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ABSTRACT 

In pharmacotherapeutics, the term “correct dosing” is based on the concept that 

too high a systemic concentration will lead to drug toxicity, while drug levels that 

are too low may not produce the intended therapeutic effect.  Often, the factors 

determining the ability of a patient to manage a given dose rely on their capacity 

to efficiently metabolize and eliminate drugs from the body.  The liver plays a 

crucial role in the processing of many clinically relevant drugs via three stages of 

hepatic drug management.  Drugs must first be taken into hepatocytes by uptake 

transporters.  Drugs are then metabolized by phase I and phase II enzymes to 

make them more manageable. Finally, metabolites are removed from the 

hepatocyte by efflux transporters either into the bile for elimination or 

reintroduction to systemic blood.  Alterations in one or more of the hepatic drug 

management stages increase the potential for adverse drug reactions (ADRs). 

 

In the United States, ADRs account for between 3%-12% of admissions to 

hospitals, and approximately 5% of deaths each year.  While less than 20% of 

these cases are due to genetic polymorphisms, the vast majority of ADRs are 

due to environmental factors including disease.  Non-alcoholic fatty liver disease 

(NAFLD) comprises a spectrum of conditions progressing from steatosis to non-

alcoholic steatohepatitis (NASH) and often leading to cirrhosis.  Presently, NASH 

patients represent the greatest population of candidates for liver transplant, 

illustrating the severity as well as the incidence of this disease.  Patients with 
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NAFLD are typically treated for co-existing conditions of the metabolic syndrome 

(i.e. hyperlipidemina or type II diabetes) and therefore represent a distinct 

population at risk for adverse drug reactions.  

 

The following studies show that experimental NAFLD affects both the signal 

transduction pathways regulating hepatic drug management genes as well as the 

hepatic uptake transporter function.  Additionally, patient livers diagnosed with 

progressive stages of NAFLD, display altered CYP activity and efflux transporter 

expression similar to those previously reported in experimental NAFLD.  Given 

that changes observed in experimental NAFLD result in functional changes in 

hepatic drug management, similar changes observed in patients with this disease 

suggest an increased risk for ADRs.    
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INTRODUCTION 

Liver Anatomy 

The liver is the largest internal organ as well as gland in the human body which, 

at any one time contains approximately 13% of the body’s blood supply. The liver 

is located in the upper right portion of peritoneal cavity between the diaphragm 

(above) and the stomach and small intestines (below).  Anatomically, the liver is 

traditionally divided into 2 uneven lobes, a large right lobe and a smaller left lobe.   

On the anterior side, the left and right anatomical lobe is separated by the 

falciform ligament and on the visceral surface by the teres ligament. Two 

additional smaller lobes, the caudate and quadrate lobule are located on the 

visceral side of the right lobe and separated by a groove called the porta hepatic.   

The liver lobes are composed of microscopic units (~ 1-2 millimeters) called 

lobules that receive two very distinct blood sources from the vessels which run 

along the porta hepatic. The first is oxygenated blood which is supplied via the 

hepatic artery while the second source is nutrient-rich venous blood from the 

stomach, small and large intestines, spleen and pancreas delivered via the 

hepatic portal vein.  Each lobule is roughly hexagonal in shape and consists of 

numerous one cell thick “chords” of hepatocytes which radiate out from a central 

or terminal hepatic vein toward a thin connective tissue layer which defines its 

perimeter.  Situated along this perimeter are branches of the hepatic artery, 

hepatic portal vein and bile duct. Clustered together at the "hexagonal corners" of 

the lobule, they form a structure referred to as the portal triad. Between the portal 
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triads and the central vein of the lobule run the hepatocyte “cords” (parenchyma) 

separated by hepatic capillaries known as sinusoids. The sinusoids are lined by 

fenestrated endothelial cells which allow the free flow of sinusoidal blood through 

the interstitial space between hepatocytes and endothelial cells called the space 

of Disse (Figure 1).   
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Figure 1.  Hepatic lobule and sinusoid anatomy.  (a) Diagram of the characteristic 

structures of the liver lobule. (b) Hepatic sinusoidal structure including Ito cells 

(DC), Kupffer cell and pit cells (PC) (Crispe, 2003). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  Orientation of sinusoidal endothelial cells, hepatocytes and bile 

canaliculus.  Bile flows in the opposite direction of blood and is collected in the 

bile ducts located in the portal triads of the lobule. 
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Along with endothelial cells, the sinusoids contain three other distinct cell 

populations, Kupffer, Pit and Ito cells, respectively.  Kupffer cells are specialized 

macrophages whose primary function is to phagocytize cellular fragments, 

bacteria and old erythrocytes encountered in sinusoidal blood.  Pit cells are 

hepatic natural killer cells which adhere to the sinusoidal endothelium.  These 

cells are under strict control of Kuppfer cells that regulate their motility, 

adherence, viability and cytotoxicity (Wisse et al., 1996). Ito cells (stellate cells) 

remain dormant or immature under normal condition, however, during liver 

damage, Ito cells are activated to release collagen and are thought to play a role 

in fibrosis formation. The space of Disse also contains a network of type III 

collagen fibers that form tight junctions between neighboring hepatocytes.  These 

tight junctions are perforated by small channels, called canaliculi, which serve as 

a conduit for bile between the hepatocyte and the common hepatic bile duct 

(Figure 2). The territories of the classic hexagonal liver lobule can be classified in 

terms of the diamond shaped hepatic acinus, or by the triangular portal lobule 

(Figure 3).   
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Figure 3. Hepatocyte lobule regions.  The hepatic acinus (diamond) is divided 

into Zones 1, 2 and 3.  The portal lobule (triangle) is sectioned into centrilobular 

(near central vein), mid-zonal and periportal [near portal space (PS)] (Luiz Carlos 

Uchoa Junqueira et al., 1996). 
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The hepatic acinus is arguably a more relevant sectioning of the lobule with 

regard to function as its zones are defined by distance from arterial blood flow.  

Blood flows from base of the hepatic acinus through Zones 1, 2 and 3 and into 

the hepatic vein. The hepatocytes closest to the arterioles (Zone 1) have access 

to the most oxygen-rich blood; however, they are also the first to encounter 

potentially toxic substances delivered from the portal blood.  The triangular 

shaped portal lobule’s border is defined by connecting the central veins of three 

lobules adjacent to one portal space.  In contrast to the hepatic acinus, the portal 

lobule is defined as the different areas from which bile collects into an individual 

bile duct.  The cetrilobular region encompasses the hepatocytes closest to the 

central vein, while periportal region hepatocytes reside near the portal triad.  The 

mid-zonal region is a less defined section located between the periportal and 

centrilobular regions. 

 

Hepatic function 

The liver is responsible for over 500 different functions, as well as the production 

of greater than 1000 enzymes. Its multiple roles are so critical to life that humans 

can not survive more than approximately 24 hours without liver function.  The 

essential functions of the liver can best be divided into four categories: (1) blood 

glucose homeostasis; (2) Regulation and storage of amino acids, proteins, fats 

and vitamins; (3) bile production and secretion and (4) hepatic biotransformation. 
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Blood glucose homeostasis.  Following food ingestion, glucose enters the liver 

and is released into the blood where it can be metabolized by cells to generate 

energy via glycolysis.  Excess blood glucose taken up by the liver is stored as 

glycogen for future use.  When the blood glucose levels are reduced the liver can 

restore glucose levels either by glycogenolysis (conversion of glycogen to 

glucose) or gluconeogenesis (synthesis of glucose from non-hexose 

carbohydrates and amino acids).  However, before amino acids can be utilized 

for gluconeogenesis the amino group (NH2) must be removed by processes 

called transamination or deamination.   While sometimes necessary, these 

processes cause accumulation of a toxic byproduct, ammonia.  The liver is 

capable of rapidly converting ammonia to urea which can easily be excreted in 

the urine.   

 

Regulation and storage of amino acids, proteins, fats and vitamins.  The liver is 

the major site for converting excess carbohydrates and proteins into triglycerides. 

Triglycerides can either be exported and stored in adipose tissue or packaged 

with proteins, cholesterol and phospholipids as very low density lipoproteins for 

transport to other tissues in the body.  Hepatic fatty acid oxidation yields 

significant amounts of acetoacetate which can either be used by hepatocytes or 

excreted into the blood where it can be picked up and readily metabolized by 

other tissues.  The liver also contributes significantly to the synthesis of non-

essential amino acids and important proteins, including albumin.  Albumin is 
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essential for maintaining the osmotic pressure required to regulate distribution of 

body fluids between the blood and body tissues.  In addition, most of the 

nutrients absorbed from the diet are transported directly to the liver for storage, 

repackaging, or combining with other compounds, including fat-soluble vitamins 

A, D, E and K, folate, vitamin B 12, and minerals such as copper and iron.   

 

Bile production and secretion.  Bile is a complex biochemical mixture generated 

by hepatocytes, stored in the gall bladder (except in rats) and secreted into the 

duodenum via the common bile duct.  Bile is primarily composed of water, bile 

salts, bilirubin, phospholipids, cholesterol and bicarbonate ions.  Bile salts are 

synthesized in the liver by metabolism of cholesterol and act as detergent-like 

molecules which can emulsify fats, but also serve to solublize and transport lipids 

and fat-soluble vitamins into enterocytes.  In addition to its role in lipid digestion, 

bile secretion provides bicarbonate to neutralize stomach acids in the lumen, and 

serves as an excretory pathway for endogenous and exogenous substances 

including bilirubin.  Bilirubin is a breakdown product of hemoglobin which requires 

efficient biliary excretion to avoid reaching toxic concentrations in the body.  High 

concentrations of bilirubin result in a condition called jaundice, a yellow 

pigmentation of the skin and eyes from bilirubin accumulation.  

 

Hepatic biotransformation.   Biotransformation is defined as any structural 

alteration of a chemical compound by an organism.  Typically, biotransformation 
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is the result of enzymatic changes to an endogenous or xenobiotic (foreign) 

compound to make it more water soluble and easier to excrete.  

Biotransformation is generally associated with the detoxication of a compound; 

however, some xenobiotics become more toxic following these changes. This 

concept of bioactivation can be illustrated by the biotransformation of methanol 

by alcohol dehydrogenase into the more toxic metabolite fomaldehyde, or the 

conversion of acetaminophen by cytochrome P450 2E1 into N-acetyl-p-benzo-

quinone imine (NAPQI).   

 

The liver is in an advantageous position to absorb exogenous compounds from 

the digestive tract, and is therefore the main site of xenobiotic biotransformation.  

Typically, hepatic xenobiotic transformation occurs via a limited number of 

enzymes with broad substrate specificities divided into two groups called phase I 

and phase II enzymes.  Phase I enzymes catalyze the addition of functional 

groups to a compound, including -OH, -NH2, -SH or -COOH via hydrolysis, 

oxidation or reduction.  There are several different phase I enzymes, but none 

more prevalent than the cytochrome P450 (CYP) system.  The highest 

concentration of CYPs involved in xenobiotic biotransformation is in the 

hepatocyte endoplasmic reticulum where they play a definitive role in determining 

the intensity and duration of action of drugs (Casarett and Doul, 2001).  However, 

many phase I metabolites can not be rapidly eliminated and require subsequent 

transformation by phase II enzymes.  Phase II metabolism typically involves a 
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conjugation reaction which adds an amino acid, glucuronic acid, sulfate or 

glutathione molecule to phase I metabolite polar functional groups.  This usually 

leads to a highly water soluble compound that can be readily excreted via the bile 

or urine. 

 

Hepatic drug management 

Typically hepatic drug metabolism refers to phase I, phase II and phase III 

metabolism, with phase III metabolism referring to hepatic drug transport.  

However, to call hepatic transport phase III metabolism is misleading, making it 

seem that transport only occurs following metabolism by phase I and phase II 

enzymes.  In actuality, hepatic transport is often required for a drug to get across 

the hepatocyte membrane before it can reach phase I and/or II enzymes.  

Following phase I and II metabolism, the now more hydrophilic compounds 

depend on hepatic efflux transporters to remove them from the hepatocyte.  

Therefore, it is perhaps more appropriate to separate hepatic drug metabolism 

into three stages of “hepatic drug management”.  Stage I involves hepatic drug 

uptake via a number of transporters residing on the sinusoidal membrane.  Stage 

II incorporates phase I and II biotransformation, while stage III is defined by 

hepatic efflux transport of a drug into the bile or blood where it can be readily 

cleared from the body.  

 

Stage I: Hepatic uptake transport 
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Several therapeutic drugs are hydrophobic in nature and thus pass through 

biological membranes by passive diffusion.  However, there are also drugs which 

have ionic or hydrophobic properties which require active transport to cross these 

barriers.  Along the sinusoidal membrane, hepatocytes express several members 

of the solute carrier (SLC) superfamily of transporters which regulate the uptake 

of drugs from the sinusoidal blood, namely Na+-dependent taurocholic 

cotransporting polypeptide (NTCP), members of the organic anion transporting 

polypeptide (OATP) family, organic anion transporter 2 (OAT2) and organic 

cation transporter 1 (OCT1) (Figure 4) (Chandra and Brouwer, 2004).   
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Figure 4. Hepatic drug transporter location and orientation. 
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Hepatic NTCP (SLC10A1) is known to mediate the transport of both conjugated 

and unconjugated bile acids as well as non-bile salt substrates including 

dehydroepiandrosterone sulfate (DHEAS), 3,3,5-triiodo-L-thyronine (T3), 

thyroxine (T4), bromosulfophthalein (BSP), and estrone-3-sulfate (Chandra and 

Brouwer, 2004).  OATPs represent a family of uptake transporters that are 

expressed in several different organs including the brain, liver, intestines, kidney, 

heart and placenta.  The substrates of OATPs include bile salts, steroid 

conjugates, thyroid hormones, anionic oligopeptides and several therapeutic 

drugs and other xenobiotics (Niemi, 2007). With respect to the hepatocyte, four 

such transporters (OATP1A2, OATP1B1, OATP1B3 and OATP2B1) play a 

significant role in hepatic drug uptake.  Relevant substrates of hepatic OATP1A2 

include fexofenadine, levofloxacin, pitavastatin, rocuronium, rosuvastatin, 

saquinavir and thyroxin.  Hepatic OATP1B1 is capable of transporting a long list 

of clinically relevant drugs, the most notable being the majority of HMG CoA 

reductase inhibitors or statin drugs, antihypertensive medications like enalapril 

and valsartan as well as the antidiabetic drug troglitazone.  The antiarrhythmia 

medication digoxin, as well as methotrexate and thyroxine are just a few 

examples of hepatic OATP1B3 drug substrates, while OATP2B1 is capable of 

transporting several statin drugs and the nucleoside analog gemcitabine (Niemi, 

2007)  Hepatic OAT2 (SLC22A7) endogenous and xenobiotic substrates include 

theophylline, erythromycin, methotrexate, bumetanide, estrone-3-sulfate, sulfate, 

allopurinol, prostaglandin E2, 5-fluorouracil, paclitaxel and L-ascorbic acid 
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(Kobayashi et al., 2005a;Kobayashi et al., 2005b).  Hepatic OCT1 (SLC22A1) 

has been shown to transport organic cations such as tetra-ethylammonium (TEA) 

and the hypoglycemic agent metformin (Le et al., 2006).  OCT1 is also 

responsible for hepatic uptake of HIV protease inhibitors such as nelfinavir, 

ritonavir, saquinavir, and indinavir; the anti-infective drugs pentamidine and 

trimethoprim; and the antidiabetic drugs repaglinide and roziglitazone 

(Bachmakov et al., 2008;Jung et al., 2008). 

 

Stage II: Hepatic phase I and phase II drug metabolism 

As stated earlier, phase I and phase II drug metabolism biotransforms 

compounds into more hydrophilic molecules to facilitate excretion via the bile or 

the urine.  While other enzymes play more specific roles in phase I metabolism, 

cytochrome P450 enzymes are responsible for approximately 75% of all clinically 

relevant drugs.  Of the 57 different human CYPs, 5 are involved in greater than 

95% of all drug metabolism  (Guengerich, 2008).  As shown in Figure 5, the most 

relevant CYP enzymes with respect to drug metabolism are CYP1A2, CYP2C9, 

CYP2C19, CYP2D6 and CYP3A4.  CYP3A4 is not only responsible for the 

metabolism of approximately 60% of all clinically relevant drugs, this enzyme 

also accounts for 60% of the total hepatic CYP content (Waxman, 1999). 

CYP1A1, CYP2B6 and CYP2E1 also play a role in drug metabolism; their 

contribution to clinically relevant drug metabolism is seen in Figure 5.   
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Figure 5.  Contribution of drug metabolizing enzymes to the biotransformation of 

clinically relevant drugs. A. The fraction of various human enzyme reactions on 

drugs. B. Fractions of individual P450 enzymes involved in drug metabolism 

(Guengerich, 2008). 
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Figure 5 also shows the importance of phase II enzymes in drug metabolism, 

with the greatest amount of reactions being catalyzed by UDP-

glucuronosyltransferases (UGT).  A common principle in pharmacology is the 

notion that some drugs must undergo biotransformation to elicit a 

pharmacodynamic effect.  This principle is most clearly illustrated by phase II 

UGT drug metabolism.  Ezetimibe is a drug which blocks cholesterol uptake from 

the intestine by binding and inhibiting transport of the Neimann-Pick C1-like 1 

(NPC1L1) protein.  However, the parent drug has little or no affinity for NPC1L1 

and requires glucuronic acid conjugation to induce a pharmacotherapeutic effect.   

Sulfotranferases (SULT) and glutathione-S-transferases (GST) represent two 

other phase II enzyme families, which along with UGTs conjugate 

acetaminophen prior to its elimination.  A few other enzymes play a minor role in 

phase II drug metabolism including methlytransferases, as well as enzymes 

required for amino acid conjugation.  Finally, while not as important as UGTs to 

drug metabolism, N-acetyl transferases (NAT) do acetylate a significant number 

of clinically relevant compounds including the anti-inflammatory drug 

sulfasalazine, and the benzodiazapines, nitrazepam and clonazepam (Casarett 

and Doull, 2001). 

 

Stage III: Hepatic efflux transport 

The ATP-binding cassette (ABC) transporter superfamily contains membrane 

proteins that translocate a wide variety of substrates across cellular membranes, 
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including metabolic products, lipids and sterols, and drugs (Lage, 2003).  

Following hepatic drug metabolism, active transport of hydrophilic metabolites 

out of the hepatocyte is governed by several members of this superfamily 

residing on either the canalicular or sinusoidal membranes (Figure 4).  The 

canalicular efflux transporters include two members of the ABCB family, P-

glycoprotein (PGP or ABCB1), also called multi-drug resistance protein 1 

(MDR1), and MDR3 (ABCB4).  PGP in particular has an extremely broad 

substrate specificity which covers classes of drugs ranging from calcium channel 

blockers, immunosupressants, antiarrhythmics and antibiotics to steroid 

hormones and HIV protease inhibitors (Lage, 2003).  A member of the ABCC 

family, multi-drug resistance associated protein 2 (MRP2 or ABCC2)) is also 

expressed along hepatocyte canalicular membrane; however, the majority of its 

family members reside on the sinusoidal membrane.  MRP2 plays a significant 

role in the hepatic efflux of anthracyclines, methotrexate, platin-drugs, vinca 

alkaloids as well as several glucuronide and glutathione conjugated drugs (Konig 

et al., 1999;Cui et al., 1999).  The bile salt excretory pump (BSEP or ABCB11), 

while primarily known to be involved in bile salt efflux also has affinity for 

paclitaxel and other drugs. Breast cancer resistance protein (BCRP or ABCG2), 

which received its name for its ability to confer resistance to a number of 

chemotherapeutic agents, is also located on the canalicular membrane and 

known to be a transporter of such drugs as mitoxantrone  and camptothecins 

(Mao and Unadkat, 2005).  
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The hepatic transporters responsible for drug metabolite efflux into the sinusoidal 

blood are additional members of the ABCC family, including MRP1, MRP3, 

MRP4 and MRP5.  MRP1 (ABCC1), MRP3 (ABCC3) and MRP4 (ABCC4) are all 

capable of transporting methotrexate, however, MRP1 and MRP3 also share 

affinities for vinca alkaloids and epipodophyllotoxins and glucruonide-conjugated 

drugs (Lage, 2003). Additionally, MRP1 has the capacity to transport  to  

glutathione- and sulfate-conjugated compounds (Jedlitschky et al., 1996). MRP4 

and MRP5 manage the hepatic efflux of several nucleoside-based drugs 

including 6-mercaptopurine, thioguanine and the anti-HIV drug 9-(2-

phosphonylmethoxyethyl)adenine (Chen et al., 2002;Wijnholds et al., 2000).  

 

Given the complementary roles of these transporters and enzymes of stage I, II 

and III hepatic drug management, it is not particularly surprising that they share 

similar and often overlapping molecular mechanisms of regulation.  While 

xenobiotic-activated receptors (XARs), have been shown to play a critical role in 

coordinate induction of several of these key hepatic drug transporters and 

metabolic enzymes, diseases associated with an inflammatory response 

including infection, hypoxia and cancer have been implicated in their repression 

(Klaassen and Slitt, 2005;Teng and Piquette-Miller, 2008).  

 

Regulation of hepatic drug management 
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The basic theory of xenobiotic response is to detoxicate and eliminate the 

chemical stimulus, decrease its toxic effect, and initiate repair of damaged 

tissues (Ma, 2008) .  In order to manage the wide spectrum of xenobiotics and 

endobiotics encountered by humans, their xenobiotic response must be highly 

regulated.  As previously mentioned, this regulation is mediated by a group of 

ligand-activated transcription factors known as XARs.  In the absence of ligand or 

inducer, XARs typically remain active at constitutively low levels in the cell.  

However, as seen in Figure 6, interaction with a specific chemical stimulus 

results in XAR activation and a coordinate induction of a battery of cytoprotective 

genes via interaction with DNA responsive elements of their respective gene 

promoters (Ma, 2007).    

 

 

 

 

 

 

 

 

 

 



 39

Figure 6. Mechanism of XAR nuclear translocation and target gene induction. A 

quiescent XAR is localized in the cytoplasm with additional cytoplasmic proteins 

that anchor the complex to the cytoskeleton. Ligand binding induces the nuclear 

localization, heterodimerization with a partner transcription factor, and binding to 

the DNA responsive elements located in the promoter region of target genes to 

induce transcription (Ma, 2008).  
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Hepatic drug management proteins are major targets of regulation in the 

chemical defense afforded by XARs.  In the case of CYPs, transcriptional 

regulation by the CYP1A, CYP2B, CYP3A, and CYP4A subfamilies are mainly 

controlled by the aryl hydrocarbon receptor (AhR), pregnane X receptor (PXR), 

constitutive androstane receptor (CAR), and peroxisome proliferator-activated 

receptor α (PPARα), respectively (Xu et al., 2005).   In addition, hydrolases and 

epoxidases as well as CYPs and transporter proteins, require the activation of 

the antioxidant-sensing transcription factor, nuclear factor erythroid 2-related 

factor 2  (Nrf2) (Kensler et al., 2007;Nguyen et al., 2003).  With respect to their 

regulation of hepatic drug management, XARs can be categorized as either 

cytoplasmic or nuclear.   

 

The cytoplasmic XARs consist of the ubiquitously expressed AhR and the basic 

leucine zipper transcription factor Nrf2.  The biological importance of AhR is 

illustrated by the number of environmental chemicals that can cause its 

activation, specifically, β-naphthoflavone, carcinogenic polyaromatic 

hydrocarbons as well as toxicants such as benzo[a]pyrene and 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD).  While best known for its ability to induce 

CYP1A1, AhR is also responsible for the regulation of the drug metabolizing 

CYP1A2 and CYP1B1 as well as several enzymes involved in phase II 

conjugation reactions, namely glutathione S-transferase 1A (GST1A), UDP 

glucuronide transferase 1A (UGT1A), NAD(P)H:quinone oxidoreductase 1 
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(NQO1), and aldehyde dehydrogenase 1A1 (ALDH1A1) (Ma, 2008).   Additional 

target genes include the hepatic sinusoidal efflux transporters MRP2, MRP3 and 

MRP5 (Maher et al., 2005).  NRF2 was first identified as the transcription factor 

that binds to the antioxidant response element (ARE) of NQO1.  However, the 

development of NRF2 knockout mice also identified it as a regulator of other 

antioxidant response genes including heme oxygenase 1, γ-glutamylcysteine 

synthetase, thioredoxin, and thioredoxin reductase 1 (Kensler et al., 2007).  In 

addition, NRF2 was also identified to play a role in the regulation of the hepatic 

drug management enzymes GSTs, UGT1A1, microsomal expoxide hydrolase as 

well as the drug transporters MDR1, MRP2, MRP3, and MRP4 (Xu et al., 

2005;Jigorel et al., 2006;Beischlag et al., 2008). 

 

 
The XARs that can be categorized as nuclear receptors include PXR, CAR and 

PPARα.  PXR and CAR serve as the major nuclear XARs in the regulation of the 

major human drug metabolizing enzymes that metabolize clinically relevant 

drugs.  PXR is primarily known for its ability to induce CYP3A4, however, it is a 

rather promiscuous transcription factor shown to regulate other phase I enzymes, 

including CYPs 2C8, 2C9, and 2C19, carboxylesterases, and dehydrogenases; 

phase II genes, such as UGT1A1 and sulfotransferase (SULT) 2A; and drug 

transporters, such as P-gp and MRP2 (Ma, 2008). CAR was first implicated in 

drug metabolism when it was found to bind to the phenobarbital responsive 

element module (PBREM) of CYP2B10, a mouse CYP inducible by the 
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antiepileptic drug, phenobarbital, and has since been shown to induce the human 

isoform CYP2B6 as well (Honkakoski et al., 1998).  Like PXR, CAR has a 

relatively diverse battery of target genes that includes additional phase 1 

enzymes of the CYP2C family, the phase II enzymes UGT1A, SULT1A, and 

SULT2A, and drug transporters MRP2 and MRP3 (Ma, 2008).  PPARα is another 

important nuclear receptor which contributes to the regulation of xenobiotic-

metabolizing genes, as well as cholesterol, bile acids, eicosanoids, leukotrienes 

and fatty acid metabolism (Barbier et al., 2004).  CYP1A2, 2A6, 2C, and 2E1 

enzyme induction has been demonstrated following PPARα ligand treatment in 

primary human hepatocytes, while agonists can also reduce bile acid formation 

by inhibiting CYP7A1 synthesis of lithocolic acid  (Marrapodi and Chiang, 2000). 

 

Indeed, in healthy humans, these XARs provide a diverse and coordinate 

defense against potential xenobiotic insult. However, there are several factors, 

either polymorphic or environmental, which can alter either the XAR induced 

signaling pathways or expression of the enzymes and transporters involved in 

hepatic drug management. While elevated hepatic transport or enzyme activity 

may reduce circulating drug levels below their therapeutic window, decreases in 

the stages of hepatic drug management are arguably more hazardous, 

particularly if drug concentrations reach toxic levels in the body.  

 

Factors contributing to altered hepatic drug management 
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Interindividual variations in hepatic drug management can lead to a variety of 

outcomes including therapeutic failure, adverse effects and drug toxicity.  

Adverse drug reactions (ADRs) are defined by the World Health Organization as 

any noxious, unintended or undesired effects of a drug, which occurs at doses 

approved for human prophylaxis, diagnosis or therapy.  In 1994, ADRs 

accounted for over 100,000 deaths in the United States alone (Lazarou et al., 

1998).  While advances in interindividualized medicine have reduced this 

number, ADRs still remain one of the leading causes of death in the country 

today (Pirmohamed et al., 2004).  The main causes of altered hepatic drug 

management can be divided into three factors, namely, genetic polymorphisms, 

environmental factors, and disease states.   

 

Polymorphisms 

When addressing polymorphisms as a factor affecting hepatic drug management, 

it is generally CYP polymorphisms that cause the greatest clinical concern.  

It is estimated that between 20-25% of all drug therapies are influenced by CYP 

polymorphisms to an extent that therapeutic outcome is affected (Ingelman-

Sundberg, 2004).  The most important polymorphic enzymes in this respect are 

CYP1A2, CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6 and 

CYP3A4.  In contrast, the number of important examples of polymorphism in 

genes encoding drug transporters and XARs receptors are fewer (Ingelman-

Sundberg et al., 2007).  While single nucleotide polymorphisms have been 
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documented in the genes encoding for both PXR and CAR, their functional 

effects on the regulation of CYPs in human populations has yet to be established 

(Ma, 2008).  With respect to hepatic transporters, both clinical studies and in vitro 

functional assays have reported single nucleotide polymorphisms associated with 

OATP1B1, MDR1, BCRP and P-gp (Maeda and Sugiyama, 2008;Coleman, 

2005). 

 

Additional factors 

Age. The effects of age on drug clearance and metabolism have been 

extensively investigated in the last 20 years. It has been clearly demonstrated 

that during the extremes of life, neonatal and geriatric, hepatic drug management 

can be compromised and potentially lead to toxicity via drug accumulation.  

Neonates (< four weeks of age), have difficulty clearing certain compounds due 

to immaturity of drug metabolizing enzymes including deficiencies in CYP1A2, 

CYP3A4 and UGTs (Coleman, 2005).  Similarly, individuals over the age of 70 

are unable to clear drugs due to loss of efficiency in CYP enzyme activity.  

Decreased liver mass, hepatic blood flow as well as a gradual decline in renal 

function are all thought to be contributing factors to deficiencies of the elderly 

(Wynne, 2005). 

 

Diet.  The process of barbecuing or “charbroiling” meat generates several 

nitrosoamines and hetercyclic aromatic amines which can cause induction of 
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CYP1A1 and CYP1A2.  Heavy consumption of barbecued meat has been shown 

to increase the metabolism amitryptyline, clozapine and fluvoxamine, among 

other therapeutic drugs (Coleman, 2005).  Cruciferous vegetables also contain 

compounds that influence drug metabolism such as glucosinolates and 

isothiocyanates.  Isothiocyanates in particular can markedly induce antioxidant 

response enzymes glutathione S-transferases (GSTs), specifically GSTα, as well 

as NQO1 via activation of the XAR Nrf2 (McWalter et al., 2004).  However, 

consumption of these vegetables must be maintained for over 1-2 weeks in order 

to benefit from induction of these enzymes. 

 

Smoking. Tobacco smoke contains around 4000 chemicals, of which around 45–

50 are carcinogens.  β-naphthylamine and 4-aminobiphenyl are present in 

tobacco smoke, and both of these compounds are known to be human bladder 

carcinogens.  In addition, CYP1A1 and 1A2 as well as GSTα and GSTμ have 

been shown to be induced by several of the aromatic hydrocarbon carcinogens 

found in tobacco smoke.  With respect to hepatic drug management, smoking 

primarily affects the metabolism of CYP1A2 substrates, such as caffeine, 

clozapine, fluvoxamine and theophylline (Kroon, 2007).   

 

Alcohol consumption. Ethanol is an inducer of CYP2E1; however, the level of 

induction is dependent on the patient’s usual consumption.  Where consistently 

drinking in excess of 4-5 drinks a day is more likely to cause CYP2E1 induction 
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than a short period of binge drinking.  Heavy alcohol consumption can therefore 

lead to more rapid metabolism of therapeutic drugs including warfarin, 

phenacetin, theophylline and imipramine.  Because CYP2E1 plays a significant 

role in the oxidation of acetaminophen to the toxic NAPQI metabolite, it has been 

shown that heavy drinkers are at an increased risk to acetaminophen-induced 

liver injury.  The reason for this is two fold, as not only is the toxic metabolite 

formed at a higher rate than in normal individuals, but alcoholics tend to have 

decreased glutathione pools thereby decreasing the options for conjugation and 

detoxication of the NAPQI metabolites.   

 

Disease 

Extrahepatic diseases 

Hepatic drug management itself is not affected by many diseases occurring in 

organs other than the liver, with notable exceptions including decreased 

expression of CYP2C9 in congestive heart failure, and compromised CYP1A2, 

CYP2C9 and CYP3A4 function in patients with sepsis (Frye et al., 2002;De et al., 

2002).  Kidney disease is perhaps the most influential and well characterized 

extrahepatic disease with respect to its affect on hepatic drug management.  

Because the liver and kidney represent the two major pathways of drug 

elimination, it comes as no surprise that when kidney function is compromised 

the liver is directly affected.  Surprisingly, these effects do not appear to suggest 

that the liver is attempting to compensate for decreased kidney elimination.  In 
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contrast, the majority of the data reported in the literature show decreases in 

hepatic OATP1B1 as well as CYP2C19, 2D6 and 3A4 (Nolin et al., 2003).  

Together with hepatic MRP2 and MRP3 induction, the overall effect of kidney 

disease on hepatic drug management is similar to that of liver disease, 

specifically, down-regulation of sinusoidal uptake systems and up-regulation of 

canalicular and sinusoidal efflux pumps (Sun et al., 2006).  Elevated systemic 

levels of uremic toxins as well as a general increase in oxidative stress incurred 

during kidney disease are thought to impose these changes on hepatocyte 

function (Naud et al., 2008).   

 

Genetic disorders 

Hepatic drug transporters and metabolic enzymes are not only important for the 

efficient clearance of xenobiotics, but also play a critical role in endogenous 

substrate homeostasis.  Their importance can be illustrated by a group of 

autosomal recessive genetic disorders which cause cholestatic (altered bile flow) 

conditions or impaired metabolism of bilirubin (Whitington et al., 1994) 

Progressive familial intrahepatic cholestasis (PFIC) encompasses conditions 

associated with hepatobiliary transport mutations which can lead to pathology 

including bile infarcts, hepatocellular injury and zone 3 fibrosis.  While PFIC-1 

(mutation of ATP8B1), has no direct effect on hepatic drug management, the 

same cannot be said for PFIC-2 and PFIC-3. PFIC-2 is caused by several 

mutations to the BSEP gene which lead to accumulation of bile salts within the 
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hepatocyte, but can also affect the elimination of such drugs as paclitaxel, 

troglitazone, rifamycin and sulindac (Wang et al., 2003). PFIC-3 is the result of 

MDR3 mutation and resultant decreased transfer of phosphatidylcholine into bile.  

However, pharmacotherapeutic drugs such as vinca alkaloids and paclitaxel also 

rely on this transporter for biliary elimination.  Other genetic disorders that can 

affect hepatic drug management include Crigler Najjar syndrome and Dubin-

Johnson syndrome which are caused by mutations in hepatic UGT1A1 and 

MRP2, respectively. 

 

Hepatic disease 

It can be anticipated that diseases that target the liver would have the most 

impact on the functional aspects of hepatic drug management.  Indeed, as far 

back as the early 1950s, physicians and researchers began to acknowledge and 

document the effects of liver disease on hepatic enzymes and more recently 

hepatic drug transporters.  Patients with cystic fibrosis exhibit increased hepatic 

drug clearance as a result of elevated CYP1A2 and CYP2C8 as well as UGTs, 

NAT1 and SULT activity (Rey et al., 1998).  In contrast, patients with primary 

biliary cirrhosis display reduced sinusoidal uptake transporters (NTCP, OATPs) 

as well as CYPs, yet display significant increases in efflux transport regulated by 

P-glycoprotein, MDR3, MRP1 and MRP3 (Zollner et al., 2003).  A similar 

transporter expression profile has been described in other cases causing liver 

injury and is thought to be a compensatory adaptation of the hepatocyte intended 
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to decrease uptake and retention of toxic constituents. Similar expression profiles 

have been noted in other hepatic conditions including cholestatic diseases and 

hepatitis C (Ros et al., 2003;Hinoshita et al., 2001).  Chronic liver disease can 

also significantly impair the expression and function of hepatic CYP enzymes.  

CYP1A2, CYP2D6, CYP2C19 and CYP3A4 have all been reported to be altered 

in patients suffering from acute conditions such as cholestasis and drug induced 

liver injury, as well as chronic injury caused by hepatitis B and C, alcoholic liver 

disease, and cirrhosis (Yang et al., 2003;Villeneuve and Pichette, 2004;Frye et 

al., 2006).  However, despite a continued effort to profile the alterations that 

occur during chronic liver disease, until recently, relatively few studies have 

focused on whether non-alcoholic fatty liver disease can influence the regulation 

or expression of genes essential for hepatic drug management. 

 

Non-alcoholic fatty liver disease (NAFLD) 

Demographics and risk factors 

Western countries have seen a remarkable increase in the occurrence of obesity 

and adult-onset diabetes, predominantly due to a combination of rich diets and 

sedentary lifestyle.  In 2004, approximately 22.5% of Americans were clinically 

obese, a statistic which at the present course, is projected to reach almost 40% 

by 2025 (Kopelman, 2000).  While hepatic steatosis (simple fatty liver) is 

commonly observed with heavy alcohol consumption, obesity and diabetes also 

predispose the liver to increased fat accumulation (Diehl AM, 2001). While 



 50

originally thought to be benign, steatosis can progress to non-alcoholic 

steatohepatitis (NASH).  The term non-alcoholic steatohepatitis was first used in 

1980 to describe a unique disorder occurring in obese patients who denied the 

use of alcohol, yet had liver biopsies equivalent to alcoholic hepatitis (Ludwig et 

al., 1980).  Non-alcoholic fatty liver disease (NAFLD) is a term now used to 

describe a group of disease entities ranging from steatosis to NASH, which are 

by definition unrelated to significant alcohol intake.  The prevalence of NAFLD is 

estimated to be between 14% and 24% in the world population, and though once 

thought an adult disease, it is now known to afflict children as well (Browning and 

Horton, 2004).  Today it is known that over 90% of patients with NAFLD 

commonly suffer from at least one feature of the metabolic syndrome, 

characterized by central obesity, impaired fasting glucose levels, low high-density 

lipoprotein cholesterol and hypertension (Marchesini et al., 2003).  Obesity is the 

biggest risk factor associated with NAFLD and although statistics vary, it is 

estimated that 70-80% of obese individuals have hepatic steatosis while 15-30% 

have NASH (Lall et al., 2008).  Given the rise in obesity rates it has been 

suggested that over 25 million Americans will have NASH within the next 20 

years. 

 

Histopathology 

Steatosis is most simply defined as the accumulation of triglyceride vacuoles in 

hepatocytes and is result of accumulation of triglycerides in the liver and is due to 
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defects in either free fatty acid oxidation or esterification (Browning and Horton, 

2004).  Depending on the amount of fat accumulation, steatosis can be identified 

as either microvesicular (small fatty vacuoles) or macrovesicular, where the 

enlargement of fat vesicles is great enough to distort nuclear location and 

cytoplasmic morphology.  Histologically, in order to qualify as NAFLD must be 

identified in greater than 5% of all hepatocytes (Adams and Angulo, 2005).  

Anatomically, steatosis causes a gross enlargement and an overall lightened 

color of the organ; however, this stage of NAFLD is relatively benign and can 

often be ameliorated with corrections to diet and increased physical activity.  

Concern begins to arise, however, if steatosis progresses to NASH.  Along with 

steatosis, NASH is characterized histologically by lobular inflammation 

(neutrophil infiltrates), zone III fibrosis, cytoplasmic ballooning degeneration and 

the presence of Mallory bodies (ubiquitinated intermediate keratin filaments) 

(Day, 2002).  However, the mechanisms responsible for triggering the 

progression of steatosis to NASH are incompletely understood, and have been 

the subject of extensive research during the last two decades.          

 

Proposed mechanisms of NAFLD development and progression 

Steatosis is thought to occur, at least in part, due to defective mitochondrial β-

oxidation, specifically, decreased carnitine acyl transferase-1, low levels of 

triacylglycerol transferase and impaired triglyceride transport (Kuwajima et al., 

1991;Bjorkegren et al., 2002).  In addition, hyperinsulinemia causes increased 
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uptake of free fatty acid into the liver as well as induction of de novo liopogenesis 

by activating transcription factors such as the sterol regulatory binding protein-1c 

(SREBP-1c) and carbohydrate response element binding protein (CREBP) 

(Browning and Horton, 2004).   Steatosis has also been suggested to occur as a 

result of impaired hepatic lipid export caused by reduced apoB synthesis or 

excretion (Adams and Angulo, 2005). 

 

Most investigators agree that development of NASH from simple steatosis 

requires a “second hit” that can cause inflammation, and subsequently necrosis 

or fibrosis (McClain et al., 2004) .  In alcoholic liver disease, increased levels of 

cytochrome P450 2E1 (CYP2E1) activity and induction of lipid peroxidation 

appear to be major factors in the progression of the disease (Starkel et al., 2003). 

CYP2E1 can also be upregulated in states of fasting, obesity and diabetes by 

increased plasma levels of ketone bodies and fatty acids.  Induction of CYP2E1 

may contribute to the development of NASH, but is dependent upon additional 

factors (Robertson et al., 2001) .  Proposed additional factors include increased 

oxidative stress and induction of proinflammatory cytokines.  Under normal 

conditions, mitochondrial β-oxidation is the dominant pathway for catabolism of 

fatty acids, but can be a source of reactive oxygen species (ROS) (Reddy and 

Mannaerts, 1994).  In NASH patients, impaired mitochondrial function may lead 

to activation of other pathways that generate additional ROS, namely β-oxidation 

(in peroxisomes) and ω-oxidation (in microsomes). (Berson et al., 1998;Johnson 
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et al., 1996;Kersten et al., 1999)  Increased ROS generation can cause lipid 

peroxidation of the mitochondrial membrane phospholipids, leading to an 

additional decrease in mitochondrial function and increased oxidative stress in 

the cell (Browning and Horton, 2004).  Lipid peroxidation also increases 

production of the proinflammatory cytokine TNF-α and activates hepatic stellate 

cells, thereby promoting the release of additional proinflammatory cytokines and 

increased collagen deposition, respectively (Esterbauer et al., 1991;Yamauchi et 

al., 2003).  

 

NAFLD and hepatic drug management (current knowledge) 

Because of its prevalence, NAFLD has received considerable attention from 

clinicians and researchers alike.  However, the vast majority of the literature is 

dedicated to both the mechanisms responsible for NAFLD progression and more 

recently, therapeutic options.  In contrast, information on how NAFLD may affect 

hepatic drug management is almost non-existent.  These data are of particular 

importance with regard to this particular population, as many NAFLD patients are 

concurrently being treated for other complications, particularly those of the 

metabolic syndrome, adult onset diabetes, hypertension, and altered triglyceride 

levels.  Further, as therapeutic drugs are being nominated for treatment of 

NAFLD, these data would be extremely useful in determining ideal candidate 

drugs based on its metabolic profile as well as pharmacotherapeutic target.  A 

few studies have identified an association between decreased expression and 
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function of clinically relevant CYPs, including CYP3A4, in NAFLD patients or 

microsomes isolated from steatotic livers (Kolwankar et al., 2007;Donato et al., 

2006).  However, these studies were not conclusive and acknowledge the 

necessity for further studies to confirm these results.  With respect to hepatic 

drug transporter expression during NAFLD, the data in the literature are limited to 

in vivo models of steatohepatitis.  Two separate studies have reported significant 

changes in hepatobiliary transporter expression and function in the obese Zucker 

rat, an in vivo model of NAFLD.  Pizarro et al., showed that Mrp2 expression was 

significantly decreased approximately 70% in Zucker rats, which resulted in 

impaired bile secretory function (Pizarro et al., 2004).  Similarly, Geier et al., 

2005 reported a significant 50% decrease in hepatic Mrp2 in the Zucker rat when 

compared to lean controls, as well as decreased Oatp2 (Oatp1a4) expression.  

Perhaps the most revealing studies on NAFLD and hepatic drug management 

were described by Lickteig et al., in 2007.  The authors reported that a dietary 

model of NASH, methionine and choline deficient diet (MCD), resulted in 

decreased biliary excretion of acetaminophen (APAP) conjugates, APAP-

glucuronide, APAP-sulfate, and APAP-glutathione which coincided with increased 

concentrations of plasma APAP-glucuronide levels (Lickteig et al., 2007).  The 

functional shift in disposition of APAP-glucuronide from the bile to the blood 

correlated with induction of the sinusoidal efflux transporters Mrp3 and Mrp4.  

Significant increases in hepatic Mrp2 and Bcrp were also noted in experimental 

NASH animals, suggesting that in vivo models of NAFLD do indeed cause 
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significant changes in hepatic drug transport.  In addition, our lab has shown that 

experimental NAFLD can alter hepatic CYPs, including rat CYP2C11, CYP2E1 

and CYP4A1.  Therefore, I hypothesize that patients with NAFLD represent 

an increasing population of individuals at risk for altered hepatic drug 

management.  While the changes observed in the MCD model of NASH can not 

accurately predict the affect of NAFLD on humans, the following studies attempts 

to further characterize effects of the MCD model on hepatic drug management 

gene expression and regulation in vivo.  Further, the current set of studies will 

determine whether similar changes occur in human liver samples from patients 

suffering from progressive stages of NAFLD, thus rendering them susceptible to 

adverse drug reactions.  
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PRESENT STUDY 

The purpose of this section is to provide a summary of chapters I, II and III.  The 

core topics to be addressed include, chapter I: drug metabolizing enzyme 

induction pathways in experimental non-alcoholic fatty liver disease (NAFLD), 

chapter II: experimental non-alcoholic fatty liver disease results in decreased 

hepatic uptake transporter expression and function in rats, and chapter III: 

hepatic cytochrome P450 enzyme alterations in humans with progressive non-

alcoholic fatty liver disease.   

 

The liver is the major organ involved in drug metabolism and elimination from the 

body.  In the current dissertation, the concept of hepatic drug management is 

used to illustrate the three stages required for efficient metabolism and excretion 

of drugs from the liver.  The first stage is uptake transport, as performed by 

hepatic sinusoidal uptake transporters, such as OATs, OCTs and OATPs.  The 

second stage is hepatic drug metabolism which is accomplished by phase I and 

phase II drug metabolizing enzymes, most notably the cytochrome P450 (CYP) 

enzyme family and members of the UGT and NAT families.  The third stage is 

removal of xenobiotics or their metabolites from the hepatocyte, primarily 

executed by members of the ABC transporter superfamily located on either the 

canalicular or sinusoidal membrane. 
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It has been demonstrated that liver diseases, including primary biliary cirrhoisis, 

viral hepatitis as well as cirrhosis, can cause significant changes to one or more 

of the three stages of hepatic drug management.  Because NAFLD is a disease 

that can result in significant liver damage, the hypothesis that experimental 

NAFLD alters xenobiotic activated receptor-regulated signal transduction 

pathways was tested.  Primary findings of this study showed that that (1) Hepatic 

PXR mRNA levels were significantly increased in mice fed MCD diet, while AhR, 

CAR, PPARα and Nrf2 were not affected.  (2) The MCD diet did not alter hepatic 

inducibility of Cyp1A1, Cyp2B10, Cyp3A11 mRNA levels by their respective 

microsomal inducers. (3) Constitutive levels of Cyp4A14 mRNA were significantly 

increased in mice fed the MCD diet, yet further induction by clofibrate was not 

observed.  (4) Hepatic Nqo1 mRNA levels were significantly increased by the 

MCD diet; however, additional induction of Nqo1 was still achievable following 

treatment with the Nrf2 activator oltipraz. Together, these results suggest that the 

enzymes and transporters regulated by the aforementioned xenobiotic activated 

receptors may undergo significant changes in expression during NAFLD. 

 

The later stages of NAFLD cause a significant amount of hepatic inflammation, 

as would be expected in any form of hepatitis.  Proinflammatory cytokines, 

including tumor necrosis alpha (TNFα) and interleukin 1 beta (IL-1β) have been 

shown to decrease the expression of sinusoidal uptake transporters including 

members of the Oatp family.  This led to testing the hypothesis that experimental 
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NASH, can impair the expression and possibly the function of uptake 

transporters.  MCD (or MC- in chapter II) rats showed significant plasma 

retention of BSP, an anionic substrate of solute carrier proteins, when compared 

to control rats.  Hepatic mRNA levels of Ntcp, Oatp1a1, 1a4, 1b2 and 2b1; as 

well as Oat 2 and 3 were significantly decreased in MCD diet rats when 

compared to control.  Oatp1a1 and Oatp1b2 protein expression was significantly 

lower in MCD rats and correlated with BSP retention in the plasma of these 

animals.  Finally, MCD rat liver tissue stained positive for IL-1β, suggesting a 

plausible mechanism for the transporter alterations observed in this model. 

 

While the changes observed in experimental NAFLD convincingly demonstrate 

the potential for altered hepatic drug management, in vivo models, especially in 

the case of NAFLD, are not capable of recapitulating the complex series of 

events that occur during the progression of this disease.  As a result, liver 

samples diagnosed as normal, steatotic, NASH with fatty liver and NASH no 

longer fatty were used to test the hypothesis that progressive stages of NAFLD 

affect the different steps of hepatic drug management.  Analysis of clinically 

relevant hepatic CYPs revealed significant but differential changes in mRNA, 

protein and activity in humans with NAFLD.  Decreasing trends in hepatic mRNA 

of CYP1A2, 2D6 and 2E1 were observed with NAFLD progression, while 

CYP2A6, 2B6 and 2C9 mRNA tended to increase.  Microsomal protein 

expression of CYP1A2, 2C19, 2D6, 2E1 and 3A4 tended to decrease with 
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NAFLD progression.  However, CYP2A6 protein expression increased with 

progression.  Functional activity assays revealed decreasing trends in CYP1A2 

and 2C19 enzymatic activity with NAFLD severity, and while not significant, 

CYP2D6 and 3A4 also tended to decrease.  In contrast, activity of CYP2A6 and 

CYP2C9 was significantly increased with NAFLD progression.   Increased 

expression of pro-inflammatory cytokines, TNFα and IL-1β were implicated as 

factors causing decreased CYP activity.  Further, elevated CYP2C9 activity with 

NAFLD progression correlated to increased hypoxia identified by hypoxia 

induced factor 1 alpha (HIF-1α) expression and downstream target gene 

induction.   

 

Finally, both sinusoidal and canalicular efflux transporters BCRP, MRP2, MRP3 

and MRP4 protein levels were significantly increased with progressive stages of 

NAFLD in human liver samples.  These results were strikingly similar to data 

published with the MCD diet that showed significantly increased expression of 

BCRP, MRP2, MRP3 and MRP4 in experimental NAFLD.  The increased 

expression of MRP3 and MRP4 was associated with a shift in the disposition of 

the acetaminophen-glucuronide metabolite from the bile in normal animals to the 

blood in experimental NAFLD rats.  These data show that like experimental 

NAFLD, clinical NAFLD can alter the expression efflux transporters of the third 

and final stage of hepatic drug management. 
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In summary, the novel findings reported in the following studies show that 

experimental NASH, as well as progressive stages of human NAFLD, has a 

significant impact on hepatic drug management.  Increased hepatic PXR mRNA 

levels were observed in the MCD diet model as well as elevated constitutive 

levels of Cyp4A14 and Nqo1 mRNA expression, suggesting that activation of 

PPARα and Nrf2 occurs during experimental NASH.  Experimental NASH also 

caused a profound decrease in the expression of several sinusoidal uptake 

transporters of the solute carrier superfamily.  Significant decreases in Oatp1a1 

and Oatp2b1 expression, in particular, were correlated with decreased uptake of 

a known anionic substrate (BSP) indicating that experimental NASH also affects 

hepatic uptake transporter function.  In addition to these findings, previous 

studies have shown that CYP2C11 expression decreases while Mrp2, Mrp3 and 

Mrp4 transporter expression is induced in experimental NAFLD.  Expression and 

activity of several clinically relevant CYP enzymes were significantly altered with 

NAFLD progression.  Similar to CYP2C11 in rats, the human isoform CYP2C19 

was significantly decreased in patients with progressive stages of NAFLD.  In 

addition, CYP1A2 was significantly decreased in these patients, while expression 

and activity of CYP2A6 and CYP2C9 were increased.  Finally, expression of the 

hepatic efflux transporters MRP2, MRP3, MRP4 and BCRP was similarly 

increased in both experimental NASH as well as in humans diagnosed with later 

stage NAFLD.  
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APPENDIX A: DRUG METABOLIZING ENZYME INDUCTION PATHWAYS IN 

EXPERIMENTAL NON-ALCOHOLIC STEATOHEPATITIS 

 

Abstract 

Patients with NAFLD represent an increasing population of individuals at risk for 

altered hepatic drug management.  Aryl hydrocarbon receptor (AhR), constitutive 

androstane receptor (CAR), pregnane X receptor (PXR), peroxisome proliferator-

activated receptor alpha (PPARα), and nuclear factor E2 related factor 2 (Nrf2) 

are xenobiotic activated transcription factors that regulate induction of a number 

of drug metabolizing enzymes (DMEs). The purpose of the following studies was 

to determine whether experimental nonalcoholic steatohepatitis (NASH) alters 

the xenobiotic activation of these transcription factors and induction of 

downstream DME targets Cyp1A1, Cyp2B10, Cyp3A11, Cyp4A14 and Nqo1, 

respectively.   Mice fed normal rodent chow or methionine-choline-deficient 

(MCD) diet for 8 weeks were then treated with microsomal enzyme inducers β-

naphoflavone (BNF), 1,4-bis-[2-(3,5idichloropyridyloxy)] benzene (TCPOBOP), 

pregnenolone-16α-carbonitrile (PCN), clofibrate (CFB) or oltipraz (OPZ), known 

activators of AhR, CAR, PXR, PPARα and Nrf2, respectively. Results of this 

study show that (1) Hepatic PXR mRNA levels were significantly increased (1.4-

fold) in mice fed MCD diet, while AhR, CAR, PPARα and Nrf2 were not affected.  

(2) The MCD diet did not alter hepatic inducibility of Cyp1A1, Cyp2B10, Cyp3A11 

mRNA levels by their respective microsomal inducers. (3) Constitutive levels of 
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Cyp4A14 mRNA were significantly increased mice fed the MCD diet, yet further 

induction by clofibrate was not observed.  (4) Hepatic Nqo1 mRNA levels were 

significantly increased by the MCD diet; however, additional induction of Nqo1 

was still achievable following treatment with the Nrf2 activator OPZ. 

 

Introduction 

Drug metabolizing enzymes (DMEs) play crucial roles in the biotransformation 

and detoxification of xenobiotics introduced to the human body, providing 

protection against potentially harmful insults from the environment.  Xenobiotic 

metabolism is invariably affected by the expression of both phase I and phase II 

DMEs.  In response to xenobiotic insults, the expression of many of these DMEs 

is regulated at the transcriptional level via activation of xenobiotic sensing 

receptors including aryl hydrocarbon receptor (AhR), constitutive androstane 

receptor (CAR), pregnane-X receptor (PXR), peroxisome proliferator-activated 

receptor alpha (PPARα), and nuclear factor-E2 related factor 2 (Nrf2) (Klaassen 

and Slitt, 2005;Waxman, 1999;Honkakoski and Negishi, 2000;Pascussi et al.,  

2004).  Indeed, in healthy humans, these signal transduction pathways provide a 

diverse and coordinate defense against potential xenobiotic insult.  However, 

several studies using liver biopsy samples from patients with chronic active 

hepatitis, cholestasis and cirrhosis have found reduced microsomal levels and/or 

activity of DMEs including CYP1A1, CYP2D6 and CYP3A4, suggesting that 
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these induction pathways may be altered in various liver disease states 

(Wilkinson, 1997).  

 

The prevalence of nonalcoholic fatty liver disease (NAFLD) is an increasing 

concern in the world population, and though once thought an obese adult 

disease, it is now known to afflict both normal weight persons and children as 

well (Browning and Horton, 2004).  NAFLD encompasses a spectrum of 

symptoms ranging from simple steatosis (fatty liver) to the more severe non 

alcoholic steatohepatitis (NASH, fatty liver with liver cell damage and 

inflammation) to progressive hepatic fibrosis and can eventually result in cirrhosis 

(Reynaert et al., 2005). NASH occurs in 2-3% of all adults and accounts for 

approximately 10% of all newly diagnosed cases of chronic liver disease 

(Neuschwander-Tetri and Caldwell, 2003).  Because this condition is increasing 

to remarkable proportions, NASH has rapidly become a significant clinical 

burden. The effect of this disease on the ability of the body to respond to external 

chemical stimuli through activation of xenobiotic sensing recepotors is currently 

unknown.  

 

Numerous studies have reported that several cytochrome P450 (P450) enzymes 

are significantly altered in patients with NASH  (Westphal and Brogard, 

1997;Farrell et al., 1978).  Alterations in DMEs can predispose the body to 

xenobiotic insults and thus, patients with NASH are potentially more susceptible 
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to environmental toxicants.  The purpose of the present study was to determine 

the effect of experimental NASH on the expression of the xenobiotic sensing 

receptors including AhR, CAR, PXR, PPARα and Nrf2, as well as the constitutive 

expression and inducibility of their downstream DME targets Cyp1A1, Cyp2B10, 

Cyp3A11, Cyp4A14 and Nqo1, respectively. 

 

Materials and Methods 

Chemicals. β-Naphthoflavone (BNF), 1,4-bis-[2-(3,5idichloropyridyloxy)] benzene 

(TCPOBOP) pregnenolone-16α-carbonitrile (PCN) and clofibrate (CFB) were 

purchased from Sigma (St. Louis, MO).  Oltipraz (OPZ) was obtained from LKT 

Laboratories, Inc. (St. Paul, MN). 

 

Animals.  Male C57BL6/J mice (20-25 g) were obtained from Sprague Dawley 

(Indianapolis, IN).  All animals were acclimated in 12 h light and 12 h dark cycles 

in a University of Arizona AAALAC-certified animal facility for at least one week 

prior to experiments and were allowed water and standard chow ad libitum.  

Housing and experimental procedures were in accordance with the Guide for the 

Care and Use of Laboratory Animals as determined by the U.S. National 

Institutes of Health.  Mice (n = 4) were fed normal diet (Harlan Teklad, 

Indianapolis, IN) or a methionine-choline-deficient (MCD) diet (NASH-#518810 

without L-methionine) (Dyets Inc., Bethlehem, PA) for eight weeks.  Following 

eight weeks, mice (n=4 control diet and n=4 MCD diet/ dose group) were either 
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treated once with TCPOBOP (3 mg/kg, ip) or corn oil vehicle or corn oil, BNF 

(200 mg/kg, ip), PCN (200 mg/kg, ip), CFB (40 mg/kg, ip) or OPZ (150 mg/kg, ip) 

once per day for four consecutive days at a dose volume of 5 ml/kg.  24 hrs after 

the final dosage, mice were sacrificed, livers snap frozen in liquid nitrogen and 

stored at -80°C until mRNA analysis. 

 

Total RNA isolation.  Total RNA was isolated using RNA Bee reagent (Tel-Test 

Inc., Friendswood, TX) as per the manufacturer’s protocol. RNA concentrations 

were determined by UV spectrophotometry, and integrity was examined by 

ethidium bromide staining after agarose gel electrophoresis. 

 

Branched DNA assay.  Probe sets for mouse AhR, CAR, PXR, PPARα and Nrf2, 

as well as mouse cytochrome P450 enzymes Cyp1A1, Cyp2B10, Cyp3A11, 

Cyp4A14 and Nqo1 were used as previously described (Petrick and Klaassen, 

2007;Fisher et al., 2007).  Specific oligonucleotide probes were diluted in lysis 

buffer supplied in the Quantigene™ HV Signal Amplification Kit (Panomics, Inc., 

Freemont, CA). All reagents for analysis (i.e., lysis buffer, capture hybridization 

buffer, amplifier/label probe buffer, and substrate solution) were supplied in the 

Quantigene Discovery Kit. Total RNA (1 µg/µl; 10 µl) was added to each well of a 

96-well plate containing capture hybridization buffer and 50 µl of each diluted 

probe set. Total RNA was allowed to hybridize to each probe set overnight at 

53°C. Subsequent hybridization steps were carried out as per the manufacturer’s 
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protocol, and luminescence was quantified with a Quantiplex™ 320 bDNA 

luminometer interfaced with Quantiplex™ Data Management Software Version 

5.02 in 96-well plates. 

 

Statistics.  Statistical significance was determined between groups by Student's t-

test or 1-way ANOVA followed by a Newman-Keuls post hoc test where 

appropriate and a statistical significance of p < 0.05 was set.  Asterisks (*) 

represent a statistical difference (p < 0.05) between corn oil and treated groups 

and daggers (†) represent a statistical difference (p < 0.05) between control and 

MCD diet groups. 

 

Results 

Hepatic mRNA expression of xenobiotic activated receptors in experimental 

NASH.  An important issue in regard to drug metabolism during disease states of 

the liver is whether the disease itself affects the expression of those transcription 

factors, e.g. nuclear receptors, which are critical to the transcriptional regulation 

of drug metabolism genes.  Figure 1 shows hepatic mRNA levels of AhR, CAR, 

PXR, PPARα and Nrf2 in mice following 8 weeks on normal chow and MCD diet, 

respectively.  Hepatic PXR mRNA was significantly increased (1.4-fold) in mice 

fed MCD diet compared to mice fed normal rodent chow. However, mRNA levels 

of AhR, CAR and PPARα were not significantly altered in MCD mouse livers 

compared to normal livers. 
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Inducibility of hepatic drug metabolizing enzymes in experimental NASH.  To 

determine whether experimental NASH disrupts the signaling pathways involved 

in the induction of hepatic drug metabolizing enzymes, mice fed a normal or 

MCD diet were dosed with prototypical microsomal enzyme inducers that activate 

the xenobiotic sensing receptors AhR, CAR, PXR, PPARα and Nrf2, respectively.  

BNF treatment, a known activator of AhR, resulted in 594- and 167-fold 

increases in hepatic Cyp1A1 mRNA in both the normal and MCD diet groups 

(Figure 2).  In addition, BNF treatment significantly increased Cyp2B10 mRNA 

levels (21-fold) in normal livers and 5-fold in MCD livers, as well as Nqo1 mRNA 

levels by 8.5- and 4.5-fold in normal and MCD livers, respectively.   

 

The high affinity CAR agonist, TCPOBOP has been show to activate CAR and 

subsequently induce Cyp2B10 expression in mice.  TCPOBOP administration 

resulted in an increase of hepatic Cyp2B10 mRNA by 50-fold in normal mice and 

11-fold in MCD mice.  TCPOBOP treatment also caused a significant 2-fold 

increase in Cyp3A11 mRNA in both normal and MCD livers.  

  

In experimental NASH, constitutive expression of hepatic Cyp3A11 mRNA levels 

was significantly increased by 1.7-fold in MCD livers when compared to control 

diet.  Transcriptional regulation of the CYP3A subfamily is of particular 

importance due to the fact that in humans, CYP3A4 is responsible for the 
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metabolism of approximately 50% of all therapeutic drugs (Harmsen et al., 2007).  

PCN is a well-established activator of mouse PXR and ultimately induces 

Cyp3A11 mRNA expression.  PCN treatment significantly increased Cyp3A11 

mRNA levels in normal and MCD group livers by 2.3- and 2-fold, respectively.   

 

Similar to Cyp3A11, the constitutive expression of Cyp4A14 mRNA was 

significantly increased (8.6-fold) in MCD diet mice when compared to normal 

diet-fed mice.  Treatment with the PPARα agonist clofibrate has been shown to 

induce hepatic Cyp4A14 mRNA in mice.  As expected, clofibrate treatment 

produced a significant increase (5.1-fold) in Cyp4A14 mRNA levels in normal 

mouse livers.  However, clofibrate treatment did not induce hepatic Cyp4A14 

mRNA in mice with experimental NASH (MCD diet-fed).    

 

Finally, oltipraz has been shown to activate Nrf2 resulting in the nuclear 

translocation and induction of Nqo1 mRNA.  Hepatic Cyp2B10, Cyp3A11 and 

Nqo1 mRNA levels were significantly increased in OPZ-treated normal mice by 

17-, 2.2- and 9.3-fold, respectively. OPZ treatment of experimental NASH mice 

also caused a 6.7-fold increase in Cyp2B10 mRNA levels, while Cyp3A11 mRNA 

induction was absent in MCD livers.  Similar to Cyp3A11 and Cyp4A14 mRNA 

levels, constitutive expression of Nqo1 mRNA was significantly increased (5.4-

fold) by the MCD diet compared to normal diet-fed mice.  However, in contrast to 
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clofibrate, OPZ treatment further induced hepatic Nqo1 mRNA levels (2-fold) in 

MCD diet mice when compared to MCD diet mice treated with vehicle.  

 

Discussion 

The liver has a unique physiologic role to protect against a vast array of 

potentially harmful compounds. Hepatocytes are generally the first line of 

defense against toxic insults and as such are required to adapt to a complex and 

ever-changing intracellular environment in a timely manner (Karpen, 2002). 

Hepatocytes are equipped with a number of transcription factors that act as 

biosensors which, in response to a xenobiotics, are able to induce expression of 

the genes involved in biotransformation and xenobiotic transport (Elias and Mills, 

2007).  Activation of these biosensor transcription factors must occur in order to 

trigger their respective signal transduction pathways.   However, several studies 

indicate that disease states such as septic cholestasis, obstructive cholestasis 

and alcoholic and viral hepatitis cause alterations in cytochrome P450 expression 

(Westphal and Brogard, 1997;Farrell et al., 1978). Coincidentally, several of 

these P450s are regulated by the aforementioned transcription factors, including 

PXR and Nrf2. These studies suggest that disease states may alter the ability of 

biosensors to recognize toxic xenobiotics and coordinate hepatoprotective 

responses at the transcriptional level. 
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In the present study, we investigated whether a dietary-induced model of NASH 

alters the xenobiotic activation of transcription factors which may provide a 

defense against environmental insults.   Classical microsomal enzyme inducers 

were administered to mice fed a normal diet or an MCD diet. Xenobiotic 

activation of AhR, CAR, PXR, PPARα, and Nrf2 was assessed in the liver via 

induction of their downstream target genes, Cyp1a1, Cyp2b10, Cyp3a11, 

Cyp4a14, and Nqo1, respectively.  AhR regulates a number of biological 

responses to a wide-range of environmental pollutants.  In the current study, both 

control and MCD diet mice showed a robust induction of Cyp1A1 mRNA levels 

following BNF administration.  These results suggest that experimental MCD 

does not disrupt the activation and signal transduction pathway mediated by 

AhR.  In addition, BNF administration led to a moderate but significant induction 

of Cyp2B10 in both normal and MCD mice.  The AhR is not known to have any 

direct effect on Cyp2B10 expression, as transcriptional regulation of this gene is 

under control of CAR and to a lesser extent PXR (Timsit and Negishi, 2007).  

However in 2007, Patell et al. showed that BNF administration results in 

increased CAR mRNA levels in wild-type but not AhR knockout mice (Patel et al., 

2007).   Increased CAR mRNA levels may at least in part explain the observed 

increase in Cyp2B10 mRNA following administration of an AhR ligand in the 

present study.   

 
The xenobiotic receptors CAR and PXR represent two important members of the 

nuclear receptor super family. They function as sensors of toxic compounds 
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derived from the metabolism of xenobiotic chemicals, in order to enhance their 

elimination (Timsit and Negishi, 2007).  Because CAR and PXR bind to both the 

phenobarbital response element module (PBREM) and PXR response element 

(PXRE) of gene promoter regions, ligands of these nuclear receptors robustly 

increase hepatic Cyp2B10 and Cyp3A11 mRNA expression.  A significant 

increase in hepatic Cyp2B10 mRNA was observed in normal mice following 

administration of the known CAR agonist TCPOBOP, as has been shown in 

numerous other studies (Koike et al., 2007;Pustylnyak et al., 2007;Qatanani and 

Moore, 2005).  The inducibility of Cyp2B10 mRNA levels by TCPOBOP was 

maintained in experimental NASH mice as similar levels were observed in normal 

and MCD diet groups.  Additionally, TCPOBOP treatment to normal and MCD 

mice resulted in significant increases in hepatic Cyp3A11 mRNA levels.  This is 

not a surprising observation as this potent CAR ligand has been previously 

shown to modestly regulate known PXR genes including Cyp3A11 and the 

multidrug resistance-associated protein 2  (Anakk et al., 2004;Kast et al., 2002).  

PCN, a well established PXR agonist, equally induced hepatic expression of 

Cyp3A11 in both normal and MCD diet mice.  Taken together, these data 

suggest that CAR and PXR activation and subsequent induction of Cyp2B10 and 

Cyp3A11 mRNA, respectively, remain intact in experimental NASH.   However, 

hepatic mRNA levels of PXR were increased in MCD mice when compared to 

normal diet mice.  This may explain why the constitutive expression of Cyp3A11 

was significantly increased in these animals.  Previously a study by Yang et al. 
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reported decreased levels of CYP3A4 in patients with cirrhosis (Yang et al., 

2003).  In contrast, experimental NASH in the present study causes a significant 

increase in mouse CYP3A11 mRNA levels when compared to normal diet. 

 

PPARα is a xenobiotic activated receptor triggered by endogenous ligands (i.e. 

fatty acids), as well as by synthetic ligands such as fibrates. PPARα regulates the 

expression of genes involved in lipid metabolism, fatty acid oxidation, and 

glucose homeostasis (Zandbergen and Plutzky, 2007).  More recently it has been 

suggested that PPARα also modulates inflammatory responses, regulates cell 

division and is linked to liver fibrogenesis (Tanaka and Aoyama, 2006).     

Nagawasa et al., showed that administration of the PPAR-pan agonist, 

benzofibrate, to MCD mice resulted in decreased hepatocyte steatosis, liver 

inflammation and number of activated hepatic stellate cells (Nagasawa et al., 

2006).  However, in the present study constitutive basal Cyp4A14 mRNA levels 

were significantly increased by the MCD model itself.  This is not particularly 

unexpected as CYP4A has been shown to be increased in NAFLD and 

implicated in the second hit of the hepatic progression of steatosis to NASH 

(Chitturi and Farrell, 2001) Unlike AhR, CAR or PXR activators, clofibrate was 

not able to further induce Cyp4A14 mRNA levels in MCD mice.     

 

Nrf2 is an oxidative stress inducible transcription factor that regulates 

transcriptional activation of target genes via the antioxidant response element 
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(ARE).  Nrf2 is known to induce a number of antioxidant genes including its 

classical target gene Nqo1, as well as glutathione-S-transferases and the 

glutamate cysteine ligase catalytic and modifier subunits (Venugopal and 

Jaiswal, 1996;Petrick and Klaassen, 2007;McMahon et al., 2001)  Due to the 

regulation of these important cytoprotective genes, the importance of Nrf2 

activation and induction of downstream targets cannot be understated.  Similar to 

our previous findings, constitutive Nqo1 mRNA levels were significantly 

increased by the MCD diet (Lickteig et al., 2007).  However, unlike clofibrate, the 

prototypical Nrf2 activator, OPZ further induced Nqo1 mRNA levels in MCD mice 

over that observed in mice fed a normal diet and administered OPZ.  These data 

suggest that the activation pathway of Nrf2 is still functional during experimental 

NASH.  Furthermore, these data may indicate that patients suffering from NASH 

may retain a functional Nrf2 signaling pathway providing protection from oxidative 

insult.   

 

In the present study, it was investigated whether a diet-induced model of NASH 

alters the expression or function of xenobiotic activated transcription factors that 

may provide a defense against environmental insults. The data presented in the 

current manuscript suggest that experimental NASH results in increased mRNA 

levels of PXR.  Further, constitutive basal mRNA levels of CYP3a11, CYP4A14 

and Nqo1 are significantly increased by the MCD diet.  Additionally, the signaling 

pathways regulated by the xenobiotic receptors AhR, CAR, PXR maintain their 
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function in experimental NASH as seen by induction of target genes following 

activation by respective inducer.  In contrast, PPARα induction of Cyp4A14 was 

singnificantly increased by the MCD diet alone, and no further induction was 

observed by administration of Clofibrate. Finally, while Nqo1 is induced by 

experimental NASH, further induction is still achievable with administration of an 

Nrf2 agonist.  Since xenobiotic activation of Nrf2 and downstream antioxidant 

drug metabolizing enzymes is maintained during NASH, it is likely NASH patients 

can still benefit from antioxidant treatment. 
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Figures 

Figure 1.  Hepatic mRNA levels of xenobiotic sensing receptors in experimental 

NASH. Total hepatic RNA from normal rodent diet-fed and MCD diet-fed mice (8 

weeks) was analyzed for AhR, CAR, PXR, PPARα and Nrf2 mRNA levels by 

branched DNA assay.  Data is expressed as relative light units (RLU) ± standard 

error of mean.  Asterisk indicates significant difference from normal liver 

(p < 0.05). 
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Figure 2. Hepatic mRNA levels of drug metabolizing enzymes in experimental 

NASH.  Total hepatic RNA from normal rodent diet-fed and MCD diet-fed mice 

was analyzed for Cyp1A1, Cyp2B10, Cyp3A11, Cyp4A14 and Nqo1 mRNA 

levels by branched DNA assay.  Data is expressed as relative light units (RLU) ± 

standard error of mean.  Asterisks indicate significant difference from normal diet 

livers (p < 0.05).  Daggers indicate significance between mice on normal and 

MCD diets administered a specific xenobiotic inducer (†) (p < 0.05). 
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APPENDIX B: EXPERIMENTAL NON-ALCOHOLIC FATTY LIVER DISEASE 

RESULTS IN DECREASED HEPATIC UPTAKE TRANSPORTER EXPRESSION 

AND FUNCTION IN RATS 

 

Abbreviations 

NAFLD, non-alcoholic fatty liver disease; SFL, simple fatty liver; NASH, non-

alcoholic steatohepatitis; ; MC+, methionine-choline-deficient diet with methionine 

and choline re-supplemented; MC-, methionine-choline-deficient; Oatp, organic 

anion transporting polypeptide; Oat, organic anion transporter; Ntcp, Na+-

taurocholate cotransporting polypeptide; Oct; organic cation transporters; BSP, 

bromosulfophthalien; ALP, alkaline phosphatase; ALT, alanine amino-

transferase;  BCRP, breast cancer resistance protein; Mrp, multi-drug resistance 

associated polypeptide; GSH, glutathione; bDNA, branched DNA; RLU, relative 

light units; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;  IL-1β, 

interleukin 1 beta. 

 

Abstract 

Non-alcoholic fatty liver disease (NAFLD) encompasses a spectrum of diagnoses 

ranging from simple fatty liver (SFL), to non-alcoholic steatohepatitis (NASH).  

This study aimed to determine the effect of moderate and severe NAFLD on 

hepatic transporter expression and function in vivo.  Rats were fed a high-fat diet 

(SFL model) or a methionine-choline-deficient diet (NASH model) for eight 
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weeks.  Hepatic uptake transporter function was determined by 

bromosulfophthalein (BSP) disposition.  Transporter expression was determined 

by branched DNA signal amplification assay and western blotting; inflammation 

was identified by immunostaining of liver slices for interleukin 1 beta (IL-1β).  MC- 

rats showed significant retention of BSP in the plasma when compared to control 

rats.  Hepatic NTCP, OATP1a1, 1a4, 1b2 and 2b1; and OAT 2 and 3 mRNA 

levels were significantly decreased in high-fat and MC- diet rats when compared 

to control.  Protein expression of OATP1a1 was significantly decreased in high-

fat animals, while OATP1a1 and OATP1b2 expression was significantly lower in 

MC- rats when compared to control. Liver tissue from high-fat and MC- rats 

stained positive for IL-1β, a pro-inflammatory cytokine known to decrease 

expression of NTCP, OATP and OAT transporters, suggesting a plausible 

mechanism for the observed transporter alterations. These data suggest that 

different stages of NAFLD result in altered hepatic uptake transporter expression 

that can lead to a functional impairment of xenobiotic uptake from the blood. 

Furthermore, NAFLD may alter the plasma retention time of clinically relevant 

drugs that are reliant on these transporters and may increase the potential drug 

toxicity. 

 

Introduction 

The liver plays a crucial role in the elimination of many clinically relevant drugs 

from the body.  While drug-metabolizing enzymes are critical in hepatic drug 
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clearance, hepatic transport is required to initiate and complete this process.  

Only in the last decade has the importance of transport in drug disposition been 

realized (Chandra and Brouwer, 2004).  Several basolateral transmembrane 

proteins are capable of transporting organic anions and cations from plasma into 

the hepatocyte, including the organic anion transporting polypeptides (Oatp), 

organic anion transporters (Oat); organic cation transporters (Oct); and the 

sodium-dependent bile salt uptake transporter Na+-taurocholate co-transporting 

polypeptide (Ntcp) (Liu and Pang, 2005;Chandra and Brouwer, 2004;Hagenbuch 

et al., 1991;Kusuhara et al., 1999).  Coordinately, the overlapping affinities of 

these transporters toward different chemicals in the portal blood provide a 

specific and efficient means of extracting xenobiotics from blood (Kullak-Ublick 

and Meier, 2000).   

 

Variations in patient response to drug therapy are a significant safety issue.  

Severe adverse drug effects among hospitalized patients in the United States 

may number as high as two million per year and as many as 100,000 of them 

prove fatal (Lazarou et al., 1998).  Remarkably, the majority of these adverse 

reactions are in patients given the correct drug and proper dosage.  It is 

estimated that less than 20% of these cases are due to genetic polymorphisms 

that result in altered metabolism: the vast majority of the adverse reactions are 

due to individual host or environmental factors such as age, nutrition, or disease 

state (Ingelman-Sundberg and Rodriguez-Antona, 2005).  Both pre-clinical and 
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clinical studies have indicated that hepatic disease may result in alterations in the 

pharmacokinetics and elimination of a drug (Williams and Mamelok, 

1980;Westphal and Brogard, 1997).  Viral and alcoholic hepatitis alter both 

cytochrome P450 (CYP)-mediated drug biotransformation and hepatic 

transporter regulation, and these alterations can lead to variability in drug 

response, either in the form of drug toxicity or decreased therapeutic 

effectiveness (Morgan, 2001;Heinrich et al., 1990;Renton, 2005).  While 

alterations in drug disposition have been well documented for liver conditions 

such as sepsis (Pea et al., 2005;Kim et al., 2000) and primary biliary cirrhosis 

(Jorquera et al., 2001), there is little information in the literature on the effect of 

the increasingly prevalent non-alcoholic fatty liver disease (NAFLD) on these 

parameters. 

 

NAFLD encompasses a spectrum of symptoms ranging from steatosis (simple 

fatty liver, SFL), to steatohepatitis (fatty liver with liver cell damage, inflammation 

and progressive fibrosis) (Reynaert et al., 2005).  The prevalence of NAFLD is 

estimated to be between 14% and 24% in the world population, and though once 

thought an adult disease, it is now known to afflict children as well (Browning and 

Horton, 2004).  Simple steatosis is characterized by micro and macrovesicular 

steatosis and predisposes the liver to the more severe non-alcoholic 

steatohepatitis (NASH) (Koteish and Mae, 2002).  NASH is histologically 

characterized by micro and macrovesicular steatosis, lobular inflammation, and 
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hepatocellular damage, including accumulation of Mallory’s hyaline, ballooning 

degeneration, necrosis, and fibrosis (zone 1 and zone 3) (Peters et al., 1975).  

NASH occurs in 2 – 3% of all patients with excess fat accumulation in the liver, 

and accounts for approximately 10% of all newly diagnosed cases of chronic liver 

disease.  NASH can ultimately lead to cirrhosis and liver failure, requiring liver 

transplant (Neuschwander-Tetri and Caldwell, 2003;Clark et al., 2002).   

 

The classic rodent model of NASH involves inducing steatohepatitis through a 

methionine-choline-deficient (MC-) diet.  This model of “fibrosing steatohepatitis” 

is characterized by the development of fibrotic strands that surround hepatocytes 

in a fashion identical to those in human disorders of lipid-associated hepatic 

fibrosis. Additionally, steatosis, chronic hepatocyte injury, and hepatic 

inflammation precede activation of stellate cells and fibrosis by several weeks, a 

sequence of events that is analogous to that which occurs in NASH (George et 

al., 2003).   

 

Previous studies have demonstrated that this model causes significant changes 

in hepatic efflux transporters resulting in a significant shift in the disposition of 

acetaminophen metabolites from the bile to the plasma (Lickteig et al., 2007a). In 

the current study, high-fat (SFL model) and MC- (NASH model) diets were used 

as models to determine the effect of SFL and NASH on hepatic uptake 
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transporter expression and whether the resulting change in expression causes a 

functional alteration of xenobiotic pharmacokinetics. 

 

Materials and Methods 

Chemicals.  Urethane, bromosulfophthalien (BSP), and NaOH were purchased 

from Sigma (St. Louis, MO).  Heparin and sterile 0.9% sodium chloride solution 

were obtained from Baxter Healthcare Corporation (Deerfield, IL).  PE-10 and 

PE-50 polyethylene tubing were purchased from Braintree Scientific Inc. 

(Braintree, MA). 

 

Animals.  Male Sprague Dawley rats (8 – 9 weeks) were obtained from Harlan 

(Indianapolis, IN).  All animals were acclimated in 12 h light and 12 h dark cycles 

in a University of Arizona AAALAC-certified animal facility for at least one week 

prior to experiments, and were allowed water and standard chow ad libitum.  

Housing and experimental procedures were in accordance with all applicable US 

laws and regulations.  Rats (n = 5) were fed normal diet (Harlan Teklad, 

Indianapolis, IN), a low-fat isocaloric diet (high-fat diet control, #180820), a high-

fat (SFL) diet (#112280 18% butter, high cholesterol artherogenic), a methoinine-

choline-deficient diet with methionine and choline re-supplemented (MC+, 

#518754) or a methionine-choline-deficient (MC-) diet (#518810) (Dyets Inc., 

Bethlehem, PA) for eight weeks. 
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Determination of bromosulfophthalien (BSP) elimination.  Following eight weeks 

on their respective diet, rats were anaesthetized with a single bolus dose of 

urethane (1.2 g/kg body weight, ip).  The abdominal area was shaved and 

sterilized with alcohol swabs (Canada Supply Inc., Mississauga, Ontario) and 

iodine (Medline Industries, Inc., Mundelein, IL) prior to incision.  A small 

horizontal incision was made approximately one inch below the rib cage to 

expose the bile duct.  The femoral artery and vein were cannulated with PE-50 

polyethylene tubing, and were flushed with saline containing 1% heparin to 

prevent clotting.  Additionally, the common bile duct was cannulated with PE-10 

polyethylene tubing distal to the bifurcation.  The abdominal area was kept moist 

with sterile 0.9% sodium chloride solution; temperature was maintained 

throughout bile collection with a TCAT-2V temperature monitor and heat pad 

(Physitemp Instruments Inc, Clifton, NJ), and heparinized saline (1 ml/kg) was 

administered in 15-min intervals to replenish body fluid. 

   

BSP (100 mg/kg at 2 ml/kg from Sigma, St. Louis, MO) was administered via the 

femoral vein.  Prior to BSP injection, a 250 µl blood sample from each rat was 

collected in a heparin-treated tube for plasma chemistry analysis and 0 minute 

BSP time point. Additional blood samples (100 µl) were taken at 2, 5, 10, 20, 25, 

30, 40, 50 and 60 minutes, via the femoral artery.  1ml/kg saline was 

administered iv following each blood draw to replenish body fluid depletion.  Bile 

samples were collected in chilled pre-weighed tubes at 10-min intervals for 60 
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minutes after BSP administration. Plasma was separated from blood samples by 

centrifugation at 10xg for 5-min in a Marathon Micro A bench top centrifuge 

(Fisher Scientific, Houston, TX).  Immediately following 60-min blood collection, 

animals were euthanized while still under anesthesia and liver samples (~200 

mg) were snap frozen in Tissue-Tek® O.C.T. Compound (Electron Microscopy 

Sciences, Hatfield, PA) for cryosectioning and histological staining.  The 

remaining liver from each rat was snap-frozen in liquid nitrogen.  Samples were 

stored at -80 °C until cryosectioning and mRNA and protein analysis. 

   

BSP concentration determination.  Samples of plasma (10 μl, diluted 1:5) or bile 

(10 μl, diluted 1:20) were mixed with 1 ml 0.1 N NaOH.  BSP concentration was 

determined by absorbance at 580 nm on a spectrophotometer (BioTek 

Instruments, Inc., Winooski, VT). 

 

Liver sectioning and histological staining.  Liver samples from normal, isocaloric 

low-fat,  high-fat, MC+ and MC- rats snap-frozen in OCT (Sakura Finetek, 

Torrance, CA) were cut into 5-μm slices using a Microm HM 550 cryostat 

(Richard Allen Scientific, Kalamazzo, MI) and mounted onto Superfrost Plus 

slides (Fisher Scientific, Houston, TX).  Slides were stained with hematoxylin and 

eosin as previously described (Preece, 1972).  Histological slides were scored by 

a veterinary pathologist using a scoring system for human NAFLD (NASH Activity 

Score – NAS) as previously described (Kleiner et al., 2005).  Briefly, scores were 
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assigned for steatosis (macrovesicular) 0 = <5%; 1 = 5-33%; 2 = 33-66%; 3 = 

>66%;  lobular Inflammation (per 20x field) 0 = no inflammation; 1 = <2 foci; 2 = 2 

to 4 foci; 3 = >4 foci; and ballooning Degeneration scoring: 0 = none; 1 = few; 2 = 

many.  Severity of NAFLD was determined by total NAS (Non-alcoholic fatty liver 

disease Activity Score) where 1-2 = no steatohepatitis; 3-4 = equivocal and 5-8 = 

steatohepatitis. 

  

 Plasma chemistry.  Plasma levels of glucose, cholesterol, alanine amino-

transferase and alkaline phosphatase were determined in control, high-fat and 

MC- rat plasma using an Endocheck Plus Chemistry Analyzer (Hemagen 

Diagnostics, Inc., Colombia, MD).  All values were determined by quantification 

of an analyte generated by a specific enzyme or molecule of interest.  Alkaline 

phosphatase levels were determined by quantification of p-nitrophenol phosphate 

concentration.  Glucose concentrations were determined by measuring Trinder-

glucose oxidase levels.  Alanine amino-transferase levels were assessed by 

measuring LDH/NADH concentrations. Cholesterol concentrations were 

determined by quantification of Trinder-Cholesterol oxidase levels.   

 

Total RNA isolation.  Total RNA was isolated using RNAzol Bee reagent (Tel-

Test Inc., Friendswood, TX) per the manufacturer’s protocol (Maher et al., 2006).  

RNA concentration was determined by UV spectrophotometry, and its integrity 

examined by ethidium bromide staining after agarose gel electrophoresis. 
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Branched DNA assay.  Specific oligonucleotide probes for hepatic Ntcp, 

Oatp1a1, 1a4, 1b2, and 2b1; Oat2 and 3; Oct 1 and 3 as well as Mrp2 were 

diluted in lysis buffer supplied in the Quantigene™ HV Signal Amplification Kit 

(Panomics, Inc., Freemont, CA) as previously published (Augustine et al., 

2005;Cherrington et al., 2004;Tanaka et al., 2008).  All reagents for analysis (i.e., 

lysis buffer, capture hybridization buffer, amplifier/label probe buffer, and 

substrate solution) were supplied in the Quantigene Discovery Kit.  Total RNA (1 

µg/µl; 10 µl) was added to each well of a 96-well plate containing capture 

hybridization buffer and 50 µl of each diluted probe set.  Total RNA was allowed 

to hybridize to each probe set overnight at 53 °C.  Subsequent hybridization 

steps were carried out per the manufacturer’s protocol, and luminescence was 

measured with a Quantiplex™ 320 bDNA luminometer interfaced with 

Quantiplex™ Data Management Software Version 5.02. 

 

Western blot analysis of hepatic Oatp1a1, 1a4, 1b2 and Mrp2.  Whole cell lysate 

proteins were isolated as previously described (Aleksunes et al., 2006).  Protein 

concentrations were determined using a Bio-Rad protein Assay Reagent Kit (Bio-

Rad laboratories, Inc., Hercules, CA) as described by the manufacturer (Hu et 

al., 2006).  Hepatic protein levels of Oatp1a1,1a4, 1b2 and Mrp2 and GAPDH 

(loading control) were determined using polyclonal rabbit anti-rat Oatp1,2 and 4 

(Alpha Diagnostic International, San Antonio, TX), mouse anti-human M2III-6 (ID 
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Labs Inc.; London, ON, Canada) and monoclonal anti-GAPDH mouse 

(Calbiochem, San Diego, CA) antibodies, respectively. Cell lysate proteins (30 

μg) were separated with a 7.5% denaturing polyacrylamide gel electrophoresis 

(SDS-PAGE) and transferred to a PVDF membrane (Novex, San Diego, CA).  

Membranes were incubated with primary antibodies, diluted (5 μg/ml) in 1% dry 

milk in TBS/T, over night at 4ºC.  Membranes were then incubated horseradish 

peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology, Inc., 

Santa Cruz, CA) in 1% dry milk in TBS/T for 45 minutes at room temperature.  

Following incubation with enhanced chemiluminescence (ECL™) substrate 

reagent for horseradish peroxidase (Amersham Biosciences, Piscataway, NJ), 

protein concentrations were visualized by exposure of the blot to X-ray film (Fuji 

Photo Film Co., Ltd., Japan).  Quantification of protein expression was 

determined using image processing and analysis in JAVA (Image J, NIH, 

Bethesda, MD).  

 

Hepatic glutathione quantification.  Glutathione levels in liver were determined 

using methods as previously described (Tietze, 1969). 

 

Immunohistochemistry. Formalin-fixed sections of paraffin-embedded livers were 

deparaffinized in xylenes and rehydrated through a graded alcohol series. 

Antigen retrieval was performed by incubating slides in citrate buffer (10 mM) for 

10 min in a Kenmore 1200 watt microwave set on defrost and endogenous 



 100

peroxidase activity was blocked with 3% H2O2 for 10 min at room temperature.  

Deparaffinized sections were incubated overnight with a rabbit polyclonal IL-1β 

antibody (H-153, Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1:50.  IL-1β 

protein-antibody complexes were visualized using the Vectastain Elite ABC kit 

and developed with 3,3'-diaminobenzidine as per manufacturer's protocol (Vector 

Laboratories, Burlingame, CA).  Human liver sections were counterstained with 

hematoxylin, dehydrated in ethanol and cleared with xylene. Negative control 

staining of human liver sections was performed by incubating without primary 

antibody. 

 

Statistics.  Statistical significance between normal, low-fat isocaloric, high-fat, 

MC+ and MC- diet rats was determined by one-way ANOVA followed by a 

Neuman-Keull’s post-hoc test (p < 0.05). 

 

Results 

Liver histology.  Control, low-fat isocaloric, and MC+ livers displayed minimal 

periportal inflammatory infiltrates (within normal limits) with no signs of steatosis 

or fibrosis (Figure 1).  High-fat livers displayed primarily microvesicular hepatic 

steatosis with mild lobular inflammation and fibrosis similar to normal and low-fat 

isocaloric livers.  MC- livers showed marked diffuse macrovesicular hepatic 

steatosis with mild lobular inflammation as well as early signs of bridging fibrosis.  

NAFLD Activity Scoring (NAS), using one of the current scoring systems for 
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NAFLD diagnosis in humans (Kleiner et al., 2005), was performed for normal, 

low-fat isocaloric, high-fat, MC+ and MC- rat livers.  The sum of three criteria; 

steatosis (macrovesicular), lobular inflammation and hepatocyte ballooning 

degeneration, is summarized in Table 1.  The histology and NAS scoring 

observed in the high-fat and MC- rat livers correlates with the pathology 

observed in humans with simple fatty liver and early stage NASH, respectively.  

 

Plasma uptake and biliary excretion of BSP in rats.  Fig.2 shows no difference 

between the plasma BSP levels of low-fat isocaloric, high-fat and normal diet 

rats.  However, plasma BSP levels in MC- rats were significantly higher than 

MC+ rats at 5, 10, 20, 30, 40, 50 and 60 minutes post administration by (5min), 

32.9%, 53.3%, 56.8%, 59.7%, (50min), and (60 min), respectively.  Similarly, 

plasma BSP levels in MC- rats were significantly greater than normal diet rats at 

5, 10, 20 and 30 minutes when compared to normal diet rats.   Biliary excretion of 

BSP was not significantly different between normal, low-fat isocaloric, high-fat 

and MC+ diet groups.  In contrast, biliary excretion of BSP in MC- rats was 

decreased significantly from MC+ rats at 50 and 60 minutes by 35.2% and 37%.  

A similar decreased was seen at 60 minutes in MC- rats bilary excretion 

compared to normal diet fed rats.   Bile flow rate can also be seen in Fig. 2.  Bile 

flow rate varied slightly between normal, low-fat isocaloric, high-fat, MC+ and 

MC- diets, however, there were no significant differences between groups.  As 

shown in fig. 1 and 2 there were no differences observed in liver histology or BSP 
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disposition among rats fed the normal, isocaloric low-fat and MC+ diet.  

Additionally, differences between these groups were not observed in plasma 

chemistry, hepatic glutathione (GSH) levels or mRNA and protein levels of 

OATP1a1, OATP1b2 or Mrp2 (data not shown).  As a result, the animals of 

normal, isocaloric low-fat and MC+ diet were combined into one group referred to 

as control throughout this appendix. 

 

Plasma chemistry.  Alkaline phosphatase (ALP) levels were only significantly 

elevated in the plasma of MC- diet rats (Fig. 3).  Plasma glucose concentrations 

were decreased 57% in MC- rats, whereas high-fat levels were similar to control.  

Alanine amino-tranferase (ALT) plasma levels were significantly elevated (87%) 

in MC- rats, suggesting hepatic damage.  ALT levels were not altered in high-fat 

and control rats.  High-fat plasma cholesterol levels were significantly elevated 

(50%), while MC- cholesterol levels were decreased (64%) compared to control. 

 

Hepatic transporter mRNA levels.  The mRNA levels of the hepatic Ntcp, Oatp, 

Oat and Oct uptake transporters were determined using the branched DNA 

signal amplification assay.  Figure 4 shows hepatic Oat, Oct and Ntcp mRNA 

levels in control, high-fat and MC- rats.  Hepatic Oat2 and Oat3 mRNA levels 

were significantly decreased in high-fat (48% and 59%) and MC- (62% and 87%) 

livers when compared to control.  Similarly, Ntcp mRNA levels were significantly 

decreased in high-fat and MC- livers by 46% and 76%, respectively.  Oct mRNA 
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levels were not significantly altered by either diet model.  Figure 5 shows the 

mRNA levels of members of the Oatp family—Oatp1a1, 1a4, 1b2 and 2b1 - in 

control, high-fat and MC- livers.  Oatp1a1, 1a4, 1b2 and 2b1 mRNA levels were 

significantly decreased in high-fat (37%, 56%, 47% and 40%) and MC- livers 

(55%, 54%, 67% and 78%).   

 

Since BSP is almost exclusively excreted into the bile via the canalicular efflux 

transporter Mrp2, mRNA levels of this transporter were also quantified to 

determine whether Mrp2 may contribute to the observed changes in BSP 

disposition.  Hepatic mRNA of hepatic Mrp2 levels tended to be slightly 

decreased in high-fat and MC- rats, but these changes were not statistically 

significant (Figure 5). 

 

Oatp1a1, 1a4, 1b2 and Mrp2 protein expression.  OATp1a1, 1a4, 1b2 and Mrp2 

protein expression.  Fig. 6 shows the protein expression of OATP1a1, OATP1b2 

and Mrp2 in control (random representatives from normal, low-fat isocaloric and 

MC+ diet rats), high-fat and MC- diet animals as well as densitometry values 

normalized to GAPDH.  Hepatic OATP1a1 protein levels were significantly 

decreased in both high-fat and MC- diet livers when compared to control.   In 

contrast, there was little difference in the protein expression of OATp1a4 

between groups.  OATP1b2 expression was significantly decreased in high-fat 

diet when compared to control diet.  OATP1b2 protein expression was further 
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decreased in MC- diet livers and significantly different from both normal and high-

fat diet animals.  Hepatic Mrp2 protein expression was significantly increased in 

MC- rats when compared to control and high-fat animals.   These data suggest 

that Mrp2 transport is not likely responsible for the observed plasma retention of 

BSP in plasma or the decreased excretion into bile. 

 

Hepatic glutathione levels.  Because NAFLD has been shown to deplete 

glutathione (GSH) levels which may potentially alter conjugation and hepatic 

elimination of the primary conjugate of BSP, BSP-GSH, hepatic GSH levels were 

determined in control, high-fat and MC- rats (Figure 7).  Hepatic GSH levels were 

not significantly different between control, high-fat and MC- livers. 

 

Immunostaining for IL-1β expression.  Formalin-fixed paraffin-embedded rat liver 

sections from control, high-fat and MC- rats were incubated with a polyclonal 

antibody specific for rat IL-1β (Figure 8).  Results show little to no IL-1β staining 

in control diet rat livers.  However, there was moderate IL-1β staining observed in 

high-fat diet rat livers and considerable staining in MC- livers, indicating that 

experimental steatosis and NASH results in increasing levels of hepatocellular 

inflammation.  

 

Discussion 
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Simple fatty liver (early stage NAFLD) is typically associated with obesity.  In 

1994, 22.5% of Americans were determined to be clinically obese, a statistic 

which is projected to reach almost 40% by 2025 (Kopelman, 2000).  Due to this 

increase in obesity, information pertaining to liver function during the various 

stages of NAFLD is of increasing importance.  Several studies have noted 

decreased expression and or function of hepatic transporters during liver 

diseases such as primary sclerosing cholangitis (Geier et al., 2002) and 

hepatocellular carcinoma (Zollner et al., 2005).  Considerably less information is 

available in the literature concerning hepatic transporter expression and function 

during fatty liver disease and, more specifically, NASH.  Geier et al. suggested 

that alterations in hepatic transporters may render fatty livers more vulnerable to 

various xenobiotics.  Their study showed significantly decreased mRNA and 

protein levels of hepatic Oatp1a4 and Mrp2 in obese Zucker rats, a model of 

steatosis but not NASH (Geier et al., 2005).  In addition, Vander et al. showed 

increased levels of human breast cancer resistance protein (BCRP) in liver 

samples of patients diagnosed with NASH (Vander et al., 2006).  It was recently 

shown that experimental NASH causes significant changes in hepatic efflux 

transporters.  Lickteig et al., 2007 demonstrated that rats fed the MC- diet 

showed increased protein levels of Mrp2, Mrp3, Mrp4 and Bcrp.  Furthermore, 

alterations in Mrp3 and Mrp4  in MC- diet rats was correlated with a significant 

shift in the disposition of acetaminophen metabolites from the bile to the blood  

(Lickteig et al., 2007a). The current study was designed to characterize hepatic 
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uptake transporter expression in two different stages of NAFLD (simple fatty liver 

and the more severe NASH).  Our results show sequential decreases in mRNA 

levels of hepatic uptake transporters in both high-fat and MC- diet groups, 

specifically hepatic Ntcp, Oatps, and Oats.  Furthermore, these studies 

demonstrate that BSP is retained in the plasma of MC- rats compared to MC+ 

rats suggesting an impaired function of hepatic Oatp uptake transport.     

 

In vivo models of inflammation, induced by lipopolysaccharide, result in 

decreased expression of a number of hepatobiliary transporters important in 

maintaining enterohepatic circulation (Green et al., 1996).  In addition, 

administration of TNFα to rodents suppresses Oatp1a1, Oatp1a4, Mrp2 and bile 

salt excetory pump (Bsep) mRNA levels (Hartmann et al., 2002), suggesting that 

pro-inflammatory cytokines can alter transporter expression. Downregulation of 

Oatp1a1 and Oatp1a4 has also been reported following injection of IL-1β in vivo 

(Geier et al., 2007). NASH is characterized by increased serum levels of pro-

inflammatory cytokines, which are thought to generate inflammatory and 

fibrogenic responses that contribute to the progression of NAFLD (Adams et al., 

2004).  Recently, the MC- diet has been shown to cause increased hepatic TNFα 

and IL-1β mRNA levels in rats (Yu et al., 2006;Oz et al., 2006).   In the current 

study we show that high-fat rats and, to a greater extent, MC- rats display 

elevated levels of hepatic IL-1β.  These results, while strictly correlative, may 
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suggest a potential mechanism for decreased hepatic uptake transporter 

expression in these animals.       

 

Bromosulfophthalein (BSP) is a triphenylmethane-derivative dye that is excreted 

by the liver and has been used to test hepatic clearance.  Because BSP 

undergoes almost exclusive hepatobiliary elimination, it is an ideal compound to 

test hepatic uptake function.  In humans, BSP is efficiently removed from the 

blood via OATP-B (Ballatori et al., 2005).  Because rats do not express an 

ortholog of human OATP-B, systemic clearance of BSP from the blood in rats is 

primarily mediated via Ntcp, Oatp1a1, and 1b2 but not Oatp1a4 (Hata et al., 

2003;Cattori et al., 2001;Meier et al., 1997).  Following glutathione conjugation in 

the hepatocyte, BSP is excreted into the bile via the canalicular efflux transporter 

Mrp2.  Together these hepatic transporters are responsible for the efficient 

hepatic elimination of BSP in the rat.  A number of studies have utilized BSP to 

determine the effect of xenobiotics on hepatic elimination of clinically relevant 

drugs, including rifampicin (Vavricka et al., 2002) and phenobarbital (Hagenbuch 

et al., 2001) in rodents, as well as in patients with heritable transporter mutations 

such as Gilberts syndrome (Persico et al., 2001) and Wilson’s disease (Itagaki et 

al., 2004).  In the current study, we observed decreased expression of known 

BSP transporters, Ntcp, Oatp1a1 and 1b2 in the liver. In addition, there was 

significant retention of BSP in the plasma of MC- rats with respect to MC+ and 

high-fat rats, suggesting functional impairment of hepatic elimination via 
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decreased hepatic uptake transport.  It should be noted that although hepatic 

Ntcp, Oatp1a1 and 1b2 mRNA and protein levels were decreased in high-fat rats, 

BSP retention in the plasma of these animals was not observed.  BSP uptake 

into hepatocytes is accomplished by Oatp1a1 (Km ~1.5 – 3.3 µM/L) and Oatp 

1b2 (Km ~1.1 µM/L)  in rats (Meier et al., 1997;Cattori et al., 2001). While 

Oatp1b2 protein expression in high-fat diet rats was significantly decreased from 

control, expression was still significantly higher than MC- rats.  It is possible that 

there is a threshold expression level at which Oatp1b2 is able to compensate for 

decreased expression of Oatp1a1.  Perhaps there was an adequate level of 

Oatp1b2 protein expressed in the high-fat diet rats to rescue these animals from 

BSP retention in the plasma.  Indeed, the contribution of Ntcp could be important 

in determining the reason for the lack of BSP plasma retention in the high-fat 

rats; however, a suitable antibody to determine rat Ntcp protein expression was 

not attainable at the time of this study.  

 

The decreased concentrations of BSP in MC- rats at 50 and 60 minutes imply 

possible altered hepatic excretion of this compound by the canalicular 

transporter, Mrp2.  However, hepatic Mrp2 mRNA levels were not significantly 

decreased in MC- rats (Figure 5), and protein expression was markedly 

increased (Figure 5) suggesting that hepatic efflux of BSP was not affected.  It 

has been reported that Mrp2 expression can be increased by activation of the 

transcription factor nuclear factor E2–related factor-2 (Nrf2) (Maher et al., 2007).  
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Nrf2 is a transcription factor responsible for the activation of many antioxidant 

genes including NAD(P)H quinone oxidoreductase 1 (Nqo1).  Previous studies in 

our lab have reported that Nqo1 levels are significantly increased in MCD diet 

rats and may explain the increased expression of Mrp2 in this study (Lickteig et 

al., 2007b). 

 

Another possible reason for decreased BSP biliary concentrations at 50 and 60 

minutes in MC- rats is depletion of glutathione (GSH) pools in hepatocytes.  BSP 

is almost completely biotransformed into a BSP-GSH conjugate in the liver prior 

to excretion via the bile, while renal elimination of BSP-GSH after intravenous 

administration in the rat is negligible (Snel et al., 1995).  GSH is a potent 

endogenous antioxidant that neutralizes free radicals, and is severely depleted in 

a variety of inflammatory liver conditions.  Oxidative stress is thought to be a 

major contributor to the etiology of NASH, and NASH patients have been shown 

to have decreased GSH levels (Nobili et al., 2005).  However, analysis of hepatic 

GSH levels in high-fat and MC- rats did not differ from control rats in this study 

(Figure 7).  Given these data, it seems likely that the decreased biliary excretion 

in MC- rats is primarily due to decreased hepatic uptake transporter function and 

not alterations in hepatic Mrp2 expression or GSH levels. 

 

Because there are no serum biomarkers specific for NASH, detection requires a 

liver biopsy, and therefore diagnosis is delayed in most cases (Hashimoto, 2006).  
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In the meantime, NASH patients typically suffer lifestyle-related diseases such as 

obesity, hypertension, hyperlipidemia and diabetes mellitus (Saibara et al., 

2006).  Physicians may attempt to treat some of these coexisting symptoms 

pharmacologically; however, treatment with clinically-relevant drugs could have 

severe consequences in patients with NASH.  The potential for adverse drug 

reactions can be illustrated with enalapril.  Enalapril is one of the most widely-

prescribed antihypertensive medications, and is also prescribed to treat diabetes-

related kidney disease. Therefore, it is likely that physicians may prescribe this 

medication to NASH patients as they typically suffer these ailments in addition to 

NAFLD.  A study examining the pharmacokinetics of enalapril revealed that this 

drug is a specific substrate of Oatp1a1 in isolated perfused rat livers (Abu-Zahra 

et al., 2000) and decreased Oatp expression in patients with NASH could lead 

plasma retention and resultant drug toxicity.  

 

Results reported in the current manuscript show that experimental NASH results 

in increased plasma concentrations of BSP suggesting impaired function of 

hepatic transporters, specifically Oatp1a1 and 1b2.  We have demonstrated that 

experimental NASH can potentially prolong the half-life of drugs that require 

hepatic uptake transport for systemic elimination.  The MC- diet resulted in overt 

signs of inflammation as seen by increased hepatic IL-1β levels.  Because pro-

inflammatory cytokines have been shown to decrease expression of hepatic Ntcp 

and organic anion transporters it is likely that IL-1β and other pro-inflammatory 
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cytokines play a role in the observed alteration of these transporters in the 

current study.  If patients with NASH develop a similar uptake transporter 

expression profile, the disposition of therapeutic drugs that are reliant on these 

transporters could shift toward retention in the plasma much like BSP.  The effect 

of NAFLD on human hepatic uptake transporters is the focus of ongoing 

research. 
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Table 1.  Non-alcoholic Fatty Liver Disease Activity Score (NAS) in normal, low-

fat isocaloric, high-fat, MC+ and MC- diet fed rats.  Total NAS score is the sum of 

values recorded for each category. NAS total score interpretation: 1-2 = not 

steatohepatitis; 3-4 = equivocal; 5-8 = steatohepatitis.  Significance indicated 

from normal (*) and respective control diet (†) (p < 0.05). 

   

Diet Steatosis 
(0-3) 

Lobular 
Inflammation 

(0-3) 

Ballooning  
Degeneration 

(0-2) 

Total NAS 
(0-8) 

Normal 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0 

Low-fat 
Isocaloric 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0 

MC+ 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0 

High-fat 0.6 ± 0.2 *,† 1.2 ± 0.5 *,† 0 ± 0.0 1.8 ± 0.7 *,† 

MC- 3.0 ±0.0 *,† 1.8 ± 0.2 *,† 0 ± 0.0 4.8 ± 0.2 *,† 
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Figures 

Figure 1.  Liver histology.  5 μm sections of normal, low-fat isocaloric, high-fat, 

MC+ and MC- diet livers were stained with hematoxylin and eosin.  Images were 

generated using a standard light microscope at 20x magnification. Arrows 

indicate mild bridging fibrosis.  Circle denotes inflammatory foci. 
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Figure 2.  BSP disposition in low-fat isocaloric, high-fat, methionine-choline-

resupplemented and MC- rats.  Animals were administered BSP (100 mg/kg, ip) 

and plasma and biliary BSP concentrations were determined over 1 h.  BSP 

concentration was determined by light absorbance at 580 nm.  BSP 

concentrations are expressed as mg/100 ml plasma and mg/ml bile ± standard 

error of mean, respectively.  Bile flow is expressed as μl/min/kg.  Asterisk 

indicates significance from respective control diet (p < 0.05). 
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Figure 3.  Plasma chemistry.  Plasma concentrations of alkaline phoshatase 

(ALP), alanine amino-transferase (ALT), glucose and cholesterol, were 

determined in control, high-fat and MC- rats.  ALP and ALT levels expressed as 

U/L ± standard error of mean.  Glucose and cholesterol levels expressed as 

mg/dL ± standard error of mean.  Asterisk indicates significant difference from 

control (p < 0.05). 
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Figure 4.  Hepatic mRNA levels of Oat, Oct and Ntcp uptake transporters.  Total 

hepatic RNA from control, high-fat and MC- livers was analyzed for Oat, Oct and 

Ntcp mRNA levels by branched DNA assay.  Data is expressed as relative light 

units (RLU) ± standard error of mean.  Asterisk indicates significant difference 

from control livers (p < 0.05). 
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Figure 5. Hepatic mRNA levels of Oatp uptake transporters.  Total hepatic RNA 

from control, high-fat and MC- livers was analyzed for Oatp mRNA levels by 

branched DNA assay.  Data expressed as relative light units (RLU) ± standard 

error of mean.  Asterisk indicates significant difference from control (p < 0.05). 
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Figure 6.  Hepatic protein levels of hepatic Oatp1a1, 1a4, 1b2, Mrp2 and 

GAPDH. 30 µg of control, high-fat and MC- liver whole cell lysate protein was 

added to each well and resolved using SDS-PAGE.  Antibodies specific for rat 

Oatp1a1, 1a4, 1b2, Mrp2 and GAPDH were used to determine protein 

expression levels of each diet group.  Graphs indicate relative protein expression 

normalized to respective GAPDH expression as quantified by densitometry.  

Asterisks indicate significant difference from control rats and dagger indicates 

significant difference from high-fat rats (p < 0.05). 
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Figure 7.  Hepatic glutathione concentrations in control, high-fat and MC- rats.  

Hepatic glutathione (GSH) levels were determined using an enzymatic method 

for quantification of total GSH.  GSH levels are expressed as µM GSH/ gram liver 

tissue (wet weight). 
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Figure 8. Immunohistochemical staining of hepatic IL-1β.  Immunohistochemical 

staining was performed on paraffin sections of control, high-fat and MC- livers.  

Tissues were counterstained with hematoxylin and images of all groups were 

taken at 40x magnification.  

20x

20x

20x

40x

40x

40x

Control

High Fat

MC‐

 

 

 

 



 130

APPENDIX C: HEPATIC CYTOCHROME P450 ENZYME ALTERATIONS IN 

HUMANS WITH PROGRESSIVE NON-ALCOHOLIC FATTY LIVER DISEASE 
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non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; LTPADS, 

liver tissue procurement and distribution system; GAPDH, glyceraldehyde-3-

phosphate dehydrogenase, HIF-1α, hypoxia induced factor 1 alpha; TNFα, tumor 

necrosis factor alpha; IL-1β, interleukin 1 beta 
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Abstract 

Members of the cytochrome P450 enzyme (CYPs) families CYP1, 2 and 3 are 

responsible for the metabolism of approximately 75% of all clinically relevant 

drugs. With the increased prevalence of non-alcoholic fatty liver disease 

(NAFLD), patients with this disease represent an emerging population at 

significant risk for alterations in these important drug metabolizing enzymes.  The 

purpose of this study was to determine whether three progressive stages of 
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human NALFD; steatosis, non-alcoholic steatohepatitis (NASH) with fatty liver 

and NASH no longer fatty, alter hepatic drug metabolizing CYPs.  Decreasing 

trends in hepatic mRNA of CYP1A2, 2D6 and 2E1 were observed with NAFLD 

progression, while CYP2A6, 2B6 and 2C9 mRNA tended to increase.  

Microsomal protein expression of CYP1A2, 2C19, 2D6, 2E1 and 3A4 tended to 

decrease with NAFLD progression.  However, CYP2A6 protein expression 

increased with progression.  Functional activity assays revealed decreasing 

trends in CYP1A2 (p=0.001) and 2C19 (p=0.05) enzymatic activity with NAFLD 

severity, and while not significant, CYP2D6 (p=0.062) and 3A4 (p=0.180) also 

tended to decrease.  In contrast, activity of CYP2A6 (p = 0.001) and CYP2C9 

(diclofenac p=0.0001; tolbutamide p = 0.004) was significantly increased with 

NAFLD progression.   Increased expression of pro-inflammatory cytokines, tumor 

necrosis factor alpha (TNFα) and interleukin 1 beta (IL-1β) were implicated as 

factors causing decreased CYP activity.  Further, elevated CYP2C9 activity with 

NAFLD progression was correlated to increased hypoxia identified by hypoxia 

induced factor 1 alpha (HIF-1α) expression.  Conclusion:  Later stages of NAFLD 

cause significant changes in hepatic drug metabolizing CYPs.  These data 

strongly suggest that caution should be taken when recommending standard 

dosing regimens of therapeutic drugs to patients with severe NAFLD. 

 

Introduction 
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The cytochrome P450 enzyme (CYP) family of heme-containing proteins 

represents one of the largest and most functionally diverse superfamilies found in 

nature (1).  The main function of CYPs is to facilitate the biotransformation of 

compounds by addition of functional groups suitable for conjugation and ultimate 

elimination from the organism (2).   57 genes and 5 pseudogenes have been 

identified in the human genome and together these enzymes are responsible for 

the metabolism of thousands of endogenous and xenobiotic substrates including 

environmental pollutants, pharmaceuticals, steroids, prostaglandins and fatty 

acids (3).   While P450 expression occurs in a number of organs, including the 

intestine, lung, kidney and heart (4-7), the highest concentration of  CYPs  

responsible for drug metabolism is the liver (8, 9).  Members of the CYP1, 2 and 

3 families are best known for their crucial involvement in phase I drug 

metabolism and account for the biotransformation of approximately 75% of all 

known therapeutic drugs in humans (2, 10).  Therefore, much of the research on 

CYPs has been focused on the regulation, expression and activity of the major 

drug metabolizing hepatic enzymes in humans, specifically CYP1A2, 2C 

isoforms, 2D6, 2E1 and 3A4. 

 

Differences in CYP expression along with significant interindividual variation in 

drug metabolism has been reported in humans.  Because of this, it is of utmost 

importance to fully understand the factors responsible for the regulation of CYPs. 

In normal human livers, genetic polymorphisms, endocrine imbalance, poor diet, 
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as well as environmental factors can influence the expression of CYPs  (11, 12).  

Occurrence of one or more of these factors can predispose a patient to altered 

CYP metabolism and unwanted/negative consequences associated with 

standard doses of a drug. 

 

Chronic liver disease is another factor that has been reported to impair CYP drug 

metabolism in patients (13).  Studies on altered hepatic CYP function have been 

reported in patients with cholestasis, hepatitis B and C, alcoholic liver disease, 

and cirrhosis (11, 12, 14-16).  However, interpretations of the effect of specific 

diseases have been limited as patients with different types of liver diseases were 

often placed into a single category.   Additionally, in vitro studies of CYP activity 

in human liver samples from patients with liver disease have yielded conflicting 

results which have led some to postulate whether regulation of these enzymes 

may be disease specific (17-19).   More recently it has been suggested that the 

severity of liver disease rather than specific disease state correlates to the extent 

of  altered CYP metabolism (11).  

 

Non-alcoholic fatty liver disease (NAFLD) is a condition that has received 

increased attention during the last two decades.   Currently, NAFLD is the most 

prevalent liver disease in the United States, representing between 20-30% of all 

liver disease cases (20). With obesity and obesity-related conditions (insulin 

resistance, dyslipidaemia and high blood pressure) identified as predisposing 
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conditions, the occurrence of NAFLD is almost certainly increasing as well  (21, 

22). NAFLD composes a spectrum of etiologies ranging from simple fatty liver 

(steatosis) to the more severe non-alcoholic steatohepatitis (NASH).  The 

proposed mechanism for progression of NAFLD involves a two hit theory where 

lipid accumulation in hepatocytes (the “first hit”) is followed by a “second hit” 

including insulin resistance, oxidative stress and cytokine production (23).  A 

select number of studies have focused on the expression and/or activity of 

CYP2E1 and CYP4A in patients with NAFLD, primarily because these CYPs  are 

associated with fatty acid oxidation and thought to contribute to the progression 

of the disease (24-26).  There is considerably less information available on the 

expression/function of other clinically relevant CYPs in patients with NAFLD.  

Therefore, the goal of the current study was to determine the effect of 

progressive stages of NAFLD on hepatic CYP expression and function in human 

tissue.  

 

Experimental Procedures 

Human liver specimens. Samples of frozen and formalin-fixed, paraffin-

embedded adult explant livers [Normal: n = 20; Steatosis: n=11; NASH (fatty 

liver): n=10, NASH (no longer fatty): n = 11] were obtained from the Liver Tissue 

Cell Distribution System at the University of Minnesota, Virginia Commonwealth 

University and the University of Pennsylvania.  Steatotic liver was diagnosed 

when > 10% of hepatocytes showed fat deposition.  NASH with fatty liver 



 135

diagnosis was defined as having marked inflammation, fibrosis and > 5% of 

hepatocytes with fat deposition.    During the more advanced stages of 

steatohepatitis, NASH hepatocytes lose their fatty deposits.  Therefore, NASH no 

longer fatty liver was diagnosed by marked inflammation, fibrosis and < 5% of 

hepatocytes with fat deposition.  Diagnosis was first established by the Liver 

Tissue Cell Distribution System, and confirmed by histological examination at the 

University of Arizona in a blinded fashion.  

 

Total RNA isolation, and reverse transcription. Approximately 50 mg of each 

human liver sample was homogenized in 3 ml Nucleic Acid Purification Lysis 

Solution (Applied Biosystems, Foster City, CA).  Total RNA was isolated from 

each sample using the Applied Biosystems 6100 Nucleic Acid Prepstation.  For 

reverse transcription (RT), approximately 200 ηg of total RNA from each sample 

was converted to cDNA following the manufacturer protocol for the Applied 

Biosystems High Capacity cDNA Archive Kit.  

 

Quantitative RT-PCR (TaqMan®) Analysis. CYP1A2, CYP2A6, CYP2B6, 

CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP2E1, and CYP3A4 cDNA from 

human liver samples was analyzed using gene-specific TaqMan® primer/probe 

sets (Applied Biosystems, Foster City, CA).  Reactions with the specific 

primer/probes for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were 

analyzed as an endogenous control for CYP450 expression.  Amplifications were 
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performed on an ABI 7900HT Real-Time PCR System (Applied Biosystems, 

Foster City, CA) in relative quantification mode for 40 amplification cycles using 

standard conditions for TaqMan®-based assays.  Threshold cycle (CT) 

determinations were performed by the ABI 7900HT system software for both 

CYP450 and GAPDH gene.  Relative-fold mRNA content was determined for 

each sample relative to the endogenous control gene expression (GAPDH) using 

the relationship:  Relative-fold mRNA Content = 2-ΔΔC
T. 

 

Human liver microsome isolation.  Human liver samples (~300 mg) were 

homogenized in 3 ml of buffer A (50.00 mM Tris-HCl, 1.00 mM EDTA and 154.00 

mM KCl,  pH 7.4) with a dounce homogenizer.  Homogenate was centrifuged at 

10,000 x g for 30 min at 4°C and the supernatant was collected.  Following 

centrifugation at 100,000 x g for 60 min at 4°C, the supernatant was discarded 

and the pellet resuspended in 600 µl of buffer B (100.0 mM Sodium 

pyrophosphate and 0.1 mM EDTA, pH 7.4).   Samples in buffer B were 

centrifuged at 100,000 x g for 60 min at 4°C.  The supernatant was resuspended 

in 300 µl buffer C (10.0 mM KPO4, 1.0 mM EDTA and 20.0 % glycerol, pH 7.4) 

and stored at -80°C until analysis.  

  

Western blot analysis of microsomal CYP levels.  Microsomal protein 

concentrations were determined using a Bio-Rad protein Assay Reagent Kit (Bio-

Rad laboratories, Inc., Hercules, CA) as described by the manufacturer.  
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Microsomal protein levels of P450s and GAPDH (loading control) were 

determined using a mouse monoclonal antibody specific for human CYP1A2 

(Abcam Inc., Cambridge, MA),  polyclonal rabbit anti-human CYP2A6, CYP2B6, 

CYP2C8, CYP2D6, CYP3A4, CYP2E1 (XenoTec LLC, Lenexa, KS), CYP2C9, 

CYP2C19 (Fitzgerald Industries International Inc., Concord, MA) and a 

monoclonal rabbit anti-GAPDH  antibody (Cell Signaling Technology, Inc., 

Danvers, MA). Microsomes (10 μg/well) or 10 µg of respective recombinant 

human CYP protein (BD Gentest from BD biosciences, San Jose, CA) were 

separated by SDS-PAGE as previously reported (27).  Quantification of relative 

protein expression was determined using image processing and analysis with 

Image J in JAVA (NIH, Bethesda, MD) and normalized to respective GAPDH 

protein expression. 

 

CYP enzymatic activity determination.  Microsomal activities for human CYP1A2, 

CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP2E1 and 

CYP3A4 were determined using specific marker substrates according to 

established procedures listed in Table 1.  Human liver microsomes (~ 0.01-0.04 

mg/ml) were incubated at 37°C in potassium phosphate buffer (100 mM, pH 7.4), 

NADPH (1 mM) and substrate were added to each incubation in methanol or 

acetonitrile so that the final solvent concentration was < 0.5%.  Reactions were 

started by addition of NADPH, and stopped after indicated time points by addition 

of organic solvent.  Zero-time incubations containing substrates served as 
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solvent controls.  The amount of product formed was quantified using validated 

LC-MS/MS methodologies.  In each analytical run, at least six calibration 

standards and 12 quality control (QC) samples (at three different concentration 

levels) were used to ensure the quality of the analytical runs. 

 

Statistics.  CYP and other expression levels are skewed continuous outcomes.  

This asymmetry suggests that median rather than mean values should be 

compared. Therefore, figures show box-whisker plots rather than mean values 

with error bars.  In box-whisker plots, the boxes show the median and quartile 

values of the respective group, and the “whiskers” show the minimum and 

maximum values.  The disease groups examined in the current study can be 

ordered by severity:  normal < steatosis < NASH with fatty liver < NASH no 

longer fatty.  Instead of using ANOVA, which assumes unordered categories, we 

performed a non-parametric test for trend.  Thus, instead of simply looking for 

differences between categories, we used the more powerful and logical approach 

of testing whether expression levels increased or decreased consistently over 

ordered disease states.  In the results section, NAFLD progression refers to 

increasing severity of disease state.  A non-parametric test was used to avoid 

imposing assumptions on the spacing between disease states.  A significance 

level of 0.05 was used. 

 

Results 
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Histopathology of human livers with progressive stages of NAFLD.  Hematoxylin 

and eosin staining of donor livers was used to assess the severity of NAFLD.  

Representative images of H&E stained livers from normal, steatotic, NASH with 

fatty liver and NASH no longer fatty can be seen in Figure 1.   

  

Hepatic CYP mRNA expression in NAFLD progression.  Relative mRNA 

expression of hepatic CYPs were determined in normal, steatotic, NASH with 

fatty liver, and NASH no longer fatty livers (Figure 2).  There were decreasing 

trends of CYP1A2 and CYP2D6 mRNA expression associated with progressive 

stages of NAFLD (p values of 0.225 and 0.193, respectively); however these 

trends were not statistically significant.  CYP2E1 mRNA expression showed a 

statistically significant decreasing trend (p=0.001) with NAFLD progression.  

Conversely, CYP2C9 mRNA expression tended to increase with NAFLD 

progression, but did not reach statistical significance (p=.220).  Similarly, 

CYP2A6 and CYP2B6 mRNA expression significantly increased with NAFLD 

progression, with p values of 0.002 and 0.003, respectively.  NAFLD progression 

had no effect on CYP2C8, CYP2C19, or CYP3A4 mRNA expression levels. 

    

Microsomal CYP protein expression in progressive stages of NAFLD.  

Representative western blots of microsomal CYP1A2, CYP2A6, CYP2B6, 

CYP2C8, CYP2C9/19, CYP2D6, CYP2E1, CYP3A4 and GAPDH are shown in 

Figure 3.  Relative protein expression of CYPs was determined by densitometry 
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and normalized to GAPDH expression for all donor samples (Figure 4).  Similar 

to mRNA expression, CYP2A6 protein expression was significantly increased 

with NAFLD progression (p=0.019). CYