components of the bilirubin clearance 

pathway. They pretreated WT or CAR-/- mice with PB or TC for three days and 

then gave a single dose of bilirubin. Expression of genes involved in bilirubin 

clearance (UGT1a1, OATP2, GSTa1 and Mrp2) was increased in WT mice but 

not CAR-/- mice. Likewise, CAR activation in WT mice resulted in increased 

bilirubin clearance, whereas in CAR-/- mice this function was lost. Huang and 

colleagues also demonstrated that PB and bilirubin activate CAR via nuclear 

translocation in primary hepatocytes. Consistent with reports that PB lowers 

bilirubin levels, results from this study show that CAR responds to elevated 

bilirubin levels by increasing the expression of genes responsible for its 

clearance. 

 CAR, PXR, and FXR, the classic bile acid sensing receptor, all participate 

in the detoxication of hydrophobic bile acids through regulation of transport 

systems as well as phase I and phase II metabolizing genes. Guo and 

colleagues (2003) used FXR/PXR double knockout (FPXR-) mice fed a 1% CA 
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diet to evaluate the up-regulation of CAR as a method of hepatoprotection 

against bile acid toxicity. They found that markers of cholestasis were 

considerably altered in FPXR null mice, such as decreased body weight, 

increased serum bile acid and bilirubin levels, adverse histopathology and 

decreased flow of biliary cholesterol and phospholipids, signifying the importance 

of these nuclear receptors in the maintenance of bile acid homeostasis. 

Additionally, the expression of genes involved in bile acid metabolism and 

transport were altered. In FPXR- mice, Bsep was down-regulated whereas Mrp2 

and Mrp3 were slightly increased. Interestingly, when FPXR- mice were treated 

with PB or TC, serum bile acids and bilirubin levels were decreased and 

expression of several genes involved in bile acid metabolism and transport 

(Cyp2b10, Cyp3a11, Ugt1a, Gstα, Mrp2, Mrp3, Oatp2) were increased, indicating 

activation of CAR reduces bile acid toxicity. The changes in bile acid metabolism 

and transport observed in this study by Guo et al demonstrate the coordinated 

roles of FXR and PXR in bile acid homeostasis and suggest that activation of 

CAR can aid in the defense against cholestatic liver disease. 

 In another study involving FXR, Liu and colleagues (2003) used an FXR 

agonist, GW4064, to evaluate hepatoprotection during both BDL and drug-

induced (ANIT) models of cholestasis in mice. In fact, treatment with GW4064 did 

reduce markers of liver injury (serum ALT, AST, LDH) and also decreased 

hepatocellular necrosis, inflammatory cell infiltration, and bile duct proliferation. In 

rats treated with GW4064, they also found and an increase in bile acid transport 
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genes. Interestingly, in the presence of FXR they observed decreased 

expression of bile acid biosynthesis genes, whereas in the study by Guo et al. 

(2003) where FXR was deleted, the expression of bile acid biosynthesis genes 

was up-regulated, which correlates with the known functions of FXR as a bile 

acid ‘sensor’ (Goodwin et al., 2000). Along with the improvement in serum liver 

chemistries and histopathology, the authors conclude that the FXR agonist 

GW4064 protects the liver by increasing bile acid clearance from hepatocytes, 

indicating that FXR agonists may present a viable therapeutic target for the 

treatment of cholestasis. 

 Saini and colleagues used CAR and PXR knockouts as well as transgenic 

mice with conditional expression of activated CAR (VP-CAR) to demonstrate that 

activation of CAR is necessary and sufficient to protect against LCA-induced 

toxicity (2004). Protection from LCA-induced toxicity was previously thought to 

occur via a mechanism involving up-regulation of CYP3A (Staudinger et al., 

2001). However, sulfotransferases (SULTs) catalyze the transfer of a sulfonyl 

group from the co-substrate 3’-phoshoadenosine-5’-phosphosulfate (PAPS) to 

the acceptor substrate to form a sulfate conjugate with LCA (Radominska et al., 

1990; Song et al., 2001). In this study, Saini et al demonstrate that activation of 

CAR of protects against LCA-induced hepatotoxicity and is associated with the 

induction of SULTs and PAPS. 
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In WT and CAR-/- mice treated with CAR activators PB and TC, Assem et 

al (2004) demonstrated that Mrp4 and Sult2a function coordinately in the liver to 

eliminate bile acids. In this study both treatments up-regulated Mrp4 expression 

above basal levels in WT mice, but not in CAR-/- mice. Sult2a expression was 

slightly increased above basal levels in PB-treated WT mice and further 

increased by TC treatment, an effect which was not observed in CAR-/- mice. The 

expression of Mrp4 and Sult2a was increased to a similar degree as the known 

CAR target gene CYP2b10, which supports the role of CAR in regulating Mrp4 

and Sult2a expression. The authors further confirmed that Mrp4 is localized to 

the sinusoidal membrane of hepatocytes in WT mice only, and that Mrp4 was 

functional by testing the transport of PMEA, a known substrate of Mrp4. With its 

sinusoidal localization, ability to transport sulfated bile acids, and up-regulation 

during cholestasis, Mrp4 represents an important protective component against 

bile acid toxicity. 

 In a double nuclear receptor knockout study, Zhang et al. (2004) used 

single knockouts and PXR/CAR null mice (2XENKO) to evaluate the effects of 

bile acid-induced hepatotoxicity. In WT mice pretreated with or without TC 

followed by treatment with high doses of LCA (250 mg/kg) for 5 days, they found 

severe hepatocellular necrosis and elevated ALT levels in mice treated with LCA-

only compared to mice pretreated with TC, in which the toxicity was absent. 

However, similarly treated CAR-/- mice did not survive treatment. The typical 

induction of Mrp3 and Cyp3a11 during cholestasis was attenuated in 2XENKO 
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mice, but not in PXR-/- mice, suggesting CAR is the primary regulator of these 

genes in response to LCA treatment. The authors concluded that CAR and PXR 

have a minimal role during basal conditions but are important in response to 

xenobiotic stimuli.  

Stedman and colleagues (2005) used a BDL model of cholestasis in CAR, 

PXR and 2XENKO knockout mice to evaluate the role of these nuclear receptors 

in bile acid regulation and lipid metabolism. They observed severe liver necrosis 

in both CAR and PXR genotypes, along with increased expression of collagen 

3A, fibronectin, and matrix metalloproteinase 9 (MMP9); genes involved in 

fibrosis and tissue remodeling. A similar degree of liver necrosis was observed in 

the 2XENKO mice but induction of collagen 3A was reduced and there was no 

change in fibronectin or MMP9 expression, indicating less tissue remodeling in 

response to injury. Additionally, serum ALT and bilirubin levels were significantly 

lower in 2XENKO relative to WT mice, suggesting that nuclear receptor deletion 

may confer some degree of protection during BDL. CAR and PXR recognize 

each other’s response elements and are able to coordinately regulate the 

expression of Cyp2b10 and Cyp3a11, as well as other genes involved in bile acid 

metabolism and transport (Xie et al., 2000; Wei et al., 2002). Normally during 

cholestasis there is a down-regulation of bile acid uptake transporters to limit bile 

acid burden in the hepatocyte. Interestingly, there was a complete loss of 

repression of Oatp1b1 (Oatp-c; SLC21A6) in both PXR and CAR knockouts, 

indicating normal bile acid uptake. Mrp2 and Bsep were induced above basal 
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levels in 2XENKO mice, indicating increased bile acid secretion at the canalicular 

membrane. Cyp7a1, the rate-limiting enzyme responsible for the conversion of 

cholesterol into bile acids, was increased above basal levels in all three knockout 

genotypes, whereas enzymes involved in the synthesis of primary bile acids 

(Cyp271a, Cyp7b1, Cyp8b1) were repressed. The concentration of primary bile 

acids in serum and liver in CAR-/- and 2XENKO mice was maintained or slightly 

reduced from basal levels in WT BDL mice. These data suggest that bile acid 

biosynthesis is maintained during loss of either PXR or CAR, and with the 

increase in Mrp2 and Bsep expression; bile acids are likely being secreted 

across the canalicular membrane, which explains the decreased bile acid 

concentrations in serum and liver. 

 A study by Wagner et al (2005) evaluated the role of CAR and PXR on 

bile acid and bilirubin metabolism using the BDL model of cholestasis in mice. TC 

activation of CAR reduced serum bile acid and bilirubin levels and increased 

urinary bile acid excretion. Whereas PCN activation of PXR reduced serum bile 

acids and slightly increased urinary excretion of bile acids but did not reduce 

bilirubin levels.  While this study shows the potential of CAR and PXR to modify 

bile acid concentrations, it did not evaluate changes in bile acid transport or 

metabolism in cholestatic mice.  

 The loss of CAR and PXR (2XENKO) was also studied by Uppal and 

colleagues (2005) in a mouse model of LCA-induced cholestasis. Following 4 
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days of LCA dosing (250 mg/kg/day), 2XENKO mice showed severe liver injury 

histologically, however the effect was sex-dependent, as the incidence of liver 

injury was reduced by half in female mice compared to males. Additional factors 

contributing to the toxicity in male 2XENKO mice were increased serum bile 

acids, AST, and bilirubin. Hepatic lipid deposition was increased in CAR-/- and 

2XENKO mice, but hepatic triglycerides were only increased in male 2XENKO 

mice. Changes in gene expression in male 2XENKO mice included a reduction in 

uptake transporters (Ntcp, Oatp1, Oatp4), reduced canalicular transport (Bsep), 

increased bile acid metabolism (Cyp3a11) and reduced bile acid biosynthesis 

(Cyp27a1). This study demonstrates the heightened sensitivity of male mice to 

liver injury when both CAR and PXR are deleted. 

 Sonada and colleagues (2005) used a bile acid-induced model (0.5% CA 

and/or 1.25% cholesterol in the diet) of cholestasis in PXR-/- mice to address the 

role of PXR in lipid clearance. PXR-/- mice fed the combined diet of CA plus 

cholesterol (CH) died within 10-60 days, however lethality was not an issue when 

these mice were given either CA or cholesterol alone. Further examination of 

mice treated with CA/CH revealed hyperbilirubinemia with plasma bilirubin levels 

elevated 54-fold above WT controls. Interestingly, bilirubin was present in its 

conjugated form, suggesting hepatic Ugt1a is functional in the absence of PXR.  

Plasma bile acids were also elevated in these mice (18-fold), along with liver 

enzymes ALT and AST (increased 5.5- and 4.2-fold, respectively). Additional 

factors contributing to the lethality included increased expression of genes 
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involved in acute inflammation and insulin dysregulation. Kidney function was 

also altered, with increases in BUN and creatinine. When PXR-/- mice fed the 

CA/CH diet were treated with the CAR agonist TCPOBOP, lethality was not 

prevented, however there was no associated jaundice in these mice, confirming 

a role for CAR in bilirubin clearance (Huang et al., 2004). In summary of the 

study by Sonada et al. (2005), there were several factors contributing to the 

lethality of PXR-/- mice fed the CA/CH diet including elevated bilirubin, serum bile 

acids, liver enzymes, and altered expression of genes involved in inflammation 

and insulin regulation. This study highlights the importance of PXR in lipid 

metabolism; however the authors suggest that the primary cause of death is due 

to acute renal failure as it represents a major cause of death for patients with 

advanced liver disease.  

 Teng and Piquette-Miller (2007) investigated the role of PXR in hepatic 

transporter expression using PXR+/+ (WT) or PXR null (PXR-/-) mice fed a 1% CA 

diet. CA feeding resulted in hepatotoxicity as indicated by increased serum ALT, 

AST, ALP, and bilirubin levels and reduced body weight in WT mice. However, 

co-treatment of WT mice with PXR activator PCN reduced the observed 

hepatotoxicity. Interestingly, PXR-/- mice fed the CA diet were less susceptible to 

the hepatotoxic effects observed in WT mice, indicating a degree of protection in 

PXR-/- mice. The small increase in liver enzymes observed in PXR-/- mice was 

unchanged following the addition of PCN treatment, confirming a PXR-dependent 

mechanism of hepatoprotection. Serum and urinary bile acid concentrations were 
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also increased in WT and PXR-/- mice, and serum but not urinary bile acids were 

decreased in PCN-treated WT mice. To investigate the difference in sensitivity of 

PXR-/- mice to CA treatment compared to WT, expression of bile acid 

transporters was measured. Expression of Mrp2, Mrp3, CYP3a11, Oatp2, Ostα, 

Ostβ, Mrp4, Bsep, and Mdr2 was increased 2- to 6-fold above basal levels in 

PXR-/- mice, whereas Ntcp, Oatp1 and Cyp7a1 were down-regulated. The 

hepatoprotective effects observed in WT mice treated with PCN suggests that 

activation of PXR mediates the effects. Whereas the relative insensitivity of  

PXR-/- mice to the effects of CA were conceivably mediated by changes in the 

basal expression of multiple genes involved in bile acid homeostasis. The 

authors also found that serum ALT levels significantly correlated to Mrp3 

expression, with the observation that basal and CA-induced Mrp3 expression 

was higher in PXR-/- mice, indicating that Mrp3 is an important determinant of CA 

toxicity. In addition, they conclude that the differences in CA sensitivity and 

transporter expression between WT and PXR-/- mice may stem from 

compensatory induction via other pathways that regulate transporter genes, 

rather than by PXR itself. 

 Lastly, a more recent area of research on the effects of CAR relates to its 

involvement in apoptosis. Baskin-Bey and colleagues (2006) investigated 

whether activation of CAR protects against liver injury by blocking apoptosis. 

They used TC to activate CAR and then treated WT and CAR-/- mice with the Fas 

agonist Jo2 or concanavalin A (ConA). Interestingly, liver injury was attenuated in 
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TC/Jo2-treated WT mice as evidenced by decreased ALT and reduced 

histopathologic damage. Additionally, as observed using the TUNEL assay and 

confirmed with electron microscopy, liver cell apoptosis was also markedly 

reduced in these mice. However, neither protective effect was observed in CAR-/- 

mice. As TC is a known mitogen, they also performed proliferating cell nuclear 

antigen (PCNA) immunohistochemistry to determine if a proliferative response 

was mediated by TC, and found no increases in proliferation in WT mice, 

suggesting reduced apoptosis was central to the observed cytoprotection. Next, 

the effects of CAR on proteins involved in apoptotic signaling were evaluated. 

Expression of pro-apoptotic Bak and Bax was markedly decreased in TC-treated 

WT mice compared to CAR-/- mice, whereas anti-apoptotic expression of Mcl-1 

was increased 4-fold. Additionally, they found a CAR binding site on the Mcl-1 

promoter (989-974), and demonstrated increased Mcl-1 promoter activity 

following treatment with TC. Using Mcl-1 transgenic mice that were treated with 

Jo2 (Fas agonist), they found reduced liver injury as assessed by serum ALT 

levels, suggesting that Mcl-1 up-regulation is sufficient to protect mice from Fas-

mediated liver injury. Hepatocyte apoptosis has been linked to liver fibrogenesis, 

so ConA was used as an immune-mediated model of liver injury to assess the 

effects of TC on hepatic fibrosis. Liver fibrosis was decreased in TC/ConA-

treated WT mice as evidenced using sirius red staining and α-smooth muscle 

actin IHC. In summary, these data suggest that CAR activation can reduce both 



 

59

 

death receptor- and fibrogenic-mediated hepatocellular injury through the 

regulation of Blc-2 proteins involved in apoptosis. 

 

LIVER DISEASE 

Clinical Relevance 

 According to the National Vital Statistics Report on mortality, chronic liver 

disease is listed among the top 15 leading causes of death (Kung, et al., 2008). 

The actual incidence of non-alcoholic fatty liver disease (NAFLD) remains 

unknown because no prospective studies have been conducted. However, a 

population study published in 2004 listed the prevalence of NAFLD at 31% in the 

United States (Browning, et al., 2004). Additionally, the prevalence of NAFLD has 

reached soaring heights among populations typically considered at ‘low risk’ for 

this liver condition, with an adult prevalence of 15% in China and 14% in Japan 

(Angulo, 2007). This trend has significant clinical implications due to the fact that 

this liver condition may progress to end-stage liver disease and cancer (Ekstedt, 

et al., 2006). From an economic standpoint, this also becomes a significant 

issue. In a report sponsored by the American Gastroenterological Association, it 

was estimated that four liver disease categories (chronic liver disease and 

cirrhosis, chronic hepatitis C, liver cancer, and gallbladder disease) account for 

approximately one quarter ($9.1 billion) of costs associated with healthcare 
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spending in the United States (Kim, et al., 2002). It therefore becomes obvious 

that the economic costs are substantial; especially considering that disability 

resulting from liver disease tends to affect people in their most product years of 

life. 

Cholestasis 

Cholestasis derives from the Greek words chole and stasis, and literally 

means ‘a standing still of bile’. The prevalence of cholestasis has been rising 

over the past few years and it accounts for a large proportion of liver transplants 

(Sokol et al., 2006). Cholestasis is one of the principal manifestations of liver 

disease. The disruption in the flow of bile can occur intracellularly within 

hepatocytes, within cholangiocytes or from an extrahepatic mechanical 

obstruction of the bile ducts. Impaired excretion from the canalicular pathway 

rather than altered uptake has been suggested as the most common 

etiopathology of cholestasis and can account for approximately a 10-fold 

increase in liver bile acid concentrations (Yousef et al., 1998). From a clinical 

perspective, bile flow is frequently only partially obstructed resulting in “anicteric 

cholestasis”, or cholestasis without jaundice (Barnes, 2002). Thus, cholestasis 

can be defined by the degree of both clinical and biochemical parameters such 

as jaundice, pruritis, elevated levels of serum transaminases and conjugated 

bilirubin, gamma-glutamyltranspeptidase, bile acids and cholesterol. In humans, 

cholestatic liver disease is associated with lipid abnormalities, such as increased 
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serum cholesterol and reduced HDL cholesterol (Longo et al., 2002). Some 

common symptoms of both intra- and extrahepatic cholestasis include fatigue, 

jaundice, pruritis, dark urine, pale stools and xanthoma (Lehrer, 2006). During 

advanced stages of disease, patients can experience nausea, vomiting, lethargy, 

bone pain, abdominal pain, and fever. Cholestasis can also result from acquired 

liver injury caused by drugs, hormones, biliary obstruction or from hereditary 

mutations in transport systems (Zollner and Trauner, 2006). Typically, 

cholestasis is categorized by either intra- or extrahepatic causes (Table 1-1). 

Progressive familial intrahepatic cholestasis (PFIC) is an inherited 

autosomal recessive disorder that results from mutations in hepatic transporter 

genes.  There are four subtypes (1-4) of PFIC and the disease presents shortly 

after birth and can lead to chronic progressive cholestasis and liver failure 

(Trauner et al., 1998). PFIC-1 is known as Byler’s disease, and is caused by a 

mutation in the aminophospholipid transporter FIC1. The disease is 

characterized by high levels of serum bile acids and low concentrations of 

gamma-glutamyl transpeptidase (GGT). A mutation in the bile acid uptake 

transporter BSEP causes PFIC-2, which results in similar clinical manifestations 

(Zollner and Trauner, 2006). The third subtype, PFIC-3, results from a defect in 

the phospholipid export pump known as multidrug resistance protein 3 (MDR3), 

and results in high GGT concentrations along with bile duct proliferation and 

inflammatory infiltrates (Trauner et al., 1998). Phospholipids normally aid in the 
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Table 1-1.  Causes of Cholestasis 

INTRAHEPATIC CHOLESTASIS EXTRAHEPATIC CHOLESTASIS 

Primary Biliary Cirrhosis (PBC) Choledocholithiasis 

Primary Sclerosing Cholangitis (PSC) Pancreatic Carcinoma 

Metastatic Carcinoma Bile Duct Tumors 

Drugs and Toxins Primary Sclerosing Cholangitis (PSC) 

Acute Viral Hepatitis Mirizzi’s Syndrome 

Alcoholic Hepatitis ± cirrhosis Alagille Syndrome 

Dubin Johnson Syndrome Infectious Cholangitis 

Crigler Najjar Syndrome Biliary Atresia 

Primary Familial Intrahepatic 
Cholestasis (PFIC 1-3) 

 

Intrahepatic Cholestasis of  
Pregnancy (IHCP) 

 

Sepsis  
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formation of biliary micelles, which protect hepatocytes from the toxicity of 

hydrophobic bile acids. Thus, mutations in MDR3 may explain the bile duct injury 

in these patients. Mutations in MDR3 have also been implicated in the 

pathogenesis of primary sclerosing cholangitis (PSC), as mice with targeted 

deletion of this transporter develop bile duct injury that resembles PSC (Fickert et 

al., 2004). A point mutation in Mrp2, a canalicular export transporter, results in 

Dubin-Johnson syndrome which is characterized by hyperbilirubinemia rather 

than cholestasis (Trauner et al., 1998).  

In addition to inborn defects in hepatobiliary transport systems, there are 

several acquired forms of cholestasis. In acquired forms of cholestasis it is rare 

that changes in transporter expression or function are the primary cause of 

cholestasis; rather cholestasis results as a function of accumulating cholephiles 

caused by damaged bile ducts. Exceptions to this include cholestatic drugs such 

as cyclosporine A, rifamycin, glibenclamide and estrogen hormone metabolites 

that directly alter the function of BSEP (Stieger et al., 2000). Acquired forms of 

intrahepatic cholestasis are generally characterized by widespread blockage of 

small bile ducts, or by diseases such as hepatitis, that impede the elimination of 

bile acids. Drugs such as chlorpromazine can cause sudden fever and 

inflammation, resembling symptoms of hepatitis. Whereas tricyclic 

antidepressant drugs have produced symptoms similar to those of chronic biliary 

cirrhosis, an autoimmune disease characterized by the progressive destruction of 
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interlobular bile ducts that can lead to fibrosis and liver failure. Additionally, 

pregnancy is known to increase the sensitivity of bile ducts to estrogen, leading 

to increased serum bile acid concentrations which can result in cholestasis in the 

later stages of pregnancy (Pratt, 2005). Extrahepatic cholestasis can occur as a 

side effect of many medications, from complications related to surgery, or from 

conditions such as gallstones and tumors.  

 During many acquired forms of cholestasis, the primary cause is related to 

damaged bile ducts; however changes in transporter expression may also 

contribute to the cholestatic pathology. Conversely, changes in transporter 

expression are not always unfavorable. As a protective mechanism, many 

adaptive changes occur in the liver during cholestasis, including changes in the 

expression of bile acid transporters which may provide alternative excretory 

routes for accumulating cholephiles. In patients with PBC or cholestasis resulting 

from drugs or alcohol, some common changes include reduced expression of 

basolateral uptake transporters NTCP and OATP2 with normal expression of 

canalicular BSEP and MRP2 (Zollner et al., 2003). Additionally, up-regulation of 

sinusoidal efflux transporters such as MRP3 and MRP4 is commonly observed 

during cholestasis (Guo et al., 2003; Assem et al., 2004). The decrease in bile 

acid uptake in combination with maintained canalicular excretion and up-

regulated efflux is regarded as a protective mechanism to reduce the 

accumulation of bile acids within hepatocytes. These changes in transporter 

expression are accompanied by repression of bile acid biosynthesis and 
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increased bile acid metabolism. Unfortunately, these intrinsic adaptive changes 

are not robust enough to prevent cholestatic liver injury. 

Animal Models of Cholestasis 

 Rodents are the animal species most commonly utilized for studies of 

cholestatic liver disease. As the etiologies of cholestasis are various, so are the 

numbers of models used to study it. A well known model of extrahepatic biliary 

obstruction is common bile duct ligation. The most common experimental models 

of intrahepatic cholestasis are endotoxin-induced, estrogen-induced, drug-

induced, and bile acid-induced cholestasis. Using the most appropriate animal 

model is of utmost importance when correlating animal data to humans. 

Experimental animal models are useful to aid in the understanding of 

pathophysiological mechanisms involved in disease, but as in any animal model, 

they are limited by species differences that may not be reflected clinically in 

humans. This section is intended to provide a brief overview of the main in vivo 

models used to study cholestasis. 

Experimental rodent models of obstructive cholestasis result from manual 

ligation of the common bile duct (BDL). In this model, the drainage of bile into the 

duodenum is physically blocked resulting in an accumulation of bile in the liver. 

BDL is the most common model of extrahepatic cholestasis but it has limitations. 

The sudden, complete blockage of the common bile duct does not simulate the 

more gradual and progressive onset of symptoms observed clinically in humans. 
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However, the BDL method does appear to be best suited for the study of 

complete biliary obstruction caused by tumors or gallstones. Typical physiologic 

changes that occur from BDL include plugging of the interlobular bile ducts, 

portal expansion, and bile duct proliferation, which results in retention of 

hydrophobic bile acids, increased biliary pressure and centrilobular injury 

(Rodriguez-Garay, 2003). Additionally, membrane permeability is increased 

during the early stages of BDL leading to a loss of osmotic driving forces (Roma 

et al., 1988). Hepatic tight junctions, also termed zonulae occludens, are the 

structures that seal the lumen of bile canaliculi between adjacent hepatocytes, 

which provides a barrier to diffusion between blood and bile (Boyer, 1983). The 

integrity of tight junctions influences the formation of bile and dysfunction can 

contribute to the pathogenesis of cholestasis. 

Functional changes that occur secondary to BDL relate to the transport of 

bile acids. Like in other models of cholestasis, down-regulation of bile acid 

uptake transporters NTCP and OATP1 occurs, along with a decrease in transport 

across the canalicular membrane via MRP2 (Gartung et al., 1996; Rodriguez-

Garay, 2003). Conversely, sinusoidal efflux is up-regulated via MRP3 following 

BDL, as is the expression of P-glycoprotein, which may account for increases in 

serum bile acids and bilirubin (Bohan et al., 2002; Zollner et al., 2002). 

Unfortunately, the adaptive up-regulation of efflux transporters during cholestasis 

is not sufficient to protect the liver from the inherent toxicity of accumulating bile 

acids. 



 

67

 

Lipopolysaccharide (LPS) is an endotoxin and is used as an inflammatory 

model of intrahepatic cholestasis (Moseley et al., 1996; Ide et al., 1996). LPS 

comprises part of the outer membrane of Gram-negative bacteria and induces a 

robust immune response in animals characterized by the secretion of pro-

inflammatory cytokines such as TNF-α, IL-1β, and IL-6 (Busam et al., 1990). With 

regard to its role in cholestasis, the cytokines released following LPS 

administration have been shown to be involved in the regulation of transporter 

expression (Whiting et al., 1995; Green et al., 1996; Geier et al., 2003). Using 

LPS administration in mice, Licktieg et al. (2007) demonstrated a decrease in bile 

acid uptake transporters (Oatp1, Oatp2, Oatp4 and Ntcp) and canalicular 

transporters (Mrp2 and Bsep). By impairing bile acid uptake and secretion, both 

bile acid-dependent and -independent flow are inhibited. Studies in rat liver 

plasma membrane vesicles derived from LPS showed a decrease in taurocholate 

transport across both the sinusoidal and canalicular membranes, thus 

demonstrating reduced bile acid flow (Moseley et al., 1996). Additionally, LPS 

causes a rapid redistribution of canalicular Mrp2 to intracellular vesicles, thus 

reducing the excretion of bile acids and other organic anions (Kubitz et al., 1999). 

Estrogens are known to cause intrahepatic cholestasis in susceptible 

women following administration of oral contraceptives, during pregnancy or 

during postmenopausal hormone replacement therapy (Reyes and Simon, 1993; 

Yamamoto et al., 2006).  Intrahepatic cholestasis of pregnancy (ICP) generally 

occurs in the second or third trimester of pregnancy and resolves following 
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parturition. ICP is characterized by pruritus and increased serum bile acids. 

Although the precise pathogenesis of the disease remains unclear, new evidence 

suggests that mutations or polymorphisms of genes involved in hepatobiliary 

transport or the nuclear receptors that regulate them may contribute (Arrese et 

al., 2008). Additionally, unidentified environmental factors have been suggested 

to influence the disease. 

Ethinyl estradiol (EE), a synthetic derivative of estradiol, has been widely 

used to induce cholestasis by altering bile acid-dependent and -independent 

processes resulting in reduced bile flow (Rodriguez-Garay, 2003). The 

mechanisms involved in EE-induced cholestasis include impaired transport 

across the canalicular membrane due to reduced expression of BSEP, along with 

reduced sinusoidal uptake of bile acids from down-regulation of NTCP (Lee et al., 

2000; Simon et al., 1996). Meyers et al. (1980) have suggested that the effects of 

EE are attributed to the endogenous metabolite estradiol-17β-D-glucuronide, 

which has been shown to reduce bile flow and secretions in a dose-dependent 

manner. Similar to LPS, Mottino et al. (2002) demonstrated that estradiol-17β-D-

glucuronide causes endocytic internalization of Mrp2 to reduce transport across 

the canalicular membrane, thus reducing bile flow. 

α-naphthylisothiocyanate (ANIT) has been used in rodents as a model of 

drug-induced intrahepatic cholestasis for over 30 years (Desmet et al., 1968; 

Goldfarb et al., 1962).  With a single oral dose, ANIT quickly causes cholestasis 
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via bile duct obstruction, biliary epithelial cell hyperplasia and hepatocellular 

necrosis (Plaa and Priestly, 1977). The damage to biliary epithelial cells has 

been shown to involve glutathione, where a glutathione-ANIT conjugate is formed 

and is transported across the canalicular membrane where it damages 

cholangiocytes lining the bile ducts (Kossor et al., 1995; Jean et al., 1995). Unlike 

some of the other models, cholestasis caused by ANIT is reversible and also 

results in lipoprotein abnormalities similar in profile to the changes that occur in 

human forms of cholestasis (Rodriguez-Garay, 2003). Other drugs known to alter 

bile acid flow are cyclosporin A, rifamycin, rifampicin, troglitazone and 

glibenclamide (Stieger et al., 2000; Funk et al., 2001). 

Administration of the secondary bile acid LCA causes rapid, dose-

dependent cholestasis in many species and has been widely utilized as a model 

of intrahepatic cholestasis (Fickert, et al., 2006; Zhang, et al., 2004; Yousef, et 

al., 1997). Several mechanisms of hepatotoxicity have been proposed for LCA-

induced cholestasis, including its ability to decrease canalicular secretion by 

preventing the insertion of BSEP while bile acid uptake is maintained, resulting in 

accumulation of hydrophobic bile acids in the liver (Crocenzi et al., 2003). 

Another mechanism proposed by Fickert and colleagues (2006) following LCA 

feeding studies conducted in mice is the obstruction of segmental bile ducts, 

destructive cholangitis, periductal fibrosis, and crystal deposition within small bile 

ducts, in the absence of expression changes in BSEP. Yet another proposed 
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mechanism involving the taurine conjugated from of LCA (TLCA) suggests a 

phosphatidylinositol 3-kinase dependent mechanism (Beuers, et al., 2003). 

Interestingly, LCA is able to initiate its own metabolism via activation of the 

vitamin D receptor (VDR), which induces transcription of the sulfotransferase 

enzyme (Makashima et al, 2002). LCA has also been shown to induce 

hydroxysteroid sulfotransferase in the liver via activation of CAR (Kitada et al., 

2003; Saini et al., 2004). The phase II sulfotransferase enzyme (SULT2A1) adds 

a sulfate moiety to LCA to increase its water solubility and subsequent excretion 

(Kitada et al., 2003). Hepatic CYP3A4 is also induced by LCA, presumably via 

the action of PXR (Stedman et al., 2004). CYP3A4 (CYP3a11 rodent homologue) 

participates in bile acid detoxication via 6α-hdyroxylation of LCA (Araya and 

Wikvall, 1999). 

Treatment of Cholestasis 

 At present, there are no effective long-term treatment options for 

cholestasis, and first-line therapy for many forms of this disease is 

ursodeoxycholic acid (UCDA).  UDCA is marketed as Ursodiol and is approved in 

the U.S. for the treatment of gallstones, but it has also been used to treat PBC, 

PSC, benign recurrent intrahepatic cholestasis (BRIC) and IHCP (Pratt, 2005; 

Kumagi and Heathcote, 2008; Chhetri et al., 2007; Su, 2008). UDCA is a 

secondary bile acid, which is hydrophilic, unlike most other bile acid species. 

Several potential mechanisms may account for the beneficial effects of UDCA. 
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UDCA binds to the interface of plasma membranes at the extracellular space, 

where it stabilizes the membrane structure and prevents damage caused by 

more hydrophobic bile acids (Guldutuna et al., 1993). UCDA also stimulates 

targeting of BSEP and MRP2 to the canalicular membrane to increase export of 

bile acids (Beuers et al., 2001; Dombrowski et al., 2006). Bile acids are known to 

cause hepatocellular necrosis and previous data suggests that non-detergent 

mechanisms may also be responsible for the cytotoxicity (Sokol et al., 1993). 

ATP depletion occurs during hepatocyte necrosis caused by bile acids, which 

results in mitochondrial dysfunction (Spivey et al., 1993). Another way UDCA 

may be beneficial is by inhibiting the mitochondrial membrane permeability 

transition (MMPT) caused by hydrophobic bile acids (Botla et al., 1995). By 

inhibiting the MMPT, UDCA can reduce the permeability of the mitochondria to 

ions to prevent mitochondrial swelling and rupture, and it can also reduce the 

mitochondrial release of cytochrome c to prevent apoptosis (Lazaridis et al., 

2001). 

Doses between 13-15 g/kg body weight per day of UDCA are considered 

therapeutic (Poupon et al., 1997). In a randomized double-blind, placebo-

controlled study, Combes et al reported that UDCA showed no benefit after two 

years (2004). However, others have found improved 10-year survival rates along 

with reduced alkaline phosphatase levels and delayed progression of hepatic 

fibrosis (Lindor et al., 1997). Thus, whether UDCA treatment provides a long-
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term survival benefit for those with cholestatic liver disease remains 

controversial.  

Other drugs such as phenobarbital, rifampicin, bile sequestering agents, 

and opiod antagonists have been used to treat some symptoms of cholestasis 

(Cies and Giamalis, 2007). Rifampicin is a semi-synthetic antibiotic used for the 

treatment of pruritis (itchiness). The effectiveness of rifampicin is believed to 

result from activation of PXR and subsequent up-regulation of bile acid 

metabolizing genes; however it has also been reported to cause hepatitis (Prince 

et al., 2002). Pruritis during cholestasis is poorly understood but is thought to 

result from the accumulation of serum and tissue bile acids (Jones, 1999). It has 

been suggested that elevated bile acid concentrations act on afferent peripheral 

pain nerves to cause the sensation of itching (Jones and Bergasa, 1992).  As 

such, the opiate antagonist phenobarbital has been used in cases of chronic 

cholestasis (Emerick, 2006). However, phenobarbital and other ligands for 

nuclear receptors (FXR, PXR, CAR) have been explored in rodent models of 

cholestasis for their effects on bile acid biosynthesis, metabolism, and transport.  

As described previously, many studies have identified adaptive changes in the 

liver aimed at protecting hepatocytes from the cytotoxic properties of 

accumulating bile acids, thus, targeted stimulation of these adaptive processes 

via activation of nuclear receptors presents an attractive approach for the 

treatment of cholestasis. 
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MECHANISMS OF CELL DEATH 

 Necrosis is a form of cell death that begins with cell swelling, chromatin 

condensation and disruption of the plasma membrane. This stage is followed by 

DNA hydrolysis, vacuolization of the endoplasmic membrane, organelle 

breakdown and cell lysis. The extrusion of cellular debris attracts aggressive 

inflammatory cells and amplifies the ensuing injury. When necrosis occurs in 

hepatocytes the associated leakage of cellular enzymes, such as ALT, can be 

detected biochemically in the plasma as a marker of liver damage. Apoptosis is 

now regarded as the main mechanism of hepatocellular death during cholestasis, 

rather than the widespread necrosis that was previously thought to occur (Patel 

and Gores, 1995; Faubion et al., 1999). Therefore, the remainder of this section 

will focus on apoptotic cell death as it pertains to cholestatic liver disease.  

The concept of cell death described as apoptosis was first introduced by 

Kerr in 1972, but little was really known about it until years later. Indeed, 

apoptosis has now emerged into a central concept of cellular homeostasis, 

managing the balance between cellular life and death. The dysregulation of 

apoptosis can have potentially deleterious consequences for the cell, and 

hepatocytes are no exception. In the liver, excessive apoptosis can result in liver 

failure, whereas the absence of apoptosis can lead to hepatocellular carcinoma 

(Manning and Patierno, 1996). Apoptosis is a more organized form of cell death 

than necrosis, where cells are fragmented into small membrane-bound bodies 
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with intact organelles and membranes. The process occurs when endonucleases 

cleave DNA into fragments, called apoptotic bodies. In the liver, apoptotic bodies 

are referred in histolopathological terms as Councilman bodies. Apoptosis is a 

fairly quick form of cell death and can be carried out within minutes to hours 

(Fraser and Evan, 1996). The apoptotic bodies are removed by phagocytosis and 

because the cellular contents are contained in the membrane an inflammatory 

response is prevented.  

Several bile acids such as GCA, GCDCA and TLCA-S have been shown 

to cause apoptosis (Patel et al., 1994) and different mechanisms have been 

suggested to mediate bile acid-induced apoptosis including activation of Fas, c-

Jun-N-terminal kinase (JNK), protein kinase C (PKC), cathepsin B, as well as 

oxidative stress (Faubion et al., 1999; Graf et al., 2002; Jones et al., 1997; 

Roberts et al., 1999; Czaja, 2002). Regardless of the signal transduction 

pathways activated by bile acids, the resulting outcome is initiation of the 

apoptotic signal. Caspases are a family of cysteinyl proteases that cleave after 

aspartate residues and are involved in both the initiation and execution of 

apoptosis. In most cells, caspases are located in the cytosol as zymogens, 

requiring cleavage to be fully functional proteases.  

There are two main pathways involved in the activation of the effector 

caspases, and these include death receptors (extrinsic) and mitochondrial 

dysfunction (intrinsic) (Fig. 1-6). Of the eight known death receptors belonging to 

the tumor necrosis factor (TNF) superfamily, the Fas (CD95/APO-1) pathway is  
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Figure 1-6. Apoptotic signaling pathway. Hydrophobic bile acids can induce 
hepatocyte apoptosis via activation of both death receptor- and mitochondrial-
mediated pathways. 
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one of the best characterized, and it is the one most commonly activated by bile 

acids (Rust and Gores, 2000; Faubion et al., 1999). Upon activation of the 

extrinsic pathway, the Fas death receptor recruits adapter proteins and 

procaspases to form a death receptor complex called the death inducer signaling 

complex (DISC). The DISC then participates in the cleavage of caspase 8, which 

results in activation of downstream effector caspases (caspase-3, -6, -7), 

resulting in apoptosis (Hengartner, 2000).  

 The Bcl-2 family of proteins are one of the major groups of apoptosis 

regulatory proteins with at least 15 identified members (Adams and Cory, 1998). 

Despite a similar sequence, these proteins can either facilitate cell death (ex., 

pro-apoptotic Bak or Bax) or cell survival (ex., anti-apoptotic Bcl-2, Bcl-xl, Bcl-w 

or Mcl-1). The precise role of these regulatory proteins is still unclear but the 

balance between their pro- and anti-apoptotic functions will determine if an 

apoptotic stimulus is carried out. The intrinsic and extrinsic death pathways are 

not mutually exclusive; in fact hepatocytes have been shown to require 

mitochondrial contribution to amplify the apoptotic signal (Guicciardi and Gores, 

2006). Studies have suggested that bile acids cause apoptosis via the intrinsic 

pathway through oxidative stress and mitochondrial dysfunction (Graf et al., 

2002; Rodrigues et al., 1998). Through the intrinsic pathway, activation of initiator 

caspase 8 can result in cleavage of Bid (Bcl-2 interacting domain), forming 

truncated Bid (tBid), which translocates to the mitochondria and interacts with 

pro-apoptotic Bak (Bcl-1 antagonistic killer) and Bax (Bcl-2-associated X protein). 
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This leads to an increase in the permeability of the mitochondrial transition, loss 

of mitochondrial membrane potential and release of cytochrome c to trigger 

apoptosis (Rodrigues et al., 1998). Hepatocytes are very sensitive to cytotoxicity 

via the Fas receptor and the nuclear receptor CAR has been shown to protect 

the liver against bile acid-induced injury. So the natural question was does CAR 

regulate specific apoptotic proteins in the Bcl-2 family? Baskin-Bey and 

colleagues (2006) demonstrated that activation of CAR in mice results in up-

regulation of Mcl-1 by directly promoting Mcl-1 transcription. Therefore, a brief 

overview of Mcl-1 is provided below. 

 The Mcl-1(myeloid cell leukemia 1) gene was originally identified by 

Kozopas and colleagues (1993) as a gene with sequence similarity to Bcl-2 (B-

cell lymphoma-leukemia 2) that is expressed during differentiation in the human 

myeloid leukemia cell line. This 37 kDa protein is expressed in a wide variety of 

cells including hepatocytes (Yang, et al., 1995; Backus, et al., 2001). Confocal 

microscopy showed that Mcl-1 is localized predominantly in the nucleus, as well 

as in the cytosol (Fujise, et al., 2000) and mitochondria (Yang et al., 1995). Since 

its discovery, Mcl-1 expression has been found to be stimulated by several 

growth factors, cytokines and nuclear receptors (Yang-Yen, et al., 2006; Baskin-

Bey, et al., 2006). Along with its role in apoptosis, Mcl-1 is also involved in cell 

cycle regulation (Fujise, et al., 2000). There are several other examples of 

proteins that are involved in both apoptosis and cell cycle regulation, such as 

p53, survivin and the E2F family (Fujise, et al., 2000). Two factors that 
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distinguish Mcl-1 from other Bcl-2 proteins are its rapidly inducible nature via 

exposure to cytokines or growth factors, and its very short half life. The short half 

life is thought to be due to the presence of PEST sequences which are not 

present in other Bcl-2 proteins (Kozopas, et al., 1993). During apoptosis, over-

expression of Mcl-1 is responsible for the blockage of cytochrome c release from 

the mitochondria, thus preventing activation of Apaf-1/caspase-9 and halting the 

apoptosis signaling cascade (Zhou, et al., 1997). Although the exact mechanism 

by which Mcl-1 acts as a regulatory protein in the cell cycle has not been 

elucidated, evidence shows that unlike other Bcl-2 proteins, it specifically 

interacts with PCNA (proliferating cell nuclear antigen) in the nucleus (Fujise, et 

al., 2000). Additionally, Fujise and colleagues found that Mcl-1 contains the 

specific amino acid motif required for PCNA binding; a motif that was not found in 

other Bcl-2 proteins (Bcl-XL, Bax, Bak). PCNA is a cell cycle regulatory protein 

that serves as a cofactor to DNA polymerase δ and functionally, it appears that 

the interaction between Mcl-1 and PCNA interferes with cell cycle progression at 

S-phase, as demonstrated by Fujise and colleagues. The significance of this 

work demonstrates that Mcl-1 is a dual function protein that when up-regulated 

during DNA damage may halt cell cycle progression via its interaction with PCNA 

to prevent damaged cells from replicating or to exert its anti-apoptotic effect to 

ensure survival of cells until DNA damage is repaired. This dual function 

represents an interesting mechanism by which cells increase their chance of 

survival. Additionally, Mcl-1 has been shown to act as a chaperone to fortilin, a 
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potent anti-apoptotic protein located in the nucleus (Zhang et al., 2002). Fortilin is 

able to protect cells from apoptosis by sequestering Ca2+ from downstream 

apoptotic pathways, and Mcl-1 binding stabilizes fortilin to ensure cell survival 

(Graidist et al., 2007; Zhang et al., 2002). The combined effects of Mcl-1 with 

PCNA and fortilin in the nucleus decrease apoptosis by maximizing the pro-

survival environment.  
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PRESENT STUDY 

Statement of the Problem 

 Cholestasis is a complex disease with multiple etiologies that results in the 

accumulation of toxic bile acids and significant hepatocellular injury, which leads 

to substantial clinical burden. Over the past few decades, important advances in 

the understanding of cholestasis have been made at both the molecular and 

physiological levels. However, few treatment options still exist. Liver 

transplantation and ursodeoxycholic acid treatment comprise the two main 

therapies, along with administration of certain drugs (e.g., phenobarbital, 

rifampicin) which are aimed at alleviation of the symptoms rather than treatment 

of the cause. A retrospective study of human mortality rates indicated that 

mortality from PSC has remained largely unchanged for the last 20 years 

(Mendes et al., 2007). Continued research has been aimed at finding molecular 

targets that can be pharmacologically regulated to treat the symptoms of 

cholestasis. However, because many of the causes of cholestasis involve genetic 

mutation of bile acid transporters, significant research has been directed towards 

the manipulation of nuclear receptors thought to regulate transport proteins. 

Efforts to further understand the hepatoprotective mechanisms observed in 

rodent models of cholestatic injury therefore comprise the main objectives in this 

dissertation.  

 Several nuclear receptors have been implicated in the regulation of bile 

acids, including the bile acid ‘sensor’ FXR. At the beginning of this project, little 
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was known about the hepatoprotective effects of CAR. Mrp2, an important 

transporter involved in the flux of conjugated compounds across the canalicular 

membrane, was found to be cross-regulated by CAR, PXR, and FXR (Kast et al., 

2003). And Guo and colleagues (2003) demonstrated the complementary roles of 

CAR, PXR and FXR in protecting the liver against bile acid toxicity by reducing 

serum bile acids and increasing the expression of bile acid metabolizing genes. 

These findings in part, led to the hypothesis that activation of CAR is necessary 

to protect the liver from accumulating bile acids during cholestasis. 

 Since that time, several studies, including those presented here, have 

linked the downstream effects of CAR activation to hepatoprotection during 

cholestasis. Some of the many ways CAR activation is involved in reducing bile 

acid toxicity include, 1) increased bilirubin clearance, 2) increased cholesterol 

metabolism, 3) reduced histopathological liver damage, 4) increased bile acid 

metabolism via induction of CYP3A, SULT2A and UGT1A1, 5) reduced serum 

bile acid concentrations, 6) up-regulation of bile acid efflux transporters Mrp3 and 

Mrp4, and 7) reduced hepatocellular apoptosis (Huang et al., 2003; Stedman et 

al., 2005; Saini et al., 2004; Guo et al., 2003; Baskin-Bey et al., 2006). Because 

CAR is involved in the regulation of bile acids, characterization of the mechanistic 

pathways of CAR hepatoprotection in a bile acid-induced model of intrahepatic 

cholestasis can lead to a better understanding of how humans detoxify bile acids. 
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 Research Objectives 

The over-arching hypothesis tested by the experiments presented in this 

dissertation is that activation of the nuclear receptor CAR protects the liver 

against the toxicity of accumulating hydrophobic bile acids in an LCA-induced 

model of intrahepatic cholestasis. Three major research objectives were 

developed to test this hypothesis, and are outlined below. The studies were 

designed using a mechanism based approach to understanding the 

hepatoprotective role of CAR during bile acid-induced cholestasis with the goal of 

providing novel information on the physiological and biochemical factors that 

regulate cholestatic liver disease. These data will aid in understanding the 

mechanisms underlying CAR activated hepatoprotection during cholestasis and 

provide potential insight for new pharmacologic therapies for the treatment of 

cholestasis.   

Chapter 2.  The goal of the research presented in this chapter was to ascertain 

whether sinusoidal efflux transporters are up-regulated following chemical 

activation of CAR in an LCA-induced model of cholestasis as a mechanism of 

hepatoprotection. CAR activators phenobarbital (PB), oltipraz (OPZ), TCPOBOP 

(TC) or corn oil (CO) were administered to C57BL/6 wild type (WT) prior to 

induction of intrahepatic cholestasis using the secondary bile acid LCA. 

Histopathology and liver enzymes were evaluated to assess the degree of liver 

injury and to characterize the effects of LCA administration on liver function. 

These parameters also provided information to characterize the model of 
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cholestasis, ensuring that the dose and route were sufficient to cause 

cholestasis. Although the focus of this study is on efflux transporter expression, a 

full evaluation of uptake and canalicular transporters was also conducted to 

provide a better understanding of the adaptive and drug-induced changes that 

occur in transporters during cholestasis. As the nature of cholestasis includes an 

accumulation of hepatic bile acids, an analysis of total bile acid concentrations 

was evaluated to determine changes in mice pretreated with CAR activators. The 

sum of changes observed in this study led to the conclusion that efflux 

transporters have a minimal role in the hepatoprotection observed following CAR 

activation. However, the changes observed in hepatic bile acid levels led to the 

next study which explores effects on individual bile acid concentrations. 

Chapter 3.  The second objective utilized the same in vivo mouse model of 

intrahepatic cholestasis to determine the effects of pre-treatment with CAR 

activators on individual bile acids as well as genes involved in bile acid 

biosynthesis and metabolism. In order to determine if the observed changes 

were CAR related, CAR null mice (CAR-/-) were added in this study. It is 

commonly believed that the toxicity of individual bile acids inversely correlates to 

the degree of hydroxylation of the steroid ring structure. Therefore, in order to 

best evaluate the relevant toxicity of individual bile acids, they were grouped 

according to the number of hydroxyl groups (mono-, di-, and tri-hydroxylated). 

Additionally, the expression of genes involved in regulating the levels of 

individual bile acids was also determined. Indeed changes reflective of altered 
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bile acid biosynthesis were observed in hepatoprotected (PB and TC pretreated) 

WT mice. Genes involved in the phase II metabolism of bile acids were also 

increased in WT but not CAR-/- mice.  

 The changes in expression of genes involved in bile acid transport, 

biosynthesis and metabolism demonstrate that activation of CAR is important to 

protect the liver against bile acid-induced toxicity. However, CAR has also been 

implicated in the regulation of hepatocyte apoptosis. Because hepatocyte 

apoptosis has been linked to the pathogenesis of cholestatic liver disease  it was 

important to understand the role of CAR in regulating apoptosis during 

cholestasis as a third mechanism of hepatoprotection. 

 

Chapter 4. The same in vivo mouse model of LCA-induced intrahepatic 

cholestasis using WT and CAR-/- mice pretreated with CAR activators was utilized 

for the third objective. The classic PXR activator PCN was included in this study 

to determine whether hepatoprotection was specifically CAR-dependent or 

whether activation of other nuclear receptors was involved. CAR and PXR share 

some overlapping target genes such as CYPs 2B, 3A4, 2C9, 2B6 as well as 

UGT1A1, MDR1 and MRP2, which are involved in bile acid metabolism and 

transport making PXR the logical choice for additional study of hepatoprotection. 

Liver function was assessed with histopathology, liver enzymes, and bilirubin. PB 

and TC, as well as PCN were hepatoprotective whereas OPZ was not. Apoptosis 

was evaluated using immunohistochemistry (IHC) for Mcl-1 and activated 
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caspase 3 (cCasp3), as well as by evaluating the expression of pro- and anti-

apoptotic genes. To ensure activation of CAR was occurring, this study also 

includes proof that CAR is activated and translocates to the nucleus. The activity 

of nuclear CAR was demonstrated using the electrophoretic mobility shift assay 

(EMSA). Binding of CAR to an nuclear receptor-1(NR-1) site of CYP2b10, the 

prototypical target gene of activated CAR, was observed. This demonstrates that 

the changes observed in Mcl-1 and cCasp3 in this study resulted from activated 

CAR. This study demonstrated that the hepatoprotection observed appears to 

occur via a CAR-dependent mechanism where even the PXR activator PCN is 

not hepatoprotective in the absence of CAR. And that apoptosis is decreased in 

hepatoprotected mice which correlates with CAR activation, however, this is not 

a result of CAR induced Mcl-1 expression. 

 

Chapter 5.  This chapter contains a comprehensive summary of the results and a 

discussion of the significance of the findings. The discussion includes a section 

that details a proposal of future studies that will further contribute to the body of 

knowledge surrounding mechanisms of hepatoprotection during cholestasis. 
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Discussion and Impact of Results 

The results described in this dissertation demonstrate that activation of the 

nuclear receptor CAR is necessary and sufficient to protect the liver against the 

toxicity of accumulating bile acids during intrahepatic cholestasis in the mouse. 

This is due to the ability of CAR to regulate genes involved in bile acid 

biosynthesis, metabolism and apoptosis. The following discussion supports this 

conclusion. It will first describe the minimal effects of CAR activation on the 

expression of genes involved in bile acid transport. Then the discussion will focus 

on CAR’s ability to regulate genes involved in bile acid biosynthesis and 

metabolism which is reflected in the profile of hepatic bile acids. And lastly, the 

discussion will address the effects of CAR on hepatocyte apoptosis. Each of the 

three main topics presented here involve the exploration of potential mechanisms 

by which activation of CAR results in hepatoprotection. 

There are three main processes that direct the disposition of bile acids into 

and out of the liver. The first is uptake, how bile acids enter hepatocytes, and this 

is accomplished by NTCP and the OATP transporters. The next process is 

metabolism, where phase I and phase II enzymes govern the fate of bile acids in 

the liver. A discussion of bile acid metabolism will be presented during the review 

of Chapter 3. The third process is export of bile acids from the liver, and this is 

accomplished via canalicular transporters such as BSEP and MRP2 as well as 

sinusoidal transporters such as MRPs1, 3, and 4. The significance of these 

transporters is exemplified by liver diseases resulting from their absence. For 
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instance, a genetic mutation in BSEP causes PFIC-2, a condition of persistently 

high serum bile acid levels. Loss of MRP2, as observed in Dubin-Johnson 

patients, results in chronic hyperbilrubinemia. The specific roles and regulation of 

these transporters has been discussed in detail in this dissertation, and it should 

be clear that nuclear receptors are key elements involved in this process.  

 Early studies revealed up-regulation of MRP transporters in rats following 

treatment with CAR activators (Cherrington et al., 2002; Johnson and Klaassen, 

2002). Transport of several endogenous and exogenous compounds was 

thought to be mediated by MRP transporters. And likewise, adaptive changes in 

transporter gene expression occur during cholestasis, such that uptake 

transporters are down-regulated and sinusoidal efflux transporters are up-

regulated to decrease bile acid burden in hepatocytes. This led to the hypothesis 

that pharmacological induction of efflux transporters would increase bile acid 

efflux from the liver as a mechanism of hepatoprotection during cholestasis. 

Chapter 2 explored this hypothesis by evaluating of mRNA and protein 

expression of canalicular and sinusoidal uptake and efflux transporters as well as 

total hepatic bile acid concentrations in liver, serum and urine. 

Intrahepatic cholestasis was successfully induced in mice using LCA.  The 

data presented in Chapter 2 demonstrate that PB and TC protects mice against 

cholestasis as evidenced by an absence of cholestatic histopathology and 

reduced serum ALT levels compared to mice treated with LCA only. Altered 

transporter expression was observed in hepatoprotected PB and TC pretreated 
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mice. mRNA levels of Oatp1 (Oatp1a1) and Oatp 4 (Oatp1b2) were reduced or 

maintained and efflux transporter expression of Mrp3 and Mrp4 was up-

regulated. This observation is in agreement with other models of cholestasis 

including BDL (Wagner et al., 2005). Interestingly, expression of Mrp3 and Mrp4 

was not consistently up-regulated in both PB and TC pretreated mice even 

though hepatoprotection was observed in both treatment groups. Mrp3 and Mrp4 

expression was significantly increased by TC, whereas PB pre-treatment 

modestly elevated Mrp4 with no change in Mrp3. This suggests that Mrp3 and 

Mrp4 are either not regulated by CAR or CAR was not sufficiently activated to 

influence transporter expression. In support of the first idea is research indicating 

that indeed Mrp3 is not regulated by CAR (Cherrington et al., 2003). Although 

CAR does not regulate Mrp3, it may influence the expression of Mrp3 through a 

yet unknown mechanism possibly via a coordinated effect of multiple nuclear 

receptors. However, CAR does regulate Mrp4 expression (Assem et al., 2004), 

which explains the difference in levels of expression between PB and TC. 

Electrophoretic mobility shift data presented in Chapter 4 of this dissertation 

demonstrate that PB activates CAR to a much lesser extent than direct ligand 

binding activation by TC. Therefore, the expression of Mrp4 in PB pretreated 

mice is reflective of the degree of CAR activation by PB compared to that of TC. 

These data also indicate it is unlikely that changes in any one transporter is 

responsible for the altered disposition of bile acids during hepatoprotection.  
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Studies in Chapter 2 revealed an interesting inverse correlation between 

hepatoprotection and liver bile acid concentrations thereby providing the first 

evidence that bile acid synthesis may better explain hepatoprotection. Published 

reports have provided evidence that CAR regulates bile acid metabolic genes but 

none had reported on the involvement of CAR during bile acid biosynthesis 

(Huang et al., 2003; Saini et al., 2004; Assem et al., 2004). Since hepatic bile 

acid concentrations in mice are altered by treatment with CAR activators, studies 

in Chapter 3 were designed to further explore the effect of treatments on the 

composition of individual bile acids as well as the expression of genes involved in 

the biosynthesis and metabolism of bile acids.  

In order to determine the critical individual bile acids to examine, a 

comprehensive review of the literature regarding bile acid biosynthesis was 

conducted. The bile acid biosynthesis pathway depicted in Figure 3-6 illustrates 

these findings and provided the basis for which individual bile acids were studied.  

The bile acids analyzed in these experiments represent all the major bile acids 

(e.g., primary, secondary) as well as several conjugated bile acids. Mono- and di-

hydroxylated bile acid concentrations were increased in all LCA-containing 

groups compared to CO controls (Fig. 3-3). LCA-mediated increases in bile acid 

levels were prevented by PB and TC pre-treatment. However CAR may have a 

role in the regulation of selected CYP isoforms involved in bile acid biosynthesis. 

Several CYP enzymes (CYP3a11, CYP7b1, CYP8b1, CYP27a1, CYP39a1) were 

maintained and/or increased in the hepatoprotected PB and TC pretreated WT 
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mice compared to LCA, whereas these changes were not observed in CAR-/- 

mice.  The involvement of CAR in the regulation of these CYPs warrants further 

investigation. CAR binding to regions of the promoter that are required for 

optimal induction of these genes would be one method to further assess CAR’s 

involvement in their expression. One of the most striking findings in this study 

was the change in CYP8b1 expression in hepatoprotected PB and TC pretreated 

mice. Derepression of CYP8b1 in PB and TC pretreated mice correlated with 

histologic hepatoprotection in these groups, and it implies a shift in the bile acid 

biosynthesis pathway toward the formation of CA and other less toxic di- and tri-

hydroxylated bile acids. Changes in phase II bile acid metabolizing genes 

(UGTa1, SULT2a1/2, BAT) also correlated with hepatoprotection in PB and TC 

pretreated mice. Collectively, these data support the necessity of CAR during 

cholestasis for the observed hepatoprotective effects and add to the current body 

of knowledge regarding individual bile acid homeostasis during cholestasis. 

Studies by Baskin-Bey and colleagues (2006) suggested a role for CAR in 

preventing apoptotic cell death by altering Bcl-2 protein expression. This led to 

the next set of experiments in Chapter 4 that characterize the hepatoprotective 

effects of CAR during cholestasis via a reduction in apoptotic cell death. Bile 

acids bind to the Fas death receptor to activate apoptosis and they can also 

initiate apoptotic signaling intrinsically through the mitochondria, indicating that 

apoptosis is a relevant pathway of cell death from bile acids. The first aim was to 

examine the extent of apoptosis in each treatment group and determine if 
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changes in the degree of apoptosis correlated to hepatoprotection. Staining of 

cleaved caspase 3, an activated form of caspase 3 at the terminal stage of the 

apoptotic pathway, revealed selective labeling of the cytoplasm of hepatocytes in 

mice given LCA with or without OPZ. The absence of cCasp3 staining in 

hepatoprotected mice indicates no apoptosis in those groups, or at least a 

reduced degree of apoptosis that is below immunohistochemical detection.  

Mcl-1 propagates the apoptotic signal by releasing cytochrome c from the 

mitochondria. One interesting finding in our study was the difference in cellular 

localization of Mcl-1 between protected versus non-protected groups of mice. 

Mcl-1 staining in the hepatoprotected mice was localized in the nucleus, 

whereas, in LCA-treated and OPZ pretreated mice the staining was 

predominantly cytoplasmic (Fig. 4-3). Nuclear localization of Mcl-1 supports a 

decrease in apoptotic activity in the hepatoprotected groups through its 

interaction with other nuclear proteins such as fortilin. Mcl-1 is a chaperone of 

fortilin, a potent anti-apoptotic protein located in the nucleus The combined 

effects of Mcl-1 with fortilin in the nucleus suggest a decrease in apoptosis by 

maximizing the pro-survival environment. 

The next goal was to examine the expression of pro- and anti-apoptotic genes 

and determine if changes in expression correlated with hepatoprotection. Anti-

apoptotic Mcl-1 and Bcl-xL expression was not increased by any of the 

hepatoprotective pre-treatments and a consistent decrease in pro-apoptotic Bak 

or Bax mRNA expression was not observed in any of the hepatoprotected 
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groups. Additionally, expression of pro- and anti-apoptotic proteins and mRNA 

did not correlate with IHC staining. The changes in expression between groups of 

CAR-/- mice indicate that CAR does not regulate these pro- and anti-apoptotic 

genes. However, the nuclear localization of Mcl-1 observed in the 

hepatoprotected groups suggests that CAR may influence the presence of Mcl-1 

in the nucleus as a protective mechanism. 

The observed hepatoprotection by chemicals that activate CAR led to the 

final aim of Chapter 4. To verify that CAR activation was indeed occurring in 

these studies, nuclear translocation as well as target gene binding was 

assessed.  Significant nuclear CAR protein accumulated in livers of PB and TC 

pretreated mice, and to a much lesser degree in OPZ pretreated mice. A similar 

pattern was observed in CAR binding to the NR-1 site of CYP2b10. Binding was 

seen with each of the CAR inducers, but was stronger in TC and PB pretreated 

mice compared to OPZ pretreated mice. Thus, for compounds that activate CAR, 

it appears that a strong degree of CAR binding to the NR-1 complex is 

associated with hepatoprotection, whereas weak binding, as with OPZ, is not 

sufficient to strongly activate CAR and confer protection. These data therefore 

indicate the decrease in apoptosis observed in hepatoprotected mice occurs in 

the presence of activated CAR. 

Taken together, the data in this dissertation lead to the conclusion that 

activation of the nuclear receptor CAR is important and necessary for 

hepatoprotection against bile acid-induced cholestasis (Fig. 5-1). The observed 
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hepatoprotection from CAR appears to occur via a concerted effort of several 

mechanisms. First, CAR does not influence the expression of Mrp3 but may have 

a role in Mrp4-mediated efflux of bile acids. The precise role of Mrp3 and Mrp4 in 

the transport of bile acids requires further investigation and will help determine 

their significance in hepatoprotection during cholestasis. Second, CAR appears 

to be involved in the regulation of selected CYP isoforms involved in bile acid 

biosynthesis and could be a significant contributing factor to the observed 

hepatoprotection via a shift in the biosynthesis pathway to the formation of less 

toxic bile acids (Fig. 5-2). And third, activation of CAR results in the nuclear 

localization of anti-apoptotic Mcl-1 and reduced apoptosis. Further work to 

delineate additional regulatory and functional features of this model may enable 

development of therapeutic interventions which augment compensatory 

mechanisms in the livers of patients with cholestasis. 
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Fig. 2-1. Project Summary. Three topics involved in the maintenance of hepatic 
bile acids were evaluated for mechanisms of hepatoprotection during cholestasis, 
1) increased efflux transporter expression; 2) altered bile acid biosynthesis; 3) 
reduced apoptosis. Results demonstrate CAR is important and necessary for 
hepatoprotection against bile acid-induced cholestasis, and that one mechanism 
is not solely responsible, rather protection occurs via a combination of effects in 
the liver following CAR activation. 
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Fig. 2-2. Shift in bile acid biosynthesis. The boxed area highlights the biologically 
significant change in Cyp8b1 gene expression. Cyp8b1 is responsible for producing 
the primary bile acid, CA. Tri-hydroxylated bile acids such as CA, are less toxic to cell 
membranes than other bile acid species with fewer hydroxyl groups. Maintenance of 
Cyp8b1 expression in PB and TCPOBOP co-treated mice correlated with histologic 
hepatoprotection in these groups, and implies a shift in the bile acid biosynthesis 
pathway toward the formation of CA and other less toxic di- and tri-hydroxylated bile 
acids. 



 

96

 

Future Directions  
 

Recent advances in molecular and cellular biology have added 

enormously to our understanding of the physiological processes involved in bile 

acid formation and the consequences of altered bile acid levels in cholestatic 

liver disease. This information has begun to reveal mechanisms by which 

anticholestatic agents can exert their beneficial effects. The currently approved 

therapies have unfortunately not improved patient survival. The following 

discussion puts forward new potential avenues to explore the molecular 

mechanisms of hepatoprotection. In addition, follow up studies that would better 

delineate the role of bile acid transport by Mrp3 and Mrp4 is presented. 

Recent research has identified fibroblast growth factor (FGF) as a novel 

metabolic hormone involved in the modulation of bile acid biosynthesis 

(Staudinger and Lichti, 2008). FGF19 is one of three unique members of the FGF 

family of signaling molecules, in that they have reduced heparin binding which 

allows them to diffuse beyond their site of origin and act as endocrine hormones 

(Jones, 2008). FGF19 binds to a tyrosine receptor kinase called fibroblast growth 

factor 4 (FGFR4). Unlike typical regulators of bile acids, FGF19 is expressed in 

the intestine and signals to the liver via portal circulation. But interestingly, 

FGFR4 is expressed in the liver (Stark et al., 1991).  

FXR is a bile acid sensor that is highly expressed in the liver and intestine. 

FGF19 is regulated by FXR, thus linking it to bile acid homeostasis. Holt et al. 

(2003) treated primary hepatocytes with the FXR agonist GW4064 in an 
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evaluation of FXR target genes and found FGF19 was the most strongly induced 

and that it suppresses expression of CYP7A1. FGFR4 is the only FGFR that is 

expressed in mature hepatocytes, and as such, FGFR4 knockout mice (mR4-/-) 

were developed to further study the effect of this receptor on bile acids. Yu and 

colleagues (2005) found increased bile acid pool size and fecal bile acid 

concentrations in mR4-/- mice compared to decreased levels seen in WT mice. 

They also generated transgenic mice over-expressing constitutively active 

human FGFR4 (CahR4) and found opposite effects, decreased fecal bile acids, 

reduced bile acid pool and repression of Cyp7a1 mRNA expression. 

Interestingly, they report the level of phosphorylated c-Jun kinase (JNK) was 

decreased in the livers of mR4-/- mice but increased 2-fold in CahR4 mice. Bile 

acid production is negatively regulated by FXR, whereby increased bile acid 

concentrations activate FXR to repress CYP7A1 via SHP, however Wang et al. 

(2002) have suggested that FXR repression of CYP7A1 can occur via a non-SHP 

dependent process. They provided evidence that regulation of CYP7A1 can 

occur through a JNK-dependent pathway without affecting SHP expression. 

FGF15 is the mouse ortholog of FGF19, and is also induced by FXR and 

represses CYP7A1 (Inagaki et al., 2005). These researchers also report that 

FGF15 null mice have increased CYP7a1 expression and fecal bile acid 

excretion. Because SHP is required for FXR repression of bile acid synthesis, 

Inagaki and colleagues (2005) evaluated the involvement of SHP in the 

repression of CYP7a1 by FGF15. SHP-/- mice had increased CYP7a1 mRNA 
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levels and treatment of SHP-/- mice with FGF15-expressing adenovirus resulted 

in only a 1.4-fold repression of CYP7a1. These data indicate that SHP may be 

involved in FGF15 repression of CYP7a1 but it does not rule out the involvement 

of SHP-independent factors. 

Taken together these studies identify a role for FGF19 in humans as an 

essential component of the bile acid signaling pathway in cooperation with FXR 

and possibly SHP to maintain bile acid homeostasis. This leads to the hypothesis 

that bile acids modulate FGF19 expression via a SHP-independent process. This 

also brings to light questions about the potential up-regulation of FGF19 as a 

mechanism of hepatoprotection during cholestasis. Specific aims of future 

studies should address: 

1. Do non-cholestatic doses of bile acids modulate FGF15 mRNA or protein 

expression in mice and does expression change during cholestasis in the 

absence of SHP? 

2. Is there therapeutic potential in over-expression of FGF19 for the 

treatment of cholestasis, i.e., does over-expression of FGF19 during 

intrahepatic cholestasis mediate hepatoprotection? 

3. What is the mechanism of hepatoprotection, i.e., decreased bile acids, 

increased metabolism or transport, decreased bile acid biosynthesis? 

4. Does FGF19 increase JNK in vivo and is JNK signaling necessary for 

reducing CYP7A1? 
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To address the first question in Aim 1, mice treated with low doses of primary 

(CA, CDCA) and secondary bile acids (LCA, DCA) should be used to evaluate 

mRNA and protein expression of FGF15 in liver and intestine (jejunum, ileum). 

Treatment of WT (C57BL/6/129/Sv) and SHP-/- mice with cholestatic (250 

mg/kg/day) and non-cholestatic (dose evaluation required) doses of LCA will 

determine if FGF15 expression is SHP dependent. WT mice of the 

C57BL/6/129/Sv background as the SHP-/- mice are generated from a mixed 

background (Inagaki et al., 2005). Histology and liver enzymes in serum should 

be evaluated to confirm the presence or absence of cholestasis.  

Studies for Aims 2 and 3 could be done using the LCA-induced model of 

cholestasis in MLC-FGF19 transgenic mice and FGF15-/- mice. MLC-FGF19 

transgenic mice were derived from an FVB background and SHP-/- mice are 

generated from a mixed C57BL/6/129/Sv background (Tomlinson et al., 2002; 

Inagaki et al., 2005). Control mice could be backcrossed to a similar background. 

Evaluation of liver histology and serum enzymes will determine whether over-

expression of FGF19 protected against cholestasis. A full examination of bile 

acid concentrations in liver, serum and urine would identify if signaling via FGF15 

to decrease bile acid biosynthesis is necessary to affect hepatic bile acid levels 

as well as bile acid excretion. Without FGF15, signaling via SHP may still occur, 

so an evaluation of these parameters in SHP-/- mice would also be of benefit. It 

would be interesting to determine if hepatic transporter expression (uptake, 

canalicular, sinusoidal efflux) was affected by loss of these signaling 
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molecules/receptors. As heavily noted in the literature, there is a great deal of 

coordination/overlap of nuclear receptors involved in bile acid homeostasis 

(Eloranta and Kullak-Ublick, 2005; Goodwin et al., 2000; Guo et al., 2003; Kast et 

al., 2002; Ourlin et al., 2003; Scheutz et al., 2001; Wagner et al., 2005). For 

example, both FXR and PXR are activated by bile acids in the negative feedback 

regulation of bile acid synthesis, and CAR and PXR are involved in the regulation 

of bile acid transporters such as MRP2 and OATP 2/4. In addition, the 

expression of enzymes involved in bile biosynthesis (ex., CYP7a1, CYP8b1, 

CYP7b1, CYP27a1, CYP39a1) should be evaluated.  Measurement of these 

CYPs would further characterize the involvement of FGF19 in bile acid regulation 

and aid in the understanding of factors contributing to bile acid synthesis during 

cholestasis. 

To address Aim 4, a JNK inhibitor (SP600125) treatment group could be 

added to the above experiment and phosphorylated JNK and CYP7a1 protein 

levels could be quantified to determine whether JNK is necessary for FGF19-

mediated reductions in CYP7a1 expression. Additionally, studies have linked 

JNK signaling to increased apoptosis, but others have suggested a possible 

cytoprotective role in the JNK pathway (Mansouri et al., 2003; Qiao et al., 2003). 

Both LCA and CDCA up-regulate FGF19 expression in an intestinal cell line 

(LS174T), but this regulation has not been studied in vivo (Wistuba et al., 2007). 

DCA activates JNK signaling possibly through an interaction with FGF19, which 

then binds to FGFR4 and increases JNK-dependent signaling (Qiao et al., 2003; 
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Xie et al., 1999). Qiao and colleagues (2003) also found that loss of JNK2 

enhanced DCA-induced hepatocyte apoptosis. Bile acid activation of JNK 

through FGF19 is a possible cytoprotective mechanism to reduce the degree of 

apoptosis in liver cells. The effect of LCA in WT mice on the expression of 

FGF19 and JNK2 should be evaluated using a dose-response study to mimic 

early, mild (low dose) and later, severe stages (high dose) of cholestasis and 

determine if expression changes with the degree of cholestasis. FGF19 

transgenic mice could be used to identify if apoptosis is decreased with or 

without LCA and if that relates to JNK activity. Since apoptosis is an early 

indicator of liver injury it should be studied using low doses of LCA. Annexin V 

detection is a useful method to evaluate early stages of apoptosis. During 

apoptosis, changes on the cell surface expose phosphatidylserine (PS) on the 

exterior of the plasma membrane and annexin V has high affinity for PS making it 

useful for identifying apoptotic cells. As activated caspase 3 is integral as the 

effector caspase involved in apoptosis, evaluation of cleaved caspase 3 

immunohistochemisty would also be suggested. 

One other area that should be considered before overexpression of FGF19 

could be suggested for therapeutic targeting is the relationship between bile acid 

activation of JNK and production of inflammatory cytokines. Bile acid activation of 

JNK can increase AP-1 proteins Jun and Fas which can increase inflammatory 

cytokines such as TNFα (Qiao et al., 2002). Thus, AP-1 proteins and cytokine 

expression (Jun, Fos, IL-1β, IL6, TNFα) would need to be evaluated to assess 
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potential side effects of FGF19 gene induction before determination of its clinical 

efficacy. Using siRNA for SHP, Park et al. (2008) showed that SHP expression is 

necessary for c-Jun and TNFα expression in gastric cells. If FGF19 decreases 

CYP7A1 through a SHP-independent mechanism, then the SHP related effects 

on cytokines would be of little concern. 

As a follow up to the studies presented in Chapter 2, one remaining question 

is the identity of bile acid substrates of MRP3 and MRP4 that are effluxed during 

cholestasis. To date MRP3 is known to specifically transport CA, TLCA-S, 

TCDCA, TCA, GCA, HCA, HDCA, as well as certain glucuronide conjugates such 

as cholate 3-O-glucuronide. By contrast, MRP4 is only known to transport the 

sulfated conjugates of TLCA, GLCA, and LCA. It would be important to determine 

if the 12 bile acids studied in Chapter 2, along with additional bile acids such as 

hyodeoxycholic acid (HDCA), tauro αMCA, ωMCA, as well as the sulfated and 

glycine and taurine conjugated forms of CA, CDCA, DCA, UDCA and LCA are 

transported by MRP3 and MRP4. Sinusoidal excretion by these transporters 

would help to protect the liver via efflux of accumulating bile acids during 

cholestasis. If Mrp3 and Mrp4 only transport a limited number of critical bile 

acids, this would help explain the minor efficacy of adaptive mechanisms in their 

excretion during cholestasis. On the other hand, if they demonstrate affinity for a 

wide range of bile acids then further research should be conducted to take 

advantage of that capability. Transport studies can be conducted by using inside-

out membrane vesicles from human embryonic kidney cells (HEK293) and 
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Spodoptera frugiperda (Sf9) cells as described by Zelcer et al. (2001) using the 

rapid filtration method of uptake of radiolabeled substrates by membrane 

vesicles. Generation of a baculovirus containing MRP3 cDNA was also reported 

by Zelcer and colleagues (2001), and the Mrp4 expressing baculovirus was 

described by van Aubel et al. (2002). This information would broaden our 

knowledge of MRP3 and MRP4 substrates and further assist in delineating the 

physiological and toxicological roles of these transporters. 
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APPENDIX A: 

 
MINIMAL ROLE OF HEPATIC TRANSPORTERS IN THE 

HEPATOPROTECTION AGAINST LCA-INDUCED INTRAHEPATIC 
CHOLESTASIS 

 
 

 

This chapter has been published. The text and data is the same as the 

publication, but fitted to the style of the dissertation.   

 
Beilke LD, Besselsen DG, Cheng Q, Kulkarni S, Slitt AL, Cherrington NJ. (2008). 
Minimal role of hepatic transporters in the hepatoprotection against LCA-induced 
intrahepatic cholestasis. Toxicol. Sci. 102(1):196-204. 
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ABSTRACT  
 

The multidrug resistance-associated proteins (Mrps) are a family of ATP-

dependent transporters that facilitate the movement of various compounds, 

including bile acids, out of hepatocytes. The current study was conducted to 

determine whether induction of these transporters alters bile acid disposition as a 

means of hepatoprotection during bile acid-induced cholestasis. Lithocholic acid 

(LCA) was used to induce intrahepatic cholestasis. C57BL/6 mice were pre-

treated with corn oil (CO) or known transporter inducers, phenobarbital (PB), 

oltipraz (OPZ) or TCPOBOP (TC) for 3 days prior to co-treatment with LCA and 

inducer for 4 days. Histopathology revealed that PB and TC pre-treatments 

provide a protective effect from LCA-induced toxicity, while OPZ pre-treatment 

did not.  Both PB/LCA and TC/LCA co-treatment groups also had significantly 

lower ALT values than the LCA-only group. In TC/LCA co-treated mice compared 

to LCA-only, mRNA expression of uptake transporters Ntcp and Oatp4 was 

significantly increased, as were sinusoidal efflux transporters Mrp3 and Mrp4. 

While in PB/LCA co-treated mice, the only significant change compared to LCA-

only treatment was an increase in uptake transporter Oatp4. Oatp1 was reduced 

in all groups compared to CO controls. No significant changes in mRNA 

expression were observed in Oatp2, Bsep, Mrp2, Bcrp, Mrp1, Mrp5 or Mrp6. 

Mrp4 protein expression was induced in the OPZ/LCA and TC/LCA co-treated 

groups, while Mrp3 protein levels remained unchanged between groups. Protein 

expression of Mrp1 and Mrp5 was- increased in the unprotected LCA-only and 



 

124

 

OPZ/LCA mice. Thus, transporter expression did not correlate with histologic 

hepatoprotection, however, there was a correlation between hepatoprotection 

and significantly reduced total liver bile acids in the PB/LCA and TC/LCA co-

treated mice compared to LCA-only. In conclusion, changes in transporter 

expression did not correlate with hepatoprotection, and therefore, transport may 

not play a critical role in the observed hepatoprotection from LCA-induced 

cholestasis in the C57BL/6 mouse. 

 
 
INTRODUCTION   

 
Chronic liver disease, listed as one of the top 15 causes of death in the 

U.S. (CDC, 2004), has become an increasingly important issue with a magnitude 

of over 1% of all deaths.  This is underscored by the fact that chronic cholestatic 

liver diseases account for a large proportion of liver transplants (Sokol, et al., 

2006). When the liver is diseased, the normal hepatobilliary balance between bile 

acid uptake and efflux can become disrupted, resulting in cholestasis. This is 

known to be a characteristic of certain disease states of the liver, such as primary 

biliary cirrhosis, viral hepatitis, and alcoholic liver disease.  Certain drugs, as well 

as genetic mutations in transport proteins [e.g., multidrug resistance-associated 

protein 2 (Mrp2), bile salt export pump (BSEP), multidrug resistance 3 (MDR-3)] 

can also cause cholestasis.  Regardless of etiology, the consequent retention of 

hydrophobic bile acids results in accumulation of bile constituents and 

hepatocellular damage ensues.  In contrast, a healthy liver has sufficient capacity 
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to excrete bile constituents such as bile acids into the bile duct, primarily through 

the actions of the canalicular transporters Bsep and Mrp2.   

Bile acids are amphipathic molecules synthesized via catabolism of 

cholesterol. Administration of the hydrophobic bile acid LCA has been applied as 

a model of intrahepatic cholestasis because it provides an accurate histologic 

representation of the damage that occurs in human forms of cholestatic disease 

(Zhang, et al., 2004; Yousef, et al., 1997; Fickert, et al., 2006). Under normal 

conditions, LCA is mainly transformed into tauro- or glyco- conjugates in the liver 

and transported into the bile duct.  However, when present in excess, LCA can 

cause a loss of gap-junction proteins resulting in leaky junctions and a collapse 

of the bile osmotic gradient resulting in decreased movement across membranes 

and subsequent accumulation and cellular swelling (Trauner, et al., 1998).  

Bile acids exist as anions at physiologic pH and consequently require a 

carrier for transport across membranes. The multidrug resistance-associated 

proteins (Mrp) are members of the ABC super family of ATP-dependent 

transporters that have broad substrate specificity, including bile acids, and are 

expressed in a variety of tissues including intestine, liver and kidney 

(Cherrington, et al., 2002). Following treatment with known inducers, several 

hepatic transporters were evaluated for changes in expression as well as to 

determine if their induction is associated with hepatoprotection from LCA-induced 

toxicity. Mrps 1 and 3-6 are located on the sinusoidal membrane of hepatocytes, 

and all are considered efflux transporters, but so far only Mrps 3 and 4 are known 
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to transport bile acids. Bile salts known to be transported by Mrp3 include 

cholate, taurocholate, glycocholate, taurochenodeoxycholate-3-sulfate and 

taurolithocholate-3-sulfate, hyocholate, hyodeoxycholate, which is unlikely to be 

an exhaustive list as both Mrp3 and Mrp4 additionally transport glucuronide- and 

some glutathione-conjugated bile acids (Hirohashi, et al., 2000; Zelcer, et al., 

2006). It has also been shown that expression of these two transporters is 

increased during cholestasis of varying etiologies, implying a role for the 

extrusion of toxic bile constituents (Wagner, et al., 2003; Donner and Keppler, 

2001). Several Mrps, such as Mrps 2-4, have also been shown to be inducible in 

response to certain chemicals such as phenobarbital, oltipraz, and TC 

(Cherrington, et al., 2003; Slitt, et al., 2003). We were most interested in bile acid 

efflux transporters, however in order to better understand any protective or 

adaptive mechanisms, we also evaluated the expression of several organic anion 

uptake transporters which bring bile acids into hepatocytes as well as canalicular 

transporters that move bile acids from the hepatocyte into bile ducts. 

Importantly, under cholestatic conditions, the expression of hepatic 

transporters is modified as an adaptive response by the liver to protect itself.  To 

determine the potential therapeutic effects of drug-induced transporter 

expression during cholestasis, known transporter inducers were administered to 

mice prior to LCA administration. The aim of this study was to determine whether 

induction of Mrp transporters can provide hepatoprotection from bile acid-induced 

intrahepatic cholestasis. 
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MATERIALS and METHODS 
 

Chemicals.  Phenobarbital sodium was purchased from Mallinckrodt, Inc. (Paris, 

KT). Oltipraz was purchased from LKT Laboratories, Inc. (St. Paul, MN). TC was 

purchased from Sigma-Aldrich (St.Louis, MO). Antibodies for Mrp1-6 were a 

generous gift from Dr. George Scheffer, VU Medical Center (Amsterdam, The 

Netherlands). Antibodies for Oatp1b2 (Oatp4) and Oatp1a4 (Oatp2) were a kind 

gift from the laboratory of Dr. Curtis Klaassen at the University of Kansas Medical 

Center (Kansas City, KS).  Mouse monoclonal β-actin antibody (SC-47778) was 

purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). 

Animals.  10-week old adult male C57BL/6NHsd (Harlan, Indianapolis, IN) mice 

were weight matched into treatment groups (N=4-6 mice/group). Animals were 

pre-treated with chemical inducer for three days (PB 80 mg/kg, OPZ 150 mg/kg) 

or corn oil (CO) via IP injection in a volume of 3 ml/kg. On the fourth day, LCA 

administration was started (125 mg/kg BID) and inducer treatment continued for 

4 days.  TC is a potent and long-term inducer; therefore, mice in the TC group 

received one pre-treatment dose (3 mg/kg) on Day 3, and then LCA BID for the 

next four days. Animals were sacrificed 12 hours following the last treatment of 

LCA on Day 8 and liver tissue was removed and stored at -800C. A minimum of 

four animals per treatment group were housed in metabolism cages for the 

duration of the study. Urine was collected during the 24-hour period prior to 

sacrifice, and then stored at -800C until used for bile acid analysis. Animals were 

maintained in a 12-hour light/dark cycle at approximately 25oC, with access to 
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food and water ad libitum. The experimental protocol was approved by the 

University of Arizona Institutional Animal Care and Use Committee (IACUC), and 

humane care of the animals was in accordance with the criteria outlined in the 

“Guide for the Care and Use of Laboratory Animals” (National Research Council, 

1996). 

Liver Enzymes. Blood was allowed to clot at room temperature and then 

centrifuged at 857 X g for 10 minutes using a Heraeus Biofuge pico centrifuge 

(Kendro Laboratory Products, Newtown, CT). Serum was removed, aliquoted into 

polypropylene tubes and stored at -80oC until analyzed. Liver enzyme tests for 

alanine aminotransferase (ALT) and alkaline phosphatase (ALP) were performed 

using an Endocheck Plus Chemistry Analyzer (Hemagen Diagnostics, Inc., 

Columbia, MD), according to manufacturer’s protocol. 

Assessment of Liver Histology. Mid-sections of the left liver lobe were 

collected from each animal and fixed in 10% neutral buffered formalin. Tissue 

from two mice per treatment group was embedded in paraffin and 5 micron 

sections were stained with hematoxylin and eosin according to a standard 

staining protocol. Tissue was evaluated for liver injury and necrosis by an 

American College of Veterinary Pathology board-certified pathologist.  

mRNA Isolation. Total RNA was isolated from liver using RNA Bee reagent (Tel-

Test Inc., Friendswood, TX) according to the manufacturer’s instructions. The 

concentration of total RNA in each sample was quantified spectrophotometrically 

at 260 nm. RNA samples were analyzed by agarose gel electrophoresis with 
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ethidium bromide staining, and integrity was confirmed by visualization of intact 

18S and 28S rRNA under ultraviolet light.  

Branched DNA Assay to measure mRNA expression. Specific oligonucleotide 

probe sets for bDNA analysis were developed as previously described: Mrp1, 2 

and 3 (Cherrington, et al., 2002); Mrp4 (Aleksunes, et al., 2005); Mrp5, Mrp6, 

Ntcp and Bsep (Laezer and Klaassen, 2003); Oatp1, Oatp2 and Oatp4 (Li, et al., 

2002); Bcrp (Tanaka, et al., 2005).  Briefly, probes were diluted in lysis buffer and 

then total RNA (1 μg/μL: 10 μL) was added to each well containing capture buffer 

and 50 μL of each diluted probe set. All reagents (i.e., lysis buffer, capture 

hybridization buffer, amplifier/label probe buffer and substrate solution) used in 

the analysis were supplied in the Quantigene® Reagent System (Panomics, Inc., 

Freemont, CA). Total RNA was allowed to hybridize to each probe set overnight 

at 53oC. Subsequent hybridization steps were carried out according to 

manufacturer’s protocol, and luminescence was measured with a QuantiplexTM 

320 bDNA luminometer interfaced with QuantiplexTM Data Management Software 

Version 5.02 (Bayer Diagnostics, East Walpole, MA). 

Protein Analysis (Western Blotting).  Briefly, livers were homogenized in 5 

volumes of Buffer A (pH 7.5) containing 250 mM sucrose, 20 mM 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes) -KOH, pH 7.5, 10 mMKCl, 

1.5 mM MgCl2, 1 mM sodium EDTA, 1 mM sodium ethylene glycol tetraacetic 

acid (EGTA), 1 mM DTT, and 0.1 mM phenylmethanesulphonylfluoride (PMSF).  

Homogenates were centrifuged at 10,000 x g for 10 min at 4°C. Supernatants 
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were centrifuged 100,000 × g for 60 min at 4°C. Microsomal pellets were then re-

suspended in Buffer A and stored at -80 °C until used.  Protein concentration in 

microsomal preparations was determined using the BCA Protein Kit assay 

(Pierce Biotechnology, Rockford, IL). 

Liver microsome preparations containing 50 μg of total protein were 

separated on polyacrylamide gels (7.5% resolving, 4% stacking) using the 

BioRad CriterionTM pre-cast gel system. Proteins were transferred onto 

polyvinylidene fluoride (PVDF) microporous membranes (Millipore, Bedford, MA). 

Blots were blocked with 2% non-fat dry milk (NFDM) in PBS (phosphate-buffered 

saline) with 0.05% Tween (PBS-T), incubated for 1 hour then incubated for 2 

hours with primary antibody diluted in PBS-T with 2% NFDM at room 

temperature. After washing in PBS-T, the membranes were incubated for 1 hour 

with a species-appropriate peroxidase-labeled secondary antibody (Sigma-

Aldrich, St. Louis, MO) diluted in diluted in PBS-T with 2% NFDM at room 

temperature. After incubation with the secondary antibody, membranes were 

washed in PBS-T, incubated with SuperSignal® West Pico and Femto 

chemiluminescent substrate (Pierce Biotechnology, Rockford, IL) for 5 min.  The 

chemiluminescent signal was captured by KODAK Image Station 2000 

(Carestream Molecular Imaging, New Haven, CT). 

Bile Acid Extraction. Liver samples (approx. 50 mg) were homogenized in a 1 

mL solution of t-butanol/water (1:1) and extracted overnight at room temperature. 

Samples were centrifuged at 9520 X g for 20 minutes using a Heraeus Biofuge 
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pico centrifuge (Kendro Laboratory Products, Newtown, CT) and the supernatant 

(SN) removed and placed in a SpeedVac until dry. Samples were reconstituted 

with 0.9% normal saline in a volume equal to the liver weight, and stored at 8oC 

until used. Serum samples were extracted with acetone based on the method of 

Daykin, et al. (2002). Briefly, samples were mixed with chilled acetone (1:4), 

shaken vigorously, and left at room temperature for 5 minutes before 

centrifugation for 3 minutes at 9520 X g. The supernatant was removed and 

stored at -80oC until used. 

Total Bile Acid Analysis.  Total bile acids in extracted liver, extracted serum 

and urine were measured enzymatically using a kit from Trinity Biotech (Wicklow, 

Ireland). In this assay, bile acids are first oxidized to 3-oxo bile acids in a reaction 

catalyzed by 3α-hydroxysteroid dehydrogenase with equimolar amounts of 

nicotinamide adenine dinucleotide (NAD) being reduced to NADH. The NADH is 

subsequently oxidized back to NAD with a concomitant reduction of nitro blue 

tetrazolium salt to formazan via the enzymatic action of diaphorase. The intensity 

of the color produced at 530 nm by formazan is directly proportional to the 

concentration of bile acids in the sample (Mashige, et al., 1981). Quantification of 

total bile acids was done according to manufacturer’s instructions. 

Statistical Analysis.  For all quantitative data, the average and standard error of 

the mean were calculated. Statistical differences were determined using one-way 

ANOVA followed by Duncan’s multiple range post-hoc test using Statistica 

software, Version 4.5. (StatSoft, Tulsa, OK).  
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RESULTS 

Effects of Treatment on Mouse Liver Histology.  Figure 2-1 illustrates that 4 

days of LCA treatment results in moderate acute random multifocal hepatic 

necrosis with areas of diffuse vacuolization.  A similar pathology was observed in 

the OPZ/LCA co-treated mice with areas of multifocal hepatic necrosis, diffuse 

vacuolization and infiltrating neutrophils. Pre-treatment with PB or the synthetic 

CAR agonist TC abrogated the LCA-induced hepatocellular necrosis thereby 

revealing livers similar in appearance to the CO control group. Thus, the livers of 

the PB/LCA and TC/LCA co-treated mice were completely protected from the 

hepatotoxicity and damage normally inflicted by LCA treatment. 

Effects of Treatment on Liver Enzymes.  Figure 2-2 illustrates the effect of 

LCA-only and the various inducer-LCA co-treatments on the concentration of 

liver enzymes in serum.  Consistent with adverse histopathology, serum ALT 

levels were highest in the OPZ/LCA and LCA-only treatment groups, with 24.9- 

and 24.1-fold increases, respectively relative to the CO control group.  Also 

consistent with the histologic findings that demonstrate hepatoprotection, ALT 

levels in the PB/LCA and TC/LCA co-treated mice were significantly lower than 

those in LCA-only treated animals, by 94% and 87%, respectively.  Figure 2 also 

demonstrates a similar trend of decreased ALP in the protected PB/LCA and 

TC/LCA co-treatment groups compared to LCA-only; however the changes were 

not statistically significant. 
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Effects of Treatment on Transporter mRNA Expression.  Figure 2-3 

demonstrates the effect of LCA and the various inducer-LCA co-treatments on 

mRNA levels of uptake transporters in mouse liver. Ntcp expression was 

increased in the TC/LCA co-treated group compared to both CO control and 

LCA-only mice (64% and 83%, respectively).  Oatp1 expression was markedly 

decreased in all chemical pre-treatment groups as compared to that in the CO 

control group, whereas, Oatp4 mRNA expression was significantly up-regulated 

in the PB/LCA (38%) and TC/LCA (48%) co-treated mice compared to the LCA-

only group. LCA-only treatment reduced the mRNA levels of Oatp1 and Oatp4 as 

compared to CO controls (74% and 39%, respectively). No significant changes 

were observed in Oatp2 expression. 

 Figure 2-4 illustrates a lack of effect of LCA-only and the various inducer-

LCA co-treatments on mRNA levels of canalicular efflux transporters in mouse 

liver. Specifically, LCA-only treatment had no significant effect on mRNA levels of 

Bsep, Mrp2 or Bcrp. Inducer pre-treatment likewise produced no significant 

alterations in mRNA levels of these three transporters.  

Figure 2-5 illustrates the effect of LCA-only and the various inducer-LCA 

co-treatments on mRNA levels of sinusoidal efflux transporters in mouse liver. 

Messenger RNA levels of Mrp4 were significantly increased by all treatment 

groups compared to CO controls, and it is the only efflux transporter significantly 

affected by LCA-only. Interestingly, Mrp4 mRNA levels were induced to a similar 

extent in liver from mice that underwent co-treatment with LCA and a chemical 
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inducer, with the exception of TC/LCA co-treatment. Specifically, TC/LCA co-

treatment resulted in 13- and 4-fold induction of Mrp4 mRNA above that of CO- 

and LCA-only treatment, respectively. TC/LCA co-treatment also induced Mrp3 

mRNA levels by 4.8- and 2.7-fold above that of CO- and LCA-only treatment, 

respectively. There were no significant alterations in mRNA levels of Mrp1, Mrp5 

and Mrp6 following any of the treatments.  

Effects of Treatment on Transporter Protein Expression.  Figure 2-6 

illustrates the effect of LCA-only and inducer/LCA co-treatments on protein 

expression levels of Mrp transporters, as well as uptake transporters Oatp2 and 

Oatp4. While Mrp1 and Mrp5 protein levels were significantly increased by 

OPZ/LCA co-treatment and LCA-only treatment, the PB/LCA and TC/LCA co-

treatments failed to either achieve or exceed the induction that was associated 

with LCA-induced hepatotoxicity. Mrp2 protein levels were significantly increased 

by OPZ/LCA co-treatment compared to LCA-only and CO treatment, but this 

induction clearly fails to confer hepatoprotection (Figure 1). Mrp3 protein levels 

were not significantly altered by any treatments of the current study.  Mrp4 

protein levels were massively induced by both OPZ/LCA and TC/LCA co-

treatments, respectively. Mrp6 protein levels were decreased by all treatments 

compared to CO controls.  There were no changes in protein expression of either 

Oatp2 or Oatp4. 

Effects of Treatment on Total Bile Acid Concentrations.  Figure 2-7 illustrates 

the concentration of total bile acids in liver, serum and urine. Changes between 
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treatment groups in serum and urine were not appreciable, but all were increased 

compared to CO controls. However, of particular interest is the decrease in total 

bile acid levels in the liver of the PB/LCA and TC/LCA co-treatment groups 

compared to LCA-only. These changes in the hepatoprotected groups are similar 

in concentration to CO controls. 

 

DISCUSSION  

In this study, we report that both TC and PB pre-treatments provide 

hepatoprotection against LCA-induced injury. The goal of the current study was 

to determine whether chemical induction of Mrp transporters results in 

hepatoprotection during LCA-induced intrahepatic cholestasis. Chemicals known 

to induce Mrp transporters (PB, OPZ, and TC) were administered prior to and 

during administration of the hepatotoxic secondary bile acid, LCA. Previous 

studies have shown that both Mrp3 and Mrp4 are induced during cholestasis and 

that they transport bile acids (Donner & Keppler, 2001; Bohan, et al., 2003).  The 

fact that both of these efflux transporters are induced in response to cholestatic 

conditions in humans indicates that they may function to provide protection 

against bile acid-induced liver damage.  

The degree of toxicity of bile acids generally correlates to their 

hydrophobicity, with the more hydrophobic bile acids (monohydroxy) being the 

most cytotoxic. Of common bile acids, LCA is the most hydrophobic followed by 

deoxycholic acid, chenodeoxycholic acid, taurocholic acid, ursodeoxycholic acid, 
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and β-muricholic acid (Heuman, et al., 1989). As the most hydrophobic and 

therefore most potent in terms of ability to cause hepatocellular damage, LCA 

administration was utilized to model intrahepatic cholestasis in the current study. 

LCA-induced liver damage was characterized by multifocal necrosis with 

vacuolization, which is similar to the findings by Fickert, et al. (2006) in which 

necrotic liver damage was also observed in mice treated with LCA.  Consistent 

with recent findings, we observed histologic hepatoprotection from LCA-induced 

injury in TC pre-treated mice (Zhang, et al., 2004; Saini, et al., 2004) and with 

previously unreported PB.   

  Increased canalicular secretion of bile acids was likely not involved in the 

hepatoprotection observed in the PB/LCA and TC/LCA co-treated groups as 

there were no significant changes in the expression of canalicular efflux 

transporters Bsep, Mrp2 or Bcrp. Canalicular efflux transporter expression 

observed in the current study is consistent with the findings of Kitada and 

colleagues (2003) after feeding mice with a 1% LCA diet for 9 days. It is 

interesting to note that others have found decreases in the expression of these 

transporters in the LPS model of cholestasis in mice (Lickteig, et al., 2007).  One 

critical component of the LPS model is that it is characterized by activation of the 

acute phase response and hepatic inflammation, likely leading to suppression of 

bile formation. The fact that the LCA and LPS models may have different 

consequences in terms of transporter regulation, i.e. mRNA levels, likely reflects 

that their changes are signaled via different mechanisms. 
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LCA-only administration did lead to a significant decrease in mRNA levels 

of the basolateral uptake transporter Oatp1, compared to the CO control, similar 

to the Kitada, et al. (2003) study. Such an alteration in transcriptional regulation 

would seem an appropriate response of the liver to decrease its exposure to the 

LCA toxicant. However, this Oatp1 down-regulation was accompanied by 

significant increases in mRNA levels of Ntcp in TC/LCA co-treated mice and 

Oatp4 in both PB/LCA and TC/LCA co-treated mice compared to LCA treatment 

alone. Although it may be counter-intuitive, limiting the amount of bile acids that 

enter the hepatocyte does not seem to correlate with the hepatoprotection 

observed in the PB/LCA and TC/LCA co-treatment groups. There were no 

significant changes in Oatp2 mRNA levels. 

To address our hypothesis regarding Mrp transporter induction as a 

mechanism of hepatoprotection, Mrp transporters (Mrp1-6) were evaluated for 

changes in expression at the protein level. As bile acid uptake transporters, 

Oatp2 and Oatp4 were also evaluated.  Treatment with TC prior to LCA-induced 

cholestasis caused a significant increase in protein levels of Mrp4, which as an 

efflux transporter may to some degree contribute to the hepatoprotection 

observed in the TC/LCA co-treated mice. No significant changes were observed 

in Mrp2 or Mrp3 protein expression. Post-translational modifications of the Mrp3 

protein cannot be ruled out to account for the differences in mRNA and protein 

expression observed in the present study. These novel findings indicate that 

although Mrp3 has been linked to hepatoprotection during cholestasis, up-



 

138

 

regulation of Mrp3 is not required for hepatoprotection against LCA-induced 

toxicity (Bohan, et al., 2003; Teng and Piquette-Miller, 2007). Expression data 

from the current study are more similarly related to the findings of the mouse 

LCA study (1% LCA in the diet x 9 days) by Kitada and colleagues (2003), where 

they found no significant changes in the expression of Mrp3 or Mrp4 and 

attributed the hepatoprotective effects that they observed to increases in 

sulfotransferase detoxification of LCA.  

Results from the current study clearly indicate that changes in the 

expression of a single efflux transporter are not associated with the observed 

hepatoprotection. For example, in the TC/LCA co-treatment group, Mrp4 

induction correlates with histologic hepatoprotection. In contrast, however, 

histologic analysis of livers in the OPZ/LCA co-treatment indicate that it failed to 

protect the liver, in spite of increased presence of Mrp4 protein. Additionally, in 

the PB/LCA co-treatment group there was no increase in Mrp3 or Mrp4 

expression, yet we observed hepatoprotection in that group. On a similar note, in 

spite of relatively high expression of Mrp1 and Mrp5 protein in the OPZ/LCA and 

LCA-only groups, LCA-induced damage was not at all effectively abrogated. This 

indicates that transporter expression of Mrp1 and 5 may be regulated by 

hepatotoxicity, rather than by chemical induction. Additionally, protein expression 

of Oatp4 was not significantly different between groups, in contrast to the 

increased mRNA expression observed in the PB/LCA and TC/LCA co-treated 

groups, indicating a differential regulation of Oatp4. Taken together, these data 
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would seem to indicate that transporter-mediated efflux of bile acids from the liver 

is not the only possible mechanism of hepatoprotection during LCA-induced 

cholestasis.   

Of additional consideration is the multiplicity of effects these inducer 

compounds have, amongst those being the induction of Mrp’s.  OPZ for example, 

has been used as an antiparasitic to treat schistosomiasis as well as in the 

prevention of aflatoxin-induced liver cancer. It has the ability to activate multiple 

nuclear receptors to increase transcription of genes involved in the antioxidant 

response as well as xenobiotic and bile acid metabolism, thus demonstrating the 

diversity and range of effects of this compound. Phenobarbital elicits various 

pleiotropic effects in liver, such as P-450 and transferase enzyme induction, 

increased cellular proliferation and decreased apoptosis (Randerath, et al., 

1992). Ueda and colleagues (2002) found that phenobarbital either repressed or 

induced a total of 138 genes, about half of which are regulated by CAR. Like the 

substantial pharmacodynamic effects of drugs, when considering the multitude of 

factors (transporters, transcription factors, nuclear receptors, etc.) potentially 

involved during cholestasis it is easily conceivable to postulate that more than 

one mechanism could be involved in the hepatoprotection, or lack thereof.   

Total bile acid concentrations in the liver of the PB/LCA and TC/LCA co-

treated groups were similar to the CO control concentration and were 

significantly decreased compared to LCA-only treated mice. The reduction in 

total liver bile acid concentrations in the protected groups correlates well with 
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histopathology and liver enzymes, confirming that total hepatic bile acid 

concentrations are an important factor in preventing the development of 

cholestasis. This may explain the lack of Mrp3 induction, where the lack of bile 

acid accumulation in the liver needs no up-regulation of efflux transporters such 

as Mrp3. Additionally, since the expression of hepatic efflux transporters was not 

increased in the PB/LCA co-treated group there was no excess movement of bile 

acids out of liver and into blood, thus reflecting the lack of changes seen in the 

serum.  The lack of significant differences between groups in total urine bile acid 

concentrations suggests that urinary excretion of bile acids is not necessary to 

confer protection. This implies that mechanisms other than transport are involved 

in the protection, such as metabolism. 

Overall, the changes that occurred in the LCA model (LCA treatment 

alone) included marked multifocal hepatocellular necrosis, elevated ALT, down-

regulation of uptake transporters (Ntcp, Oatp1, Oatp4), up-regulation of Mrp1 and 

Mrp5 expression, as well as increased concentrations of total bile acids in liver, 

serum, and urine indicating severe liver damage. While conversely, in mice pre-

treated with PB and TC prior to LCA administration, there were effects reflecting 

hepatoprotection; liver histology similar to CO controls, reduced liver ALT 

concentration and a decrease in total liver bile acid concentrations. This 

hepatoprotective effect is similar to other reports in which ALT levels are 

significantly decreased in LCA-only treated mice following CAR activation 

(Zhang, et al., 2004). While other studies conducted in mice have shown 
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increases in efflux transporter expression during cholestasis that may contribute 

to hepatoprotection, our results do not support that conclusion. Future studies in 

this model of cholestasis should include the transgenic overexpression of Mrp3 

and/or Mrp4 to specifically evaluate their role in hepatoprotection in the absence 

of all other secondary effects of the drug. Thus, the data here reflect that 

sinusoidal efflux transport does not play a significant role in the observed 

hepatoprotection from LCA-induced cholestasis. Rather than a single 

mechanism, there are likely multiple factors involved in the hepatoprotection, 

such as proliferation, metabolism and nuclear receptor regulation of bile acids. 
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ABBREVIATIONS   

Mrp, multidrug resistance-associated protein; LCA, lithocholic acid; PB, 

Phenobarbital; OPZ, oltipraz; TC,  1,4-bis[2,5-dichloropyridyloxy)]benzene; CO, 

corn oil;  ALT, alanine aminotransferase; ALP, alkaline phosphatase; bDNA, 

branched DNA; Oatp, Organic anion transporting polypeptide; Ntcp, sodium 

taurocholate cotransporting polypeptide; Bsep, bile salt excretory protein; Bcrp, 

breast cancer resistance protein; MDR-3, multidrug resistance P-glycoprotein 3; 

UDCA, ursodeoxycholic acid; BID, twice daily; IP, intraperitoneal; BEC, bile duct 

epithelial cells. 
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Figure 1.  Effect of treatment with LCA alone and in combination with inducers 
on liver histology in male C57BL/6 mice.  A mid-section of the left liver lobe was 
removed and fixed from each animal. Tissues were stained with hematoxylin and eosin 
and histopathology was determined by a board certified veterinary pathologist (50X 
magnification). Two animals per treatment group were evaluated and pictures are 
representative of treatment group pathology. Multifocal hepatic necrosis (arrows) is 
easily distinguished from surrounding parenchyma and is more extensive in the LCA 
and OPZ/LCA co-treated mice.
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Figure 2.  Effect of treatment with LCA alone and in combination with inducers on 
serum liver enzymes (ALT and ALP) in male C57BL/6 mice.  Animals (N=4/group) 
were dosed with inducers and LCA (125 mg/kg BID) as described in Methods. Results 
are presented as mean concentration ± S.E.M.  * Indicates p ≤ 0.05 compared to CO;  
indicates p ≤ 0.05 compared to LCA-only.  
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Figure 3. Effect of treatment with LCA alone and in combination with inducers 
on uptake transporters in male C57BL/6 mice.  Animals (N=4-6/group) were 
dosed with inducers and LCA (125 mg/kg BID) as described in Methods. Hepatic 
Ntcp, Oatp1, Oatp2 and Oatp4 mRNA levels in each treatment group were measured 
by the bDNA signal amplification assay, as described in Methods.  Data are 
expressed as relative light units (RLU) ± S.E.M.  * Indicates p ≤ 0.05 compared to CO 
treatment;  indicates p ≤ 0.05 compared to CO + LCA treatment. 
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Figure 4. Effect of treatment with LCA alone and in combination with inducers on 
canalicular transporters in male C57BL/6 mice.  Animals (N=4-6/group) were dosed 
with inducers and LCA (125 mg/kg BID) as described in Methods. Hepatic Bsep, Mrp2 
and Bcrp mRNA levels in each treatment group were measured by the bDNA signal 
amplification assay, as described in Methods. There were no significant changes in 
canalicular efflux transporter mRNA levels in any treatment group. Data are expressed 
as relative light units (RLU) ± S.E.M.   
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Figure 5. Effect of treatment with LCA alone and in combination with inducers on 
sinusoidal efflux transporters in male C57BL/6 mice.  Animals (N=4-6/group) were 
dosed with inducers and LCA (125 mg/kg BID) as described in Methods. Hepatic Mrp 
1, Mrp3, Mrp4, Mrp5, and Mrp6 mRNA levels in each treatment group were measured 
by the bDNA signal amplification assay, as described in Methods. Data are expressed 
as relative light units (RLU) ± S.E.M.  *Indicates p ≤ 0.05 compared to CO treatment;  
indicates p ≤ 0.05 compared to CO + LCA treatment. 
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Figure 6. Effect of treatment with LCA alone and in combination with 
inducers on hepatic protein expression in male C57BL/6 mice.  Liver 
microsomal fractions were isolated and analyzed by Western blotting for 
protein expression of Mrp 1-6 and Oatp4. Three animals per group are shown.  
*Indicates p ≤ 0.05 compared to CO treatment;  indicates p ≤ 0.05 compared 
to CO + LCA treatment. 
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Figure 7. Effect of treatment with LCA alone and in combination with inducers 
on total bile acid concentrations in liver, serum, and urine in male C57BL/6 
mice.  Bile acids from mice (N=4-6/group) were extracted as described in Methods 
and analyzed for total bile acid concentrations in a reaction catalyzed by 3α-
hydroxysteroid dehydrogenase. No significant changes in serum or urine were 
observed between the treatment groups. Results are presented as mean bile acid 
concentration ± S.E.M.  Indicates p ≤ 0.05 compared to CO + LCA treatment. 
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ABSTRACT  

Pharmacological activation of the constitutive androstane receptor (CAR) 

protects the liver during cholestasis. The current study evaluates how activation 

of CAR influences genes involved in bile acid biosynthesis as a mechanism of 

hepatoprotection during bile acid-induced cholestasis. CAR activators, 

phenobarbital (PB) and 1,4-bis[2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP) 

or corn oil (CO) were administered to C57BL/6 wild-type (WT) and CAR knockout 

(CAR-/-) mice prior to and during induction of intrahepatic cholestasis using the 

secondary bile acid, lithocholic acid (LCA). In LCA-treated WT mice and in all 

CAR-/- groups, histology revealed severe multifocal necrosis. This pathology was 

absent in WT mice pre-treated with PB and TCPOBOP, indicating CAR-

dependent hepatoprotection. Decreases in total hepatic bile acids and hepatic 

mono-, di-, and tri-hydroxy bile acids in PB and TCPOBOP pre-treated WT mice 

correlated with hepatoprotection. In comparison, concentrations of mono- and di-

hydroxylated bile acids were increased in all treated CAR-/- mice compared to CO 

controls. Along with several other enzymes (Cyps 7b1, 27a1, 39a1), Cyp8b1 

expression was increased in hepatoprotected mice, which could be suggestive of 

a shift in the bile acid biosynthesis pathway towards the formation of less toxic 

bile acids. In CAR-/- mice, these changes in gene expression were not different 

among treatment groups. These results suggest CAR mediates a shift in bile acid 

biosynthesis toward the formation of less toxic bile acids, as well as a decrease 

in hepatic bile acid concentrations. We propose that these combined CAR-
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mediated effects may contribute to the hepatoprotection observed during LCA-

induced cholestasis. 

 

INTRODUCTION  

Bile acids are amphipathic steroid molecules important for lipid 

metabolism. The first step in the conversion of cholesterol to bile acids is 

hydroxylation of the steroid structure by cholesterol 7α-hydroxylase (CYP7A1). 

There are several steps and multiple intermediates involved in the formation of 

primary bile acids. The two primary bile acids synthesized in humans are cholic 

acid (CA) and chenodeoxycholic acid (CDCA); whereas in the mouse, they are 

CA and β-muricholic acid (Russell, 2003). These primary bile acids can be 

dehydroxylated by intestinal bacteria to form secondary bile acids, deoxycholic 

acid (DCA) and LCA (Norlin and Wikval, 2007), and/or they can undergo 

amidation reactions to form tauro- or glyco- conjugates, such as taurocholic acid 

(TCA). It has been proposed that after entering the phospholipid bilayer, bile 

acids interfere with cholesterol and phospholipids and compromise membrane 

integrity, which leads to cell death (Fickert et al, 2006). Individual bile acids differ 

in structure according to the position and number of hydroxyl groups attached to 

the steroid backbone, at positions 3, 7, and 12. Generally, the addition of 

hydroxyl groups reduces the toxicity of bile acids (Scholmerich et al., 1984; 

Stedman et al., 2004). As one of the most toxic bile acids, the monohydroxy bile 
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acid LCA was selected to produce intrahepatic cholestasis in this study (Kitada et 

al., 2003; Zhang et al., 2004).  

Bile acid concentrations are regulated by negative feedback control under 

normal conditions. When bile acids bind the nuclear receptor farnesoid x receptor 

(FXR), a cascade of events results in the down-regulation of the rate-limiting 

enzyme CYP7A1. Lower levels of CYP7A1 decrease the conversion of 

cholesterol into bile acids. When the excretion of bile acids is disrupted by 

disease, bile acids accumulate in hepatocytes, resulting in cholestasis. Once bile 

acid concentrations exceed their critical micellar concentration, they no longer 

aggregate with phospholipids as micelles. At that point the hydrophobic 

properties of bile acids are cytotoxic, leading to apoptotic or necrotic cell death. 

Excess concentrations of bile acids also cause adaptive changes in the liver, 

such as decreased hepatobiliary transport, which may also alter overall bile acid 

homeostasis (Zollner et al., 2003). 

Phase-I cytochrome P-450 enzymes (CYPs) have broad substrate 

specificity and catalyze the oxidation of a diverse array of structurally dissimilar 

compounds, including bile acids. In addition to CYP7A1, other CYPs participate 

in bile acid biosynthesis. CYP8B1 forms the primary bile acid CA, whereas 

CYP27A1, CYP7B1, and CYP39A1 are involved in bile acid synthesis through 

the alternative pathway, derived from oxysterols. Expression of bile acid 

synthesis and detoxication enzymes is tightly regulated by nuclear hormone 

receptors and other transcription factors. One such nuclear receptor is CAR. 
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CAR regulates bile acid metabolism by inducing phase-I and  

-II enzymes, as well as bile acid transport proteins. For example, CYP3A4 

(Cyp3a11 rodent homologue) participates in bile acid detoxication via 6α-

hydroxylation of LCA (Araya and Wikvall, 1999). The addition of this hydroxyl 

group makes the molecule more hydrophilic, which promotes elimination. 

Additionally, phase-II sulfotransferase enzyme (SULT2A1) adds a sulfate moiety 

to LCA to increase its water solubility and subsequent excretion (Kitada et al., 

2003). Both CYP3A4 and SULT2A are downstream targets of CAR. 

Prior studies have shown that pre-treatment of mice with CAR activators 

PB or TCPOBOP protects against the hepatotoxicity of LCA-induced cholestasis 

(Saini et al., 2004; Zhang et al., 2004; Beilke et al., 2008). The hepatoprotective 

effect of these chemicals during cholestasis is hypothesized to occur via an 

increase in the expression of bile acid metabolizing enzymes such as CYP3A, 

sulfotransferases, and glucuronosyltransferases (Wagner et al., 2005; Saini et 

al., 2004; Zhang et al., 2004), as well as up-regulation of hepatic efflux 

transporters, such as the multidrug resistance-associated proteins 3 and 4 

(Bohan et al., 2003; Teng and Piquette-Miller, 2007; Assem et al., 2004). 

Whereas changes in bile acid metabolism appear to be important in protecting 

against cholestatic liver injury, the up-regulation of efflux transporter expression 

is not consistently found in models of hepatoprotection from cholestasis (Beilke 

et al., 2008), indicating that other mechanisms likely contribute to the 

hepatoprotection. As such, a decrease in total liver bile acids in protected PB and 
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TCPOBOP pre-treated mice that was observed in our previous studies on LCA-

induced hepatotoxicity led us to further explore the effects of CAR activation on 

individual bile acid concentrations and the genes that regulate bile acid 

biosynthesis.  

 

MATERIALS and METHODS 

Materials. PB, TCPOBOP, LCA, taurolithocholate 3-sulfate, 

taurochenodeoxycholic acid, and glycocholic acid were purchased from Sigma-

Aldrich (St.Louis, MO). Tauro-β-muricholic acid, α-muricholic acid, and β-

muricholic acid were purchased from Steraloids, Inc. (Newport, RI). The 

remaining bile acids were a generous gift from Dr. Jesse Martinez (University of 

Arizona).  

Animals.  Ten-week old adult male C57BL/6 (Charles River) WT or CAR-/- mice 

were weight matched into treatment groups (N=4-6 mice/group). Breeding pairs 

of CAR-null mice in the C57BL/6 background were obtained from Dr. Ivan Rusyn 

(University of North Carolina, Chapel Hill, NC), which were engineered by 

Tularik, Inc. (South San Francisco, CA) as described previously (Ueda et al., 

2002). Animals received three days of CAR activator pre-treatment (PB 80 

mg/kg) or corn oil (CO) in the control groups via i.p. injection in a volume of 2.5 

ml/kg. On the fourth day, LCA administration was started (125 mg/kg twice daily, 

i.p.) and the CAR activator treatment in combination with LCA continued for 

another three days. TCPOBOP (3 mg/kg, i.p.) pre-treatment was begun on Day 3 
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and continued during LCA treatment. Animals were euthanized approximately 12 

hrs following the last LCA treatment and livers were removed and stored at -

80oC. Urine and serum were collected at necropsy, and then stored at -80oC until 

needed for bile acid analysis. Animals were maintained in a 12-hr light/dark 

cycle, with access to food and water ad libitum. The experimental protocol was 

approved by the University of Kansas Medical Center Institutional Animal Care 

and Use Committee (IACUC), and humane care of the animals was in 

accordance with the criteria outlined in the “Guide for the Care and Use of 

Laboratory Animals” (National Research Council, 1996). 

Liver Histology. Mid-sections of the left liver lobe from each mouse were fixed in 

10% neutral buffered formalin. Tissues from two mice per treatment group were 

embedded in paraffin and 5 micron sections were stained with hematoxylin and 

eosin according to a standard staining protocol. Tissues were evaluated for liver 

injury by a board-certified veterinary pathologist. 

Bile Acid Extraction. Liver samples were homogenized in a 1:1 solution of t-

butanol/water (approximately 200 mg liver/ml) and extracted overnight as 

previously described (Mennone et al., 2006). Samples were centrifuged at 10K x 

g for 20 min and the supernatant removed and placed in a SpeedVac until dry. 

Samples were then reconstituted with saline in a volume equal to the liver weight 

(mg/μl) and stored at -80oC. Serum samples were mixed with chilled acetone 

(1:4), shaken vigorously, and left on ice for 5 min before centrifugation at 10K x g 
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for 3 min (Daykin et al., 2002). The supernatant was removed and stored at  

-80oC. No extraction procedure was conducted on urine samples. 

Total Bile Acid Analysis. Extracted liver samples were analyzed for total bile 

acid concentrations in a reaction catalyzed by 3α-hydroxysteroid dehydrogenase, 

using the total bile acids assay kit by Diazyme Laboratories (San Diego, CA). 

Total bile acid concentrations were quantified in triplicate according to the 

manufacturer’s instructions. 

Individual Bile Acid Analysis by HPLC-ESI-MS/MS.  Urine, as well as 

extracted liver and serum samples were removed from -80oC and allowed to 

thaw at room temperature. The chromatography was conducted with a capillary 

HPLC system from LC Packings/Dionex (Amsterdam, Netherlands) and 

comprised of an UltiMate quaternary pump and a Famos autosampler. An 

Aquasil C18 reversed-phase column (3 μm particle size, 1 mm x 150 mm) was 

used for chromatography with a pre-column (1 mm x 10 mm) containing C18 

reversed phase resin (Thermo Electron Corp.,Bellefonte, PA). HPLC mobile 

phase A consisted of 3 mM ammonium formate in H2O, pH = 5.2, and B was 3 

mM ammonium formate in 10% H2O, and 90% CH3CN. The separation of bile 

acids was accomplished with a linear gradient starting from 95% A and 5% B 

held for 1 min going to 70% A and 30% B for 1:10 min, and then increasing to 

100% B over 10 min at a flow rate of 50 μl/min using a 2 μl injection of extract 

and standards. Samples were diluted to 200 μL with the 70:30 solution of mobile 

phases A:B. Bile acid detection and quantification were done by ESI-MS/MS with 
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a Waters Micromass Quattro Ultima triple quadrupole mass spectrometer 

(Manchester, U.K.). Quantitative analysis was performed in negative ionization 

mode using the selected reaction monitoring (SRM) transitions specific for each 

bile acid. The specific SRM transitions were determined by direct infusion of 

standards. Separation of DCA and CDCA under the HPLC conditions used for 

this study was not possible; therefore, these bile acids are presented together as 

DCA/CDCA. 

Development of Specific Oligonucleotide Probe Sets for bDNA Analysis. 

Probe sets for mouse Cyp3a11, Cyp7a1, Cyp7b1, Cyp8b1, Cyp27a1, Cyp39a1, 

Sult2a1/2, Ugt1a1, and bile acid-CoA amino acid N-acyltransferase (BAT) were 

utilized for quantification of messenger RNA expression. Mouse gene sequences 

were acquired from GenBank. Multiple oligonucleotide probe sets [capture 

extender (CE), label extender (LE), and blocker (BL) probes] were designed 

using Probe Designer software version 1.0 (Bayer Corp, Emeryville, CA), to be 

highly specific to a single mRNA transcript. The development of several probe 

sets for mice have been previously published; Cyp3a11 (Maher et al. 2005); 

Ugt1a1 (Buckley and Klaassen, 2007); Sult2a1/2 (Alnouti and Klaassen, 2006). 

The probe set sequences for mouse Cyp7a1, Cyp7b1, Cyp8b1, Cyp27a1, 

Cyp39a1 and BAT are described in Supplementary Table 1. All oligonucleotide 

probes were designed with a Tm of approximately 63°C enabling optimal 

hybridization conditions to be held constant (i.e., 53°C). Each probe designed in 

ProbeDesigner was submitted to the National Center for Biotechnological 
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Information (NCBI) for nucleotide comparison by the basic local alignment search 

tool (BLASTn) to ensure minimal cross-reactivity with other mouse sequences.  

RNA Isolation and mRNA Expression (Branched DNA Assay). Total RNA 

was isolated from liver using RNA Bee reagent (Tel-Test Inc., Friendswood, TX) 

according to the manufacturer’s instructions. The concentration of total RNA in 

each sample was quantified spectrophotometrically at 260 nm. RNA integrity was 

confirmed by visualization of intact 18S and 28S rRNA under ultraviolet light. The 

branched DNA (bDNA) assay was used to quantify mRNA expression as 

previously described (Beilke et al., 2008). 

Statistical Analysis.  For all quantitative data, the mean and standard error of 

the mean were calculated. Statistical differences were determined using one-way 

ANOVA followed by Duncan’s multiple range post-hoc test using Statistica 

software, Version 4.5 (StatSoft, Tulsa, OK).  Asterisks (*) represent statistical 

differences (p  0.05) between the control and treated groups, whereas daggers 

( ) represent a statistical difference (p  0.05) between the LCA-only treated 

group and other treated groups. 

 

RESULTS 

Evaluation of Liver Histopathology. Following chemical pre-treatment with 

CAR activators and induction of intrahepatic cholestasis, mouse livers were 

evaluated for hepatoprotection using histopathology (Fig. 1). Control WT and 

CAR-/- mice exhibited normal histopathology, whereas both genotypes of LCA-
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treated mice displayed a similar degree of severe multifocal hepatic necrosis, 

diffuse vacuolization, and infiltrating neutrophils consistent with cholestasis. Pre-

treatment of WT mice with the CAR activators PB and TCPOBOP protected 

against LCA-induced injury, and histopathology in these groups was similar to 

that observed in WT CO control mice. None of the CAR activator pre-treatments 

were hepatoprotective in CAR-/- mice where multifocal hepatocellular necrosis 

was observed, demonstrating the importance of CAR in hepatoprotection.  

Total Liver Bile Acid Concentrations. Total bile acid concentrations were 

quantified as depicted in Figure 2. Basal concentrations of total bile acids were 

increased 1.7-fold in CAR-/- mice compared to WT controls. Bile acid 

concentrations in LCA-treated WT mice alone were higher (5.2-fold) than CO 

controls, and this appears to correlate with the necrosis observed histologically. 

LCA in combination with PB or TCPOBOP pre-treatment in WT mice prevented 

the increase in total bile acid concentrations caused by LCA treatment alone. The 

only change observed in total hepatic bile acid concentrations in CAR-/- mice, 

was a 2.7-fold increase above controls by PB pre-treatment. 

Hepatic Concentrations of Individual Bile Acids.  Data on individual bile acids 

in livers of WT mice analyzed by HPLC-ESI-MS/MS are presented in Table 1. In 

order to ascertain overall changes in the types of individual bile acids, the 

concentrations of mono-, di-, and tri-hydroxylated bile acids were grouped and 

averaged, and presented in Figure 3. Basal expression of mono-hydroxylated 

bile acids was reduced 87% in CAR-/- mice compared to WT controls. As 
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expected, LCA treatment increased mono-hydroxylated bile acid concentrations 

(LCA and TLCA-S) above CO control mice in both genotypes (WT 4-fold, CAR-/- 

94-fold). Pre-treatment of WT mice with PB and TCPOBOP prevented the 

increase in mono-, di-, and tri-hydroxy bile acids caused by LCA treatment alone. 

Likewise in CAR-/- mice, pre-treatment with PB (77%) and TCPOBOP (70%) 

reduced the increases in mono-hydroxy bile acid concentrations caused by LCA.  

Basal concentrations of di-hydroxylated bile acids (DCA/CDCA, TCDCA, UDCA) 

were similar between WT and CAR-/- mice. LCA treatment increased the 

concentrations of di-hydroxylated bile acids in both genotypes (WT 39-fold,  

CAR-/- 32-fold). Pre-treatment with PB or TCPOBOP in WT mice prevented the 

increase caused by LCA. Additionally, the increase was not significantly reduced 

by PB or TCPOBOP pre-treatment in CAR-/- mice.  

Basal concentrations of tri-hydroxylated bile acids (αMCA, βMCA, TβMCA, TCA, 

GCA, CA) tended to be slightly higher in CAR-/- mice compared to WT controls. 

Concentrations of tri-hydroxylated bile acids were highest in LCA-treated mice of 

both genotypes and reduced by pre-treatments in WT and CAR-/- mice. 

Hepatic mRNA Expression: Phase-I enzymes. Expression of several enzymes 

involved in bile acid biosynthesis is shown in Fig. 4. No changes in basal 

Cyp3a11 expression were observed between genotypes. Likewise, LCA did not 

alter the expression of Cyp3a11 in mice of either genotype. However, pre-

treatment with PB or TCPOBOP increased Cyp3a11 expression by 2.1- and 4.7-

fold, respectively in WT mice. mRNA levels of Cyp3a11 were unchanged in all 
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groups of CAR-/- mice. Cyp2b10, the hallmark gene product of CAR activation, 

was increased in PB (11-fold) and TCPOBOP (116-fold) pre-treated WT mice 

compared to both CO control and LCA only (data not shown).  

 Basal expression of Cyp7a1 (rate limiting enzyme involved in conversion 

of cholesterol into bile acids) was reduced 75% in CAR-/- mice compared to WT 

controls. Expression was also reduced 89% in LCA-treated WT mice, but was 

increased 1.8-fold with TCPOBOP pre-treatment. Expression of Cyp7a1 was 

similar between treatment groups of CAR-/- mice. In WT mice, LCA reduced or 

maintained the expression of Cyp7b1, Cyp8b1, Cyp27a1, and Cyp39a1, but all 

were significantly up-regulated by both PB and TCPOBOP pre-treatments. Basal 

expression of Cyp7b1, which is involved in the formation of di-hydroxylated 

CDCA, was reduced 69% in CAR-/- mice compared to WT controls. In WT mice, 

Cyp7b1 expression was also reduced 69% by LCA and partially restored by PB 

and TCPOBOP pre-treatments. LCA alone or in combination with CAR activators 

did not alter Cyp7b1 expression in CAR-/- mice.  

 Basal expression of Cyp8b1 was reduced 27% in CAR-/- mice compared to 

WT controls. The amount of Cyp8b1 present determines the ratio of primary bile 

acids, CA and CDCA. With that in mind, the expression of Cyp8b1 was reduced 

93% by LCA treatment in WT mice, indicating a shift towards CDCA formation 

and the downstream synthesis of highly toxic LCA. In contrast, pre-treatment with 

PB- and TCPOBOP was able to maintain Cyp8b1 expression near control levels, 

thus preserving the formation of tri-hydroxylated CA. Cyp8b1 mRNA in CAR-/- 
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mice was decreased by LCA (83%) and was similarly low in mice pre-treated with 

CAR activators.  

 Basal levels of Cyp27a1, which is involved in the formation of oxysterols 

via the alternative bile acid pathway, were unchanged between genotypes. 

Cyp27a1 expression was reduced 43% by LCA in WT mice. Conversely, 

expression was maintained by PB and elevated by TCPOBOP pre-treatments 

(1.3-fold). In CAR-/- mice, Cyp27a1 mRNA was lowered by LCA (59%) treatment. 

This decline in CYP27a1 in CAR-/- mice was not prevented by PB or TCPOBOP 

pre-treatments. Basal expression of Cyp39a1, another enzyme involved in the 

alternative pathway, was also unchanged between genotypes. Cyp39a1 

expression was maintained at basal levels by LCA treatment but increased by PB 

(2.5-fold) and TCPOBOP (6.0-fold) pre-treatments, whereas expression was 

maintained at basal levels in CAR-/- mice. 

Hepatic mRNA Expression: Phase II enzymes.  Figure 5 shows the expression 

of three phase II enzymes involved in bile acid metabolism. Glucuronidation of 

bile acids increases their water solubility and enhances excretion. In WT mice, 

Ugt1a1 expression was reduced 65% by LCA, indicating a reduction in the ability 

to detoxify bile acids. However, pre-treatment with PB and TCPOBOP in 

combination with LCA increased Ugt1a1 expression 3.6-fold and 3.8-fold, 

respectively, above LCA alone.  Expression of Ugt1a1 was similarly low between 

groups of CAR-/- mice. Expression of Sult2a1/2, the enzyme responsible for 

adding a sulfate moiety to LCA to render it less toxic, was up-regulated 3.5-fold 
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by LCA in CAR-/- mice but not significantly changed in WT mice. Sult2a1/2 is 

regulated by CAR activators and not surprisingly, expression was elevated 9.4-

fold above basal levels by TCPOBOP pre-treatment in WT mice (Assem et al., 

2004), whereas expression of Sult2a1/2 by CAR activators in CAR-/- mice was 

not increased. Expression of BAT, the enzyme responsible for adding an amino 

acid (glycine or taurine) to bile acids to increase their aqueous solubility and 

excretion, was reduced 58% by LCA. Whereas the ability to reduce the toxicity of 

bile acids via conjugation with BAT was maintained in mice pre-treated with PB 

and TCPOBOP as expression remained near basal levels. Expression of BAT 

was lower in CAR-/- mice and was not significantly different among groups. 

 

DISCUSSION   

 The ability of CAR to regulate bile acid metabolism highlights its 

importance in mitigating cholestasis. In this study the role of CAR in regulating 

genes involved in bile acid biosynthesis during intrahepatic cholestasis to alter 

bile acid composition was examined as a possible mechanism for 

hepatoprotection. Additionally, this is the first study to comprehensively 

characterize the changes in total and individual liver bile acids in WT and CAR-/- 

mice during LCA-induced cholestasis. These data demonstrate CAR-mediated 

hepatoprotection in PB and TCPOBOP pre-treated WT mice, with histopathology 

similar to control mice. Additionally, histopathology in the hepatoprotected groups 

correlates with decreased serum alanine aminotransferase levels as observed in 
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previous studies (Beilke et al., 2008). In contrast, the absence of CAR results in 

severe liver damage, thus underscoring the necessity of CAR during 

hepatoprotection.  

 The CAR activators used in the present study (PB, TCPOBOP) on liver 

histology have been previously reported to be similar to controls (Annapurna et 

al., 1989; Davies et al, 1991; Huang et al., 2005; Baskin-Bey et al., 2007). The 

hepatoprotection observed in the current study is also consistent with findings 

from Zhang and colleagues (2004) who demonstrated that pre-treatment with 

TCPOBOP protects mice from 5 days of LCA administration (250 mg/kg). 

Similarly, activation of CAR by TCPOBOP conferred protection against LCA-

induced hepatotoxicity in mice (Saini et al., 2004). Further support of the 

hepatoprotective effects of CAR activation during cholestasis is suggested in the 

present study by the decrease in all individual serum bile acids quantified in the 

hepatoprotected PB and TCPOBOP pre-treated mice compared to those 

receiving LCA only. Additionally observed was a decrease in total hepatic bile 

acid concentrations in PB and TCPOBOP pre-treated mice compared to LCA 

alone. These findings are consistent with previous findings where total hepatic 

bile acid concentrations were significantly lower in PB and TCPOBOP 

hepatoprotected mice than LCA alone (Beilke et al., 2008). 

 Early research suggested that the toxicity of bile acids is inversely 

proportional to the number of hydroxyl groups on the steroid nucleus 

(Scholmerich et al., 1984). With that in mind, we speculated that 
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hepatoprotection via activation of CAR might occur as a result of altered bile acid 

composition in the form of reduced mono-hydroxylated bile acids. Indeed, the 

increase in mono- and di-hydroxlyated bile acid concentrations caused by LCA 

was reduced in the protected PB and TCPOBOP pre-treated mice. Mono-

hydroxylated bile acids are considered the most toxic bile acids and thus, the  

4-fold increase above basal levels in LCA treated WT mice most likely 

contributes to the cholestatic pathology. The large increase in mono-hydroxylated 

bile acids observed in CAR-/- mice was not reflected as an increase in total bile 

acid concentrations, which is possibly due to the fact that whereas mono-

hydroxylated bile acids are the most toxic species, they are also the least 

abundant. WT mice pre-treated with PB or TCPOBOP were able to maintain 

basal concentrations of tri-hydroxylated bile acids. An increase in urine bile acid 

concentrations may be expected as an indicator of elimination; however, bile acid 

concentrations were already decreased in the livers of protected mice, thus 

alleviating the need to excrete bile acids into serum or urine.  

 The most biologically significant change in gene expression produced by 

the CAR activators was that of Cyp8b1, which is responsible for producing the 

primary bile acid, CA. Tri-hydroxylated bile acids such as CA, are less toxic to 

cell membranes than other bile acid species with fewer hydroxyl groups. 

Maintenance of Cyp8b1 expression in PB and TCPOBOP pre-treated mice 

correlated with histologic hepatoprotection in these groups, and implies a shift in 

the bile acid biosynthesis pathway toward the formation of CA and other less 
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toxic di- and tri-hydroxylated bile acids (Fig. 6). The fact that Cyp8b1 expression 

was not completely restored to basal levels in PB and TCPOBOP pre-treated 

mice may explain why di- and tri-hydroxylated bile acid concentrations were not 

increased further.  

 Interestingly, the hepatic concentration of the other primary bile acid, 

CDCA, was also decreased in the two hepatoprotected groups compared to LCA 

alone, which may be the result of increased or maintained expression of Cyp7b1 

and Cyp27a1. Both Cyp7b1 and Cyp27a1 are involved in the formation of CDCA 

through the alternative oxysterol pathway of bile acid biosynthesis. Cyps 7b1 and 

27a1, along with Cyps 3a11 and 39a1 were maintained and/or increased in the 

hepatoprotected PB and TCPOBOP pre-treated compared to LCA-only WT mice, 

whereas these changes were not observed in CAR-/- mice. Thus, CAR may 

regulate the expression of selected CYP isoforms involved in the formation of 

primary bile acids. Further examination of this effect is required to definitively 

determine whether CAR has a direct role in the regulation of these CYP genes, 

or whether CAR indirectly alters other transcriptional mechanism by affecting 

their signaling cascades. The lack of relevant changes in bile acid biosynthesis 

genes along with the significant hepatocellular necrosis in CAR-/- mice further 

supports the importance of bile acid composition in the hepatoprotection from bile 

acid-induced toxicity.   

 The conjugation of bile acids was generally maintained or increased in 

hepatoprotected mice. Glucuronidation via Ugt1a1 was increased in 
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hepatoprotected mice. Ugt1a1 is important for the glucuronidation of bilirubin, as 

evidenced by Crigler-Najjar syndrome in which there is a complete loss of 

Ugt1a1 function that results in severe hyperbilrubinemia that can be fatal if left 

untreated (Jansen, 1999). Messenger RNA expression of Sult2a1/2 was up-

regulated in WT mice pre-treated with TCPOBOP, which could contribute to the 

decreased hepatotoxicity observed in this group. However, expression of 

Sult2a1/2 was not similarly up-regulated in mice pre-treated with PB. This 

indicates that sulfation of bile acids may aid, but not cause the overall protection 

from LCA-induced toxicity. 

 BAT, the enzyme involved in the amidation of bile acids, was maintained 

at control levels by PB and TCPOBOP pre-treatments, compared to LCA. In 

mice, BAT primarily conjugates bile acids with taurine (Shonsey et al., 2005), as 

evidenced in Table 1 by the higher individual concentrations of taurine 

conjugated bile acids compared to glycine (ex., TCDCA versus GCDCA and TCA 

versus GCA). Up-regulation of bile acid conjugating enzymes also correlates with 

increased urinary excretion of di- and tri-hydroxylated bile acids in the TCPOBOP 

pre-treated mice. These data are consistent with previous reports on the 

importance of CAR on conjugation enzymes during hepatoprotection (Guo et al., 

2003; Huang et al., 2003; Wagner et al., 2005). 

 Collectively, these data demonstrate a correlation between 

hepatoprotection and decreased total and individual bile acid concentrations, 

effects not observed in CAR-/- mice. Several bile acid biosynthesis genes were 



 

173

 

up-regulated by strong CAR activators in hepatoprotected mice, and the lack of 

these expression changes in CAR-/- mice suggests potential down-stream control 

by CAR. The maintenance of Cyp8b1 in hepatoprotected mice indicates a 

possible shift in the bile acid biosynthesis pathway to the formation of CA and 

other less toxic bile acids, which may be a contributing factor to the protection 

afforded by CAR. These novel findings add to the body of knowledge 

surrounding bile acid-induced toxicity during cholestasis and indicate that the 

regulation of bile acid biosynthesis by CAR may contribute as a mechanism of 

hepatoprotection from bile acid-induced toxicity. 
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Fig. 1. Effect of treatment with LCA alone and in combination with CAR 
activators on liver histology in C57BL/6 WT and CAR-/- mice.  A mid-section 
of the left liver lobe was removed and fixed from each animal. Tissues were 
stained with hematoxylin and eosin and histopathology was determined by a 
board certified veterinary pathologist. Two animals per treatment group were 
evaluated and pictures are representative of treatment group pathology. 
Multifocal hepatic necrosis (arrows) is easily distinguished from surrounding 
parenchyma and is more extensive in mice treated with LCA. 50X magnification. 
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Fig. 2. Effect of treatment with LCA alone and in combination with 
CAR activators on total hepatic bile acid concentrations in C57BL/6 
WT and CAR-/- mice. Animals (N=4-6/group) were dosed with activators 
and LCA (125 mg/kg twice daily) as described in Methods. Results are 
presented as mean concentration ± S.E.M. * Indicates p ≤ 0.05 compared 
to respective CO;  indicates p ≤ 0.05 compared to respective LCA-only.  
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Fig. 3. Effect of treatment with LCA alone and in combination with CAR 
activators on hydroxylated bile acid concentrations in the livers of C57BL/6 
WT and CAR-/- mice. Animals (N=4-6/group) were dosed with activators and LCA 
(125 mg/kg twice daily) as described in Methods. Results are presented as mean 
concentration ± S.E.M. * Indicates p ≤ 0.05 compared to respective CO;  indicates 
p ≤ 0.05 compared to respective LCA-only.  
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Fig. 4. Effect of treatment with LCA alone and in combination with CAR 
activators on expression of phase I bile acid biosynthesis and metabolizing 
genes in C57BL/6 WT and CAR-/- mice. Hepatic CYP3a11, 7a1, 7a1, 8a1, 27a1, 
and 39a1 mRNA levels in each treatment group were quantified by the bDNA 
signal amplification assay, as described in Methods. Data are expressed as 
relative light units (RLU) ± S.E.M. *Indicates p ≤ 0.05 compared to respective CO; 

 indicates p ≤ 0.05 compared to respective LCA-only.  
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Fig. 5. Effect of treatment with LCA alone and in combination with CAR 
activators on expression of phase II bile acid metabolizing genes in 
C57BL/6 WT and CAR-/- mice. Hepatic SULT2A1/2, UGT1A1, and BAT mRNA 
levels in each treatment group were quantified by the bDNA signal amplification 
assay, as described in Methods. Data are expressed as relative light units 
(RLU) ± S.E.M. *Indicates p ≤ 0.05 compared to respective CO;  indicates p ≤ 
0.05 compared to respective LCA-only.  
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Fig. 6. Simplified overview of the bile acid biosynthesis pathway derived from 
cholesterol. The neutral (classic) and acidic (alternative) routes are shown with the 
main enzymes involved. The 7α-hydroxylation of cholesterol by CYP7A1 is the rate 
limiting enzyme in the neutral pathway. The neutral pathway is considered the most 
important pathway for bile acid formation in humans. Whereas the acidic pathway is 
important for the removal of cholesterol from extrahepatic tissues and it appears to be 
able to compensate for the neutral pathway when it is repressed to maintain bile acid 
formation. Boxed area highlights the shift in biosynthesis via up-regulation of CYP8b1 
in hepatoprotected mice. (Note: not all bile acids, enzymes or intermediate steps 
shown). Chemical structure sources: http://sigmaaldrich.com, http://steraloids.com   

 

http://sigmaaldrich.com/
http://steraloids.com/
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Table 1. Oligonucleotide probes generated for analysis of mouse gene 
expression by bDNA signal amplification assay. 
   

Gene Functiona Probe Sequence 
mCyp7a1 CE cgaggtgcgtcttagccttctTTTTTctcttggaaagaaagt 

(NM_007824.2) CE tccctccagagctgagctcttTTTTTctcttggaaagaaagt 
 CE gcagagcctccttgatgatgcTTTTTctcttggaaagaaagt 
 LE tttcccgggctttatgtgcTTTTTaggcataggacccgtgtct 
 LE cttcaagctctcagccagccTTTTTaggcataggacccgtgtct 
 LE cggatcagttcagagacctggTTTTTaggcataggacccgtgtct 
 LE cttgagatgcccagaggatcaTTTTTaggcataggacccgtgtct 
 LE aggttgcaggaatggtgtttgTTTTTaggcataggacccgtgtct 
 LE tttcattgcttcagggctccTTTTTaggcataggacccgtgtct 
 LE cattcacttcttcagaggctgcTTTTTaggcataggacccgtgtct 
 LE ggccagcactctgtaatgctcTTTTTaggcataggacccgtgtct 
 LE tatctagtactggcaggttgtttagttTTTTTaggcataggacccgtgtct 
 LE caaggatgcactggagagccTTTTTaggcataggacccgtgtct 
 LE cctccttagctgtccggatattTTTTTaggcataggacccgtgtct 
 BL tccctcatgtacaggttcttgtg 
 BL gtatcgttgagaaacatgcgtaga 
 BL ccatgtcatcaaaggtggagagt 
 BL tgatcatttgaaataagctccaga 
 BL gctcttgatccaagtaaatggcat 
   

mCyp7b1 CE gctggaatggtgTTTgctagagagTTTT 
(NM_007825) CE ccaggcccTTTcTTTTgaccTTTTTcTc 

 LE tgcctatagtatcTTTTcagcagatctt 
 LE tgctcctaTTTcagaatcgtcaTTTTT 
 LE agaatataatacaTTgcccagaacatat 
 LE ccatagcttcaggatgcccgaTTTTTagg 
 LE tttcgtcacgcagggcTTTTTTTaggca 
 LE gcagaccaagctgtccaattgTTTTTTa 
 LE tggagtatgagcacagcctcagTTTTTa 
 LE cctgcacttctcggatgatgcTTTTTag 
 BL gcccagagaaagccaagatgat 
 BL tgttgactgcaggaaactgtcaa 
 BL tctctggtcaagtggactgaaatt 
 BL aacctcaagaatagtgctttccag 
   

mCyp8b1 CE gagccagaggatgggtattcagTTTTTctcttggaaagaaagt 
(NM_010012.2) CE gggagaggaaggagtgcctcaTTTTTctcttggaaagaaagt 

 CE gtgttcctcctgagaggagggTTTTTctcttggaaagaaagt 
 CE gctggtctgccctccaggatTTTTTctcttggaaagaaagt 
 LE ctgcacgggcttcaggcTTTTTaggcataggacccgtgtct 
 LE ggtatgctcagacctgagctcaTTTTTaggcataggacccgtgtct 
 LE tgctgctctgggctgcagTTTTTaggcataggacccgtgtct 



 

184

 

 LE agcatgacagatctctgagagctgTTTTTaggcataggacccgtgtct 
 LE cagttgtaaactgagctgaccacatTTTTTaggcataggacccgtgtct 
 LE tgccatctgactcacgggaTTTTTaggcataggacccgtgtct 
- LE ttgaggcagcatttgcaagaTTTTTaggcataggacccgtgtct 
 LE gtaaggcaggctggatgggTTTTTaggcataggacccgtgtct 
 BL gggatggcgtcttatgggg 
 BL tcaggcagagaccgctgga 
 BL gagtcaagtgtgggtgagccat 
   

mCyp27a1 CE cttttagctcctggactttttcatTTTTTctcttggaaagaaagt 
(NM_024264.4) CE aaaggtgccgatggtctccTTTTTctcttggaaagaaagt 

 CE gatctctgggctctttgaaaggTTTTTctcttggaaagaaagt 
 CE agagaaagccattaatttcagtttcTTTTTctcttggaaagaaagt 
 LE cccagtttcctgtagctgggTTTTTaggcataggacccgtgtct 
 LE agatacccggactccatctggTTTTTaggcataggacccgtgtct 
 LE tgagtactgagcaattcattggtcTTTTTaggcataggacccgtgtct 
 LE tggtacagggcccatgtcagtTTTTTaggcataggacccgtgtct 
 LE ccttgtgcaaggcctcctgTTTTTaggcataggacccgtgtct 
 LE gggcaccacaccagtcacttTTTTTaggcataggacccgtgtct 
 LE gaggcgcagggtctccttaTTTTTaggcataggacccgtgtct 
 LE gtttgtgggaaccacagggtaTTTTTaggcataggacccgtgtct 
 LE cttttctgtgatgatccgggaTTTTTaggcataggacccgtgtct 
 BL agcaggaagtgcaggtagcc 
 BL ccagccaaaagcagctcagg 
 BL gtgttggatgtcgtgtccacc 
 BL tggggcaccttcccgaa 
 BL tgtgggcaaagtccttgtgc 
 BL atcacagcttttagcagaggca 
   

Mcyp39a1 CE cacaatgagactgcgcgttcTTTTTTTc 
(NM_018887.3) CE ttccttcttccccagatccaTTTTTctc 

 CE cagactcatgtgcagttaTTTacctgtt 
 CE cagagatgaactcttactggaTTTTgtt 
 LE agagcaggtctcccagggataTTTTTag 
 LE ctgttgatgtttcatttccgaaaTTTTT 
 LE ccagtttccgttccccaccTTTTTaggc 
 LE tttattttatccattgaTTTaTTTattc 
 LE gcacaaaaccagatgcgcaTTTTTaggc 
 LE ctccagaacgtaatggcaaatcTTTTTa 
 LE ccatggatctgctgtgTTTTcTTTTTTa 
 LE gcggatgaatgatggtgccTTTTTaggc 
 BL ccacaaagacatggtataaccaga 
 BL tctcttaagacaatacattcccacc 
 BL ttcctctgtcctaagactcaaaaac 
 BL gTTTTTcaggaaaaccctatgttc 
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mBAT  CE cagaaacagggctccccg 
(NM_007519) CE gctctagagaaggaggccctgtTTTTTctcttggaaagaaagt 

 CE ggccattttttgcagagggTTTTTctcttggaaagaaagt 
 CE ggatcctcttgaccccaggtTTTTTctcttggaaagaaagt 
 CE cagaagactggcccggaactTTTTTctcttggaaagaaagt 
 LE aggctctgacaacactgtagataatgTTTTTaggcataggacccgtgtct 
 LE ggacttctcagagactctcaaaccaTTTTTaggcataggacccgtgtct 
 LE cggtcagcacagatgcccaTTTTTaggcataggacccgtgtct 
 LE caaccctcaggaacgtggtgtTTTTTaggcataggacccgtgtct 
 LE attttcaccaaaacagtagttttacagTTTTTaggcataggacccgtgtct 
 LE tgagaggaacagctgtcagcttTTTTTaggcataggacccgtgtct 
 LE acaggctcatcaacaagagcacTTTTTaggcataggacccgtgtct 
 LE atctacctcacccacttcactggTTTTTaggcataggacccgtgtct 
 LE gacccccatatagtctcctccaTTTTTaggcataggacccgtgtct 
 LE gcttttcaggtttcaaggaccaTTTTTaggcataggacccgtgtct 
 LE atggatggcaagcttttatgtgTTTTTaggcataggacccgtgtct 
 LE caggctatccaagggaggactTTTTTaggcataggacccgtgtct 
 LE gccacataccacctttccagagtTTTTTaggcataggacccgtgtct 
 LE gatgcggctttcctttacctTTTTTaggcataggacccgtgtct 
 LE caaacaagtcaatgacccctggTTTTTaggcataggacccgtgtct 
 LE ccatcaatccaccagcacctcTTTTTaggcataggacccgtgtct 
 LE aaacaggtttcccttctcatcttt 
 BL aatcttggacaattcttcaggaat 
 BL ggcctgtgacctggatgtgc 
 BL ccacctgaaagggggcca 
 BL cagtgatgcctgaaggcaca 
 BL ccctgtagaaggcctgagaact 
 BL agtgaggggtcatgctccag 
 BL gaaaaggcccatggggtg 
 BL catctctttttatcaatctacccaata 
 BL gatttggtaggggctattcatca 
 BL gacgactatgtcttgtaatggaaagt 
 BL aaaaggaccttctcctggagg 
   

aCE (capture extenders), are used to bind the mRNA to the well; LE (label 
extenders) create a tree of alkaline phosphatase molecules to produce 
luminescence when substrate is added; BL (blockers) serve to block nonspecific 
interactions between the probes and the mRNA transcript. 
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Table 2. Individual bile acid concentrations in WT mice. 
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Results presented as mean concentration ± S.E.M. Units in liver 
expressed as ng/g liver, units in serum and urine expressed as 
ng/μl. *Indicates p ≤ 0.05 compared to respective CO;  indicates  
p ≤ 0.05 compared to respective LCA-only.  

Table 2. Individual bile acid concentrations in WT mice, cont. 
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ABSTRACT  

Activation of CAR can protect the liver against bile acid-induced toxicity and it 

may have a role in cell death via apoptosis by altering expression of Bcl-2 family 

proteins such as myeloid cell leukemia-1 (Mcl-1). Mcl-1 is an anti-apoptotic 

protein that is regulated by the constitutive androstane receptor (CAR). Our aim 

was to determine if activation of CAR reduces hepatocellular apoptosis during 

cholestasis as a mechanism of hepatoprotection. WT and CAR-/- mice were 

pretreated with CAR activators phenobarbital (PB), oltipraz (OPZ), 1,4-bis[2-(3,5-

dichloropyridyloxy)]benzene [TCPOBOP (TC)] or corn oil (CO) prior to induction 

of intrahepatic cholestasis using the secondary bile acid lithocholic acid (LCA). 

Pre-treatment with the CAR activators PB and TC as well as the non-CAR 

activator PCN protected against LCA-induced liver injury only in WT. LCA-

induced hepatocellular injury was more severe in CAR-/- mice. Expression of Mcl-

1 and Bcl-xL was not increased and a consistent decrease in pro-apoptotic Bak 

or Bax mRNA expression was not observed in hepatoprotected mice. Compared 

to unprotected groups, apoptosis was decreased in hepatoprotected mice as 

evidenced by the absence of cleaved caspase 3 staining. In contrast to the 

cytoplasmic localization in the injured livers (LCA and OPZ), Mcl-1 protein was 

localized in the nucleus of hepatoprotected livers to promote cell survival. This 

study demonstrates that although apoptosis is reduced in hepatoprotected mice 

pretreated with CAR and non-CAR activators; hepatoprotection is not directly a 

result of CAR-induced Mcl-1 expression. 
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INTRODUCTION 

 Hepatocyte apoptosis is implicated in the pathogenesis of several liver 

diseases including cholestasis, viral hepatitis and autoimmune diseases (Sola et 

al., 2006). There are numerous causes of cholestasis, and apoptosis has been 

proposed as a mechanism of bile acid-induced liver injury (Baskin-Bey et al., 

2006; Faubion et al., 1999). Cholestasis, or impaired bile flow, is a form of liver 

disease that has various etiologies with the end result of liver failure. Activation of 

CAR protects against the toxicity of accumulating bile acids during cholestasis, 

but the precise mechanisms underlying the protection are poorly understood 

(Saini et al., 2004; Zhang et al., 2004). Considerable research has been 

conducted to identify how bile acids cause apoptosis, but whether a decrease in 

apoptosis contributes to hepatoprotection and whether CAR may be involved 

remains unclear.  

Bile acid-induced apoptosis of hepatocytes can occur extrinsically via 

death receptor activation (Faubion et al., 1999; Sodeman et al., 2000) or 

intrinsically through oxidative stress and mitochondrial dysfunction (Graf et al., 

2002; Rodrigues et al., 1998). Excess hepatic bile acid levels present during 

cholestasis activate the Fas death receptor to initiate apoptotic signaling through 

formation of the DISC (death inducing signaling complex) and cleavage of 

caspase 8. Downstream of the mitochondria effector caspases (caspase-3, -6, -

7) are also cleaved and activated to functional proteases resulting in apoptosis 

(Hengartner, 2000). Effector caspases such as caspase 3 are important in the 



 

191

 

study of apoptosis as they are considered the actual executioners of apoptosis. 

Activation of initiator caspase 8 can result in cleavage of Bid (Bcl-2 interacting 

domain), forming truncated Bid (tBid), which translocates to the mitochondria and 

interacts with pro-apoptotic Bak (Bcl-1 antagonistic killer) and Bax (Bcl-2-

associated X protein). This leads to an increase in the permeability of the 

mitochondrial transition, loss of mitochondrial membrane potential and release of 

cytochrome c to trigger apoptosis (Rodrigues et al., 1998). The intrinsic and 

extrinsic death pathways are not mutually exclusive; in fact hepatocytes have 

been shown to require mitochondrial contribution to amplify the apoptotic signal 

(Guicciardi and Gores, 2006).  

 Manipulation of nuclear receptors has recently emerged as a potential 

mechanism of hepatoprotection during cholestasis. The nuclear receptor CAR 

protects from Fas-induced liver injury via up-regulation of the anti-apoptotic 

protein Mcl-1 (myeloid cell leukemia -1) and down-regulation of pro-apoptotic Bak 

and Bax (Baskin-Bey et al., 2006). Mcl-1 is a member of the Bcl-2 family of 

proteins that protects cells from apoptosis by directly inhibiting Ca2+ signaling 

within the mitochondria to prevent the release of cytochrome c, thus halting the 

intrinsic signaling pathway (Minagawa et al., 2005). Because bile acids cause 

apoptosis and CAR has a role in the regulation of anti-apoptotic Mcl-1, there 

exists a possibility that activation of CAR could confer hepatoprotection by 

reducing apoptosis. 
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MATERIALS and METHODS 

Materials.  Oltipraz (OPZ) was purchased from LKT Laboratories, Inc. (St. Paul, 

MN). Phenobarbital sodium (PB), lithocholic acid (LCA), TC and pregnenolone 

16α-carbontrile (PCN) were purchased from Sigma-Aldrich (St.Louis, MO). 

Antibodies for the following proteins were purchased as follows: Bcl-xL and Bax 

(AbCam, Inc., Cambridge, MA); Bak, PARP and cCasp3 (Asp 175) (Cell 

Signaling Technology, Danvers, MA); CAR, lamin B1 and Mcl-1 (Santa Cruz 

Biotechnology, Santa Cruz, CA).  

Animals.  Ten-week old adult male C57BL/6 (Charles River) WT mice or CAR-/- 

mice were weight matched into treatment groups (N=4-6 mice/group). Breeding 

pairs of CAR-null mice in the C57BL/6 background were obtained from Dr. Ivan 

Rusyn (University of North Carolina, Chapel Hill, NC), which were engineered by 

Tularik Inc. (South San Francisco, CA) as described previously (Ueda et al., 

2002). To induce intrahepatic cholestasis, the secondary bile acid LCA was 

administered, which has become an increasingly utilized model of cholestasis 

(Zhang et al., 2004; Kitada et al., 2003). Animals were pre-treated with chemical 

inducers (PB 80 mg/kg, OPZ 150 mg/kg, PCN 200 mg/kg) or corn oil (CO) for 

three days via i.p. injection. On the fourth day, LCA treatment was initiated with 

i.p. injections (125 mg/kg) given twice daily, and the CAR activator treatment in 

combination with LCA continued for another three days. TC (3 mg/kg) pre-

treatment was begun on Day 3 and continued during LCA treatment. 

Approximately 12 hrs following the last treatment, mice were euthanized and the 
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livers removed. Animals were maintained on a 12-hr light/dark cycle at 

approximately 25oC, with access to food and water ad libitum. The experimental 

protocol was approved by the University of Kansas Medical Center Institutional 

Animal Care and Use Committee (IACUC), and humane care of the animals was 

in accordance with the criteria outlined in the “Guide for the Care and Use of 

Laboratory Animals” (National Research Council, 1996). 

Electrophoretic Mobility Shift Assay (EMSA). The Cyp2B10 nuclear receptor 

half-site NR-1 (DR4) 5’-TCTGTACTTTCCTGACCTTG-3’ oligonucleotide probe 

was utilized for the gel shift mobility assay. Sense and antisense oligonucleotide 

strands were synthesized with the 5’ end-labeled with IRDye® 700 by Li-Cor 

Biosciences (Lincoln, NE). Gel shift mobility assay was initiated by incubation of 

binding buffer (50 mM Hepes pH7.9, 250 mM KCl, 0.5 mM EDTA, 12.5 mM DTT, 

50% glycerol, 0.25% Triton X-100), Poly(dI dC) 1 μg, nuclear protein, and 

unlabeled probe for 20 min on ice followed by the addition of labeled probe. The 

unlabeled double-stranded NR-1 oligonucleotide (Sigma Genosys) was used to 

confirm competitive protein binding; and the potent, direct-acting CAR ligand 

TCPOBOP was used as a positive control. The nuclear protein-DNA complex 

was separated via non-denaturing 5% tris-borate gel electrophoresis, and 

subsequently scanned for visualization of DNA-protein bands on a Li-Cor 

Odyssey Infrared Imaging System (Li-Cor Biosciences, Lincoln, NE). 

Liver Histology and Enzymes. Mid-sections of the left liver lobe were collected 

and fixed in 10% neutral buffered formalin. Tissues from two mice per treatment 
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group were embedded in paraffin and 5 micron sections were stained with 

hematoxylin and eosin. Tissue was evaluated for liver injury by a board-certified 

veterinary pathologist. Serum alanine aminotransferase (ALT) was measured 

using an Endocheck Plus Chemistry Analyzer (Hemagen Diagnostics, Inc., 

Columbia, MD). 

Immunohistochemistry (IHC). Formalin-fixed, paraffin-embedded liver tissue 

sections were deparaffinized and rehydrated. Following antigen retrieval, 

endogenous peroxidase activity was blocked by incubation in 1% hydrogen 

peroxide in methanol for 20 min. Slides were blocked with 1.5% normal goat 

serum (Vector Laboratories, Burlingame, CA). Negative control slides were 

prepared without primary antibody. Sections were incubated in primary antibody 

for 1 hr, washed, and then incubated with secondary antibody, biotinylated goat 

anti-rabbit IgG (Vector Laboratories, Burlingame, CA). The Vectastain Elite ABC 

kit (Vector Laboratories, Burlingame, CA) was used to bind antibodies according 

to the manufacturer’s instructions. Slides were developed with diaminobenzidine 

tetracholoride (DAB), counter stained with hematoxylin and mounted. 

Immunohistochemical staining was observed at 20x with a Nikon Eclipse E400 

light microscope equipped with a Sony ExWaveHAD 3CCD color video camera.  

Development of Oligonucleotide Probe Sets. Mouse gene sequences of 

interest were acquired from GenBank. Multiple oligonucleotide probe sets 

[capture extender (CE), label extender (LE), and blocker (BL) probes] were 

designed using Probe Designer software version 1.0 (Bayer Corp. Emeryville, 
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CA). The development of several probe sets for mice has been previously 

published, such as Cyp2b and Cyp3a (Maher et al., 2005). The probe sets for 

mouse Mcl-1, Bcl-xL, Bak, and Bax are described in Table 1. All oligonucleotide 

probes were designed with a Tm of approximately 63°C enabling optimal 

hybridization conditions to be held constant (i.e., 53°C). Each probe designed in 

ProbeDesigner was submitted to the National Center for Biotechnological 

Information (NCBI) for nucleotide comparison by the basic local alignment search 

tool (BLASTn) to ensure minimal cross-reactivity with other mouse sequences.  

RNA Isolation and mRNA Expression. Total RNA was isolated from liver using 

RNA Bee reagent (Tel-Test Inc., Friendswood, TX) according to the 

manufacturer’s instructions. The concentration of total RNA in each sample was 

quantified spectrophotometrically at 260 nm. RNA samples were analyzed by 

agarose gel electrophoresis with ethidium bromide staining, and integrity was 

confirmed by visualization of intact 18S and 28S rRNA under ultraviolet light. The 

branched DNA (bDNA) assay was used to quantify mRNA expression as 

previously described (Beilke et al., 2008).  

Preparation of Nuclear Extracts.  Nuclear protein extracts were prepared from 

freshly removed livers (3 per treatment group). Tissue was homogenized in 

buffer (2 M sucrose, 10 mM Hepes, 25 mM KCl, 0.15 mM spermidine, 0.5 mM 

spermine, 1 mM EDTA, and 10% glycerol) at pH 7.6 and centrifuged at 82K x g 

for 45 min at 4oC.  The nuclei pellet was isolated and re-suspended with lysis 

buffer containing 10% glycerol, 10 mM Hepes, 0.1 M KCl, 3 mM MgCl2, 0.1 mM 
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EDTA, and 1 mM sodium orthovanadate at pH 7.6 and placed on a shaker plate 

for 30 min at 4oC. The suspension was centrifuged at 100K x g for 30 min. 

Following centrifugation, the supernatant was injected into a Slide-A-Lyzer 

Dialysis Cassette (Pierce Biotechnology, Rockford, IL) and placed into dialysis 

buffer (20% glycerol, 20 mM Hepes, 0.2 mM EDTA, 1 mM sodium molybdate, 

and 0.1 M NaCl, pH 7.6) overnight at 4oC. Nuclear protein extract was removed 

from the dialysis cassettes and stored in aliquots at -80oC. Protein concentration 

was determined using a BCA Protein Kit (Pierce Biotechnology, Rockford, IL). 

Western Blot Analysis.  Cytosolic and nuclear proteins were isolated as 

described (Beilke et al., 2008; Merrell et al., 2008). Protein concentrations were 

determined using a BCA Protein Kit (Pierce Biotechnology, Rockford, IL). 

Proteins were separated on 10% polyacrylamide gels and transferred onto 

nitrocellulose membranes (BioRad, Hercules, CA). Blots were blocked with 5% 

non-fat dry milk in Tris-buffered saline with Tween 20 for 1 hr, and then incubated 

overnight with primary antibody. Membranes were incubated for 1 hr with a 

species-appropriate peroxidase-labeled secondary antibody (Santa Cruz 

Biotechnology, Santa Cruz, CA) followed by incubation with Amersham ECL 

Advance® substrate (GE Healthcare, Buckinhamshire, UK). The chemilumin-

escent image was captured using the ChemiDocTM XRS system (BioRad, 

Hercules, CA). 

Statistical Analysis.  For all quantitative data, the average and standard error of 

the mean were calculated. Statistical differences were determined using one-way 
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ANOVA followed by Duncan’s multiple range post-hoc test using Statistica 

software, Version 4.5. (StatSoft, Tulsa, OK).  

 

RESULTS 

Accumulation and Activation of CAR.  The ability of LCA and the various pre-

treatments to activate CAR signaling was assessed by measuring nuclear CAR 

accumulation, induction of a CAR target gene and DNA binding of CAR.  As 

expected, PB and TC markedly increased nuclear expression of CAR protein 

(Fig. 4-1A). PCN pre-treatment did not alter CAR protein expression, but did 

enhance pregnane X receptor (PXR) protein levels (data not shown). To ensure 

that nuclear extracts were not contaminated, blots were also screened for the 

cytosolic enzyme, NADPH quinone oxidoreductase 1 and no protein was 

detected (data not shown). As expected, nuclear expression of CAR correlated 

with the degree of target gene Cyp2b10 induction (TC > PB=PCN > OPZ=LCA 

only) (Fig. 4-1B).      

To demonstrate activation of CAR, the EMSA was used to assess binding 

of nuclear CAR protein to the NR-1 element of the Cyp2b10 gene in each of the 

treatment groups (Fig. 4-2). TC pre-treatment stimulated the greatest binding of 

CAR to the NR-1 response element, as expected from this potent, direct-acting 

CAR ligand. LCA with or without PB or OPZ also increased NR-1 binding, but to 

a lesser extent.  
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Markers of Hepatoprotection. Liver histopathology revealed a similar degree of 

acute, multifocal hepatic injury with mild to moderate diffuse vacuolization in 

LCA-treated WT and CAR-/- mice (Fig. 4-3A). However, in WT mice with activated 

CAR (PB, TC) and PXR (PCN) the tissue damage caused by LCA is absent, with 

liver sections similar in appearance to vehicle controls. In WT mice, OPZ pre-

treatment did not change LCA-induced damage PB, TC, and PCN-mediated 

protection against LCA injury is in line with previous reports (Staudinger et al., 

2001; Kitada et al., 2003; Beilke et al., 2008). Most notably, hepatoprotection was 

absent in CAR-/- mice, with all treated groups demonstrating significant liver 

damage. The effect of PB, OPZ, and TC pre-treatment on liver histology in the 

absence of LCA co-treatment has been previously demonstrated and is not 

remarkably different from controls (Annapurna et al., 1989; Davies et al., 1991; 

Kang et al., 2002; Huang et al., 2005; Baskin-Bey et al., 2007). 

 Levels of serum ALT, an indicator of hepatocyte injury, correlated with 

histological findings (Fig. 4-3B). ALT levels were markedly elevated above CO 

controls in LCA (73-fold) and OPZ (48-fold) pretreated WT mice.  ALT values 

were reduced to 3-6% of LCA values in hepatoprotected WT mice pretreated with 

PB, TC and PCN. In CAR-/- mice, ALT was increased by LCA (113-fold), and 

remained elevated above CO controls despite pre-treatments with PB (89-fold), 

TC (72-fold), and PCN (92-fold).  Taken together, data from Figures 2A-B 

demonstrate a strong correlation between CAR activation and hepatoprotection, 

pointing to a transcription-mediated mechanism for preventing liver injury.   
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Hepatic Expression of Apoptotic-Related Genes. Increased Mcl-1 expression 

would signify less apoptotic activity. Interestingly, an increase in Mcl-1 

expression did not correlate with hepatoprotection in this study (Fig. 4-4). On the 

contrary, Mcl-1 expression was increased in the unprotected WT mice given LCA 

alone (1.7-fold) or in combination with OPZ (1.8-fold). And rather than the 

expected increase in expression in the hepatoprotected mice (PB, TC and PCN 

pretreated), the levels were unchanged from vehicle controls. Similarly, the 

expression of another anti-apoptotic gene, Bcl-xL, was increased above control 

values rather than decreased in unprotected LCA treated (2.7-fold) and OPZ 

(2.2-fold) pretreated WT mice, and expression was unchanged from control 

values in protected PB, TC and PCN pretreated mice. In CAR-/- mice, expression 

of both Mcl-1 and Bcl- xL was increased in LCA treated mice and reduced closer 

to control values with inducer pre-treatments. Thus, the changes in anti-apoptotic 

gene expression were precisely opposite to that expected for a decrease in 

apoptosis via increased anti-apoptotic gene expression with Mcl-1 and/or Bcl- xL, 

where the unprotected groups showed increased anti-apoptotic gene expression 

and protected groups were unchanged from basal levels. 

Treatment of mice with TC has been previously shown to result in 

decreased expression of pro-apoptotic proteins (Baskin-Bey et al., 2006). 

Unexpectedly, in the present study pro-apoptotic expression of Bak was largely 

unchanged in the various groups of WT mice. In CAR-/- mice, LCA treatment 

increased Bak levels 2.4-fold above controls, and this elevation was prevented 
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by the various inducer pre-treatments. Pro-apoptotic expression of Bax in WT 

mice, which would also be expected to be reduced in hepatoprotected mice, was 

increased (1.8-fold) following TC pre-treatment. Bax was also increased above 

control levels by LCA (1.9-fold), and in mice pretreated with OPZ (1.8-fold). In 

CAR-/- mice, Bax expression was increased 3.2-fold above control values by LCA 

and similarly following pre-treatment with OPZ (3.2-fold). Again, we did not 

observe decreases in pro-apoptotic genes in the hepatoprotected mice that 

would be expected as an indicator of reduced apoptosis. 

Hepatic Expression of Apoptotic-Related Proteins.  Western blot analysis 

(Fig. 4-5) demonstrated increased Mcl-1 protein levels only in LCA-treated mice, 

and not in hepatoprotected mice as would be expected as an indicator of 

reduced apoptosis. Additionally, the up-regulation of Mcl-1 mRNA in OPZ 

pretreated mice was not reflected by a change in protein levels, suggesting post-

translational regulation of Mcl-1. Expression of anti-apoptotic Bcl-xL was 

unchanged by LCA and the inducer pre-treatments.  

As an indicator of reduced apoptosis, expression of pro-apoptotic Bak was 

decreased in hepatoprotected PB, TC and PCN pretreated mice. And compared 

to OPZ pretreated mice, a similar trend was observed with Bax, where 

expression was decreased in hepatoprotected TC and PCN pretreated WT mice, 

and to a lesser extent in PB pretreated mice. Poly (ADP-ribose) polymerase 

(PARP) is a nuclear protein involved in DNA repair and apoptosis whose 

cleavage serves as an early marker of apoptosis (Duriez and Shah, 1997; Trucco 
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et al., 1998). Cleaved PARP protein was detected in the cytosol of livers from WT 

mice treated with LCA with or without OPZ pre-treatment, whereas cleaved 

PARP protein in hepatoprotected PB, TC and PCN pretreated mice was faintly 

noticeable. Cleaved PARP protein parallels the cCasp3 staining in livers from 

these mice. 

Immunohistochemical Localization of Apoptotic-Related Proteins.  In WT 

mice given LCA with or without OPZ pre-treatment, cCasp3 staining (marker of 

apoptosis) was localized to the cytoplasm of hepatocytes (Fig. 4-6). cCasp3 

staining was moderate to strong and uniform throughout the liver lobule. No 

staining of apoptotic cells was observed in the CO control or protected WT mice 

pretreated with PB, TC and PCN. Likewise, no staining was detected in any of 

the CAR-/- groups, suggesting the observed tissue damage in those mice is a 

result of necrotic and not apoptotic cell death. 

Immunostaining of the anti-apoptotic protein Mcl-1 revealed noteworthy 

findings (Fig. 4-7). Similar to vehicle controls, Mcl-1was localized to the nuclei of 

hepatoprotected PB, TC and PCN pretreated WT mice, whereas in hepatocytes 

of mice given LCA with or without OPZ pre-treatment the staining was 

predominantly cytoplasmic. Sporadic nuclear Mcl-1 staining was mild to 

moderate in protected groups, and was not localized to a specific region of the 

liver. Mcl-1 protein staining was mild and very diffuse in liver sections of all the 

CAR-/- treatment groups. The difference in localization patterns between 
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protected and non-protected mice suggests a possible role for nuclear Mcl-1 in 

reducing apoptosis. 

 

DISCUSSION  

 Previous studies demonstrate that activation of either CAR or PXR prior to 

insult with LCA protects against the hepatotoxic effects of accumulating bile acids 

(Staudinger et al., 2001; Kitada et al., 2003; Beilke et al., 2008). Altered 

regulation of apoptosis is observed in a number of acute and chronic liver 

diseases, including cholestasis. Recently, it has been demonstrated that the 

CAR-dependent induction of anti-apoptotic Mcl-1 reduces liver injury (Baskin-Bey 

et al., 2006). In the current study, we hypothesized that pre-treatment with CAR 

activators would increase Mcl-1 expression to decrease apoptosis during LCA-

induced cholestasis as a mechanism of hepatoprotection. The classic PXR 

activator, PCN, was also included to determine whether the observed 

hepatoprotection was specifically CAR-dependent or whether activation of other 

nuclear receptors is involved.  

CAR must translocate to the nucleus to be active, therefore we first 

determined the intrinsic ability of the various pre-treatments to increase CAR 

nuclear accumulation, CAR binding to the NR-1 response element of the 

Cyp2b10 gene as well as the induction of the CAR target gene Cyp2b10. 

Accumulation of nuclear CAR was observed in PB and TC pretreated mice. CAR 

binding to the NR-1 site of Cyp2b10 was strongest with TC, followed by PB, 
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OPZ, and then LCA. Interestingly, the strongest CAR activators (PB, TC) offered 

significant hepatoprotection against LCA in WT mice. By contrast, OPZ pre-

treatment failed to alter LCA-induced toxicity. Similarly, hepatoprotection was 

absent in CAR-/- mice. Thus, for compounds that activate CAR, it appears that a 

strong degree of CAR binding to the NR-1 complex is associated with 

hepatoprotection, whereas weak binding, as with OPZ, is not sufficient to strongly 

activate CAR target genes and confer protection.  

Next, to test our hypothesis that activation of CAR reduces hepatocellular 

apoptosis via increased Mcl-1 expression as a mechanism of hepatoprotection, 

we investigated the relative mRNA and protein expression of anti- and pro-

apoptotic genes in WT and CAR-/- mice. As stated earlier, Mcl-1 was 

hypothesized to be a key player in conferring CAR-mediated hepatoprotection 

from LCA-induced injury. Although Mcl-1 is rapidly inducible in response to a 

variety of stimuli (Zhang et al., 2002), its expression was surprisingly not 

increased at the mRNA or protein levels in WT mice pretreated with TC or any of 

the hepatoprotective treatments. The differences observed in the present study 

versus Baskin-Bey and colleagues (2006) may be due to differences in the 

experimental model of liver injury. Where we used bile acid-induced cholestasis, 

they used the Fas agonist Jo2 as an acute model of liver injury. The liver is 

especially sensitive to Fas-mediated injury, which may account for the 

differences in apoptotic protein expression. Collectively, data from the present 

studies indicate that treatment with CAR activators does not increase Mcl-1 
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expression in hepatoprotected mice; therefore CAR activation of Mcl-1 in this 

model of cholestasis is not the mechanism of hepatoprotection. 

Patterns of anti-apoptotic Bcl-xL expression also did not correlate with 

hepatoprotection in the present study, indicating up-regulation of Bcl-xL is not 

necessary for the anti-apoptotic effect. These findings are supported by Baskin-

Bey et al. (2006).  Although PXR has been implicated as a regulator of Bcl-xL 

(Zucchini et al., 2005), its expression was not increased by PCN at the mRNA or 

protein levels. Interestingly, expression levels of pro-apoptotic proteins Bak and 

Bax did tend to correlate with hepatoprotection, as expression was generally 

reduced in PB, TC, and PCN pretreated mice.  

 Upon establishing a link between CAR activation and the degree of 

hepatoprotection against LCA toxicity, studies were aimed at quantifying 

apoptosis according to caspase 3 activation and PARP cleavage.  Activated 

caspase 3, the terminal caspase involved in apoptosis, was decreased in each of 

the hepatoprotected groups (PB, TC and PCN pre-treatments) in comparison to 

LCA-only and OPZ pretreated WT mice. Similarly, PARP cleavage, as an early 

marker of apoptosis, was predominantly observed in unprotected LCA-only and 

OPZ pretreated WT mice. Researchers have concluded that both apoptosis and 

necrosis can occur simultaneously (Shimizu et al., 1996; Leist et al., 1997), which 

was evident in WT mice in the present study. Unprotected LCA and OPZ 

pretreated mice demonstrated both necrosis (by histological analysis) and 

apoptosis (observed using IHC and western blot). The absence of cCasp3 
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staining in the CAR-/- mice suggests that necrosis, and not apoptosis, 

predominates in the pathology of bile acid-induced toxicity in these mice. Taken 

together, these findings demonstrate increased apoptosis in unprotected mice 

(LCA ± OPZ) and decreased apoptosis in hepatoprotected (PB, TC, PCN) 

pretreated mice. 

The final set of studies yielded the most significant findings relating to Mcl-

1. We investigated Mcl-1 staining to determine if the decreased apoptosis 

observed with cCasp3 correlated with increased Mcl-1 in hepatoprotected mice. 

We observed Mcl-1 staining in all groups of WT mice but rather than the 

expected increases or decreases in the degree of staining, we observed a 

difference in the localization pattern between protected and non-protected 

groups. Mcl-1 was observed in the nucleus of hepatoprotected mice compared to 

the cytoplasmic localization in unprotected LCA and OPZ pretreated mice. 

Interestingly, Mcl-1 is known to interact with other nuclear proteins, such as 

fortilin, a potent anti-apoptotic protein located in the nucleus (Zhang et al., 2002). 

Mcl-1 acts as a chaperone and binds and stabilizes fortilin to enable protection of 

cells from apoptosis by sequestering Ca2+ from downstream apoptotic pathways 

(Graidist et al., 2007). Since Mcl-1 was localized in the nuclei of hepatoprotected 

mice, it is possible that decreased apoptosis in these animals is related to its 

interaction with fortilin to maximize the pro-survival environment. Although we did 

not observe changes in Mcl-1 gene expression that correlated with 
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hepatoprotection, we did observe notable changes in the localization pattern of 

Mcl-1.  

A role for CAR in the observed hepatoprotection is clearly supported by 

the increased liver injury in the absence of CAR and the observation that even 

the PXR activator PCN is not hepatoprotective in the absence of CAR. 

Additionally, strong activation of CAR is required for the protective effect, as 

indicated by the weak CAR activation by OPZ, which was not hepatoprotective. 

Apoptosis is reduced in hepatoprotected mice pretreated with CAR activators; 

but this is not a direct result of CAR-mediated Mcl-1 up-regulation. Since 

apoptosis was decreased as indicated by cCasp3 and cleaved PARP but not by 

induction of anti-apoptotic genes, it is likely that reduced apoptosis is a 

contributing factor to the overall hepatoprotection in combination with other CAR-

mediated effects. However, there was a change in the cellular localization of Mcl-

1 in hepatoprotected mice, suggesting activation of CAR may a role in directing 

Mcl-1 to the nucleus. In conclusion, this study demonstrates that apoptosis is 

reduced by strong activators of CAR and it introduces novel findings in the 

localization of Mcl-1 and provides direction for future studies on the interaction of 

Mcl-1 with other nuclear proteins to enhance cell survival as a mechanism of 

protection during cholestasis. 

 

 

 



 

207

 

FUNDING 

This work was supported in part by National Institutes of Health (DK068039 

and ES011646 to N.C). 

 

ACKNOWLEDGMENTS  

The authors would like to thank Hana Holubec, Parvathi Sinha and Dr. Sally 

Dickinson for their technical assistance.  

 

ABBREVIATIONS:  LCA, lithocholic acid; PB, phenobarbital; OPZ, oltipraz; TC,  

1,4-bis[2,5-dichloropyridyloxy)]benzene; PCN, pregnenolone 16α-carbontrile; 

CO, corn oil;  CAR, constitutive androstane receptor; PXR, pregnane X receptor; 

RXRα, retinoid X receptor α; Cyp, cytochrome P-450; ALT, alanine 

aminotransferase; ALP, alkaline phosphatase; PBRE, phenobarbital response 

element; NR-1, nuclear receptor-1; DR, direct repeat; EMSA, electrophoretic 

mobility shift assay; IHC , immunohistochemistry; DAB, diaminobenzidine; Mcl-1, 

myeloid cell leukemia 1; Bid, (Bcl-2 interacting domain); Bak, Bcl-1 antagonistic 

killer; Bax, Bcl-2-associated X protein; PARP, (Poly (ADP-ribose) polymerase); 

IP, intraperitoneal; DI, de-ionized; PCNA, proliferating cell nuclear antigen; 

bDNA, branched DNA; TUNEL, terminal uridine deoxynucleotidyl transferase 

dUTP nick end labeling; cCasp3, cleaved caspase3. 
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Fig 1. CAR accumulation and target gene induction.  (A) Nuclear protein 
was pooled from 3 mice per treatment group and 20 μg of total protein was used 
for Western blot analysis.  (B) Hepatic Cyp2B10 mRNA was quantified by the 
bDNA signal amplification assay. Data are expressed as relative light units 
(RLU) ± S.E.M. * Indicates p ≤ 0.05 compared to respective CO;  indicates 
p ≤ 0.05 compared to respective LCA-only.  
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Fig. 2. Activation of CAR. EMSA of liver nuclear proteins using a IR700 dye-
labeled double-stranded Cyp2b10 NR-1 oligonucleotide probe, as described in 
Methods. The assay was done using 5- and 10-fold molar excess of an 
unlabeled double-stranded oligonucleotide corresponding to the Cyp2b10 NR-1 
site. CAR binding to the NR-1 site of Cyp2b10 occurred with each of the CAR 
inducer compounds. 
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Fig 3. CAR activators 
protect the liver against 
bile acid-induced toxicity.  
(A) A mid-section of the left 
liver lobe was evaluated 
and pictures are 
representative of treatment 
group pathology. Multifocal 
hepatic necrosis (arrows) is 
easily distinguished from 
surrounding parenchyma. 
50X magnification.  
(B) Serum ALT values with 
results presented as mean 
concentration ± S.E.M.  * 
Indicates p ≤ 0.05 
compared to respective 
CO;  indicates p ≤ 0.05 
compared to respective 
LCA-only. 

 



 

214

 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Apoptotic-related gene expression in liver.  mRNA expression of anti-
apoptotic Mcl-1 and Bcl-xL, pro-apoptotic expression of Bak and Bax as quantified 
by the bDNA signal amplification assay. Data are expressed as relative light units 
(RLU) ± S.E.M. * Indicates p ≤ 0.05 compared to respective CO;  indicates 
p ≤ 0.05 compared to respective LCA-only.  

Anti-apoptotic                                 Pro-apoptotic 
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Fig. 5. Apoptotic-related protein expression in liver.  Cytosolic fractions were 
isolated and analyzed by Western blotting for expression of hepatic Mcl-1, Bcl-xL, 
Bak and Bax, as well as PARP. Two animals per treatment group are shown.  
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Fig. 6. Immunohistochemical localization of cCaspase3. Caspase-dependent 
hepatocyte apoptosis was assessed using immunohistochemistry for active 
caspase 3. A minimum of two animals per treatment group were evaluated for 
IHC and pictures are representative of treatment group pathology.  20X 
magnification. 
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Fig. 7. Immunohistochemical localization of Mcl-1. The localization pattern of 
activated Mcl-1 was altered between the groups with hepatocellular damage 
(cytoplasmic) and those without damage (nuclear). A minimum of two animals per 
treatment group were evaluated for IHC and pictures are representative of 
treatment group pathology.  20X magnification. 
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Gene Target Sequence Functiona                                    Probe Sequence 

mMcl-1 526-542 CE cggagctcttggccgccTTTTTctcttggaaagaaagt 
(NM_008562) 613-631 CE gcgcgagatgatctccagcTTTTTctcttggaaagaaagt 

 650-667 CE cgagtccttggagccggtTTTTTctcttggaaagaaagt 
 753-769 CE gccctggaaggccgtctTTTTTctcttggaaagaaagt 
 509-525 LE tcgctcacgcgctccagTTTTTaggcataggacccgtgtct 
 543-559 LE cagagagccgtcggcccTTTTTaggcataggacccgtgtct 
 592-612 LE gactggcggtataggtcgtccTTTTTaggcataggacccgtgtct 
 632-649 LE cgcctgctcccgcaagtaTTTTTaggcataggacccgtgtct 
 668-684 LE gcctcgcccagaggcttTTTTTaggcataggacccgtgtct 
 700-718 LE cagggtctccagcgctctcTTTTTaggcataggacccgtgtct 
 736-752 LE cgtggttgcgctgcacgTTTTTaggcataggacccgtgtct 
 770-789 LE atgtccagtttccggagcatTTTTTaggcataggacccgtgtct 
 790-812 LE atttaacatcgccttcgtttttaTTTTTaggcataggacccgtgtct 
 560-574 BL cggcggcgtggaggg 
 575-591 BL tcttcctcctcgggcgg 

 688-699 BL cggcccgccgcg 
 722-735 BL ccgtcgcccacgcg 
    

mBcl-xl 100-122 CE gtttagcgattctcttccaggatTTTTTctcttggaaagaaagt 
(NM_009743) 196-214 CE gctcccggttgctctgagaTTTTTctcttggaaagaaagt 

 238-260 CE ctgtatcctttctgggaaagcttTTTTTctcttggaaagaaagt 
 306-328 CE ccctctctgcttcagtttcttctTTTTTctcttggaaagaaagt 
 456-474 CE gcctgcctctctcagcgctTTTTTctcttggaaagaaagt 
 123-146 LE gctcacttactgggtctgctctgtTTTTTaggcataggacccgtgtct 
 147-168 LE cagtccattgtccaaaacacctTTTTTaggcataggacccgtgtct 
 169-195 LE catttttataatagagatgggctcaacTTTTTaggcataggacccgtgtct 
 261-284 LE tcgacatcactaaactgactccagTTTTTaggcataggacccgtgtct 
 365-381 LE cgggctatccgccaggtTTTTTaggcataggacccgtgtct 
 401-419 LE tccaaactgctgctgtggcTTTTTaggcataggacccgtgtct 
 420-436 LE gaatcacctcccgcgcaTTTTTaggcataggacccgtgtct 
 437-455 LE tgcttcactgctgccatggTTTTTaggcataggacccgtgtct 
 475-496 LE ggtaccgcagttcaaactcatcTTTTTaggcataggacccgtgtct 
 215-237 BL gtaggagagaaagtcgaccacca 
 285-305 BL ggggcctcagtcctattctct 
 329-347 BL ttgatggcactgggggtct 
 348-364 BL gccaggatgggttgcca 
 382-400 BL cagtggctccattcacggc 
    

mBak 573-594 CE gaggcgatcttggtgaagagttTTTTTctcttggaaagaaagt 
(NM_007523) 633-651 CE ccaaagcccaggagagccaTTTTTctcttggaaagaaagt 

 755-773 CE cgcctctctgtgcgatccaTTTTTctcttggaaagaaagt 
 1024-1042 CE ggcggtggctctccaaatcTTTTTctcttggaaagaaagt 
 1144-1162 CE gggaattagtggcccagccTTTTTctcttggaaagaaagt 
 555-572 LE cgtaggcattcccggctgTTTTTaggcataggacccgtgtct 
 652-671 LE cgtacagggccagacggtagTTTTTaggcataggacccgtgtct 
 672-692 LE cggtcaaaccacgctggtagaTTTTTaggcataggacccgtgtct 

Table 1. Oligonucleotide probes generated for analysis of mouse gene expression  
by the bDNA signal amplification assay. 
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 711-732 LE atgatatcagccaaaaagcaggTTTTTaggcataggacccgtgtct 
 733-754 LE tctggcgatgtaatgatgcagtTTTTTaggcataggacccgtgtct 
 774-791 LE tcagggctgccacccaacTTTTTaggcataggacccgtgtct 
 814-836 LE caccaaaaatcaccattacggtcTTTTTaggcataggacccgtgtct 
 915-933 LE tttagtccagccaggcacgTTTTTaggcataggacccgtgtct 
 1063-1085 LE ggttcagtagcaccatgcaatgtTTTTTaggcataggacccgtgtct 
 1126-1143 LE tctccatcccccacccacTTTTTaggcataggacccgtgtct 
 1163-1191 LE gggtagtataaaaacaaacctagttttctTTTTTaggcataggacccgtgtct 
 595-617 BL tgatgccactcttaaataggctg 
 618-632 BL ccacgcggccccagc 
 693-710 BL tcacctggcccaggaagc 
 792-813 BL aggatggggtctctacgaaaat 
 837-856 BL gaattggcccaacagaacca 
 857-882 BL catgatctgaagaatctgtgtaccac 
 883-898 BL ggggctccccgggagt 
 899-914 BL tggctggggccccagt 
 934-953 BL gggtggggtagggagagagg 
 946-965 BL gtggggggtagggggtgggg 
 966-986 BL aggaaggagaggactgttggg 
 987-1003 BL gcgtctttgccctgggg 
 1004-1023 BL aggggtgcctgtttgctaaa 
 1043-1062 BL tggggtattgatgacccctg 
 1086-1107 BL cagtgcctctgagacaggatgg 
 1108-1125 BL cccccccagtgcgtcagt 
    

mBax 100-116 CE gctgcctctcgccgggtTTTTTctcttggaaagaaagt 
(NM_007527) 169-192 CE ccctgtcttcatgatctgttcagaTTTTTctcttggaaagaaagt 

 214-232 CE tccctgctcgatcctggatTTTTTctcttggaaagaaagt 
 288-308 CE cactcgctcagcttcttggtgTTTTTctcttggaaagaaagt 
 33-49 LE gcggccctcacgtgggtTTTTTaggcataggacccgtgtct 
 117-135 LE ggacccgtccatcactgccTTTTTaggcataggacccgtgtct 
 136-153 LE gctcccaagctgctccccTTTTTaggcataggacccgtgtct 
 233-251 LE ggtgtctccccagccatccTTTTTaggcataggacccgtgtct 
 252-271 LE gctgctccaaggtcagctcaTTTTTaggcataggacccgtgtct 
 309-327 LE atctccaattcgccggagaTTTTTaggcataggacccgtgtct 
 328-349 LE gctccatattgctgtccagttcTTTTTaggcataggacccgtgtct 
 350-370 LE cgtcagcaatcatcctctgcaTTTTTaggcataggacccgtgtct 
 50-70 BL cacgtgactgatcgtggacgt 
 71-85 BL gcggcgcaccacggt 
 86-98 BL cgccccggcggct 
 154-168 BL gctggtgggcccgcc 

 193-213 BL gaaaccctgtagcaaaaaggc 
 272-287 BL gacgcatcctggggcg 

aCE (capture extenders), are used to bind the mRNA to the well; LE (label extenders) 
create a tree of alkaline phosphatase molecules to produce luminescence when 
substrate is added; BL (blockers) serve to block nonspecific interactions between the 
probes and the mRNA transcript. 
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APPENDIX D 

 
ANIMAL SUBJECT APPROVAL 
 

The Institutional Animal Care and Use Committee (IACUC) of the 

University of Arizona has approved the animal studies described in this 

dissertation, under the protocol #07-012 entitled “Hepatoprotective Mrp3.” 
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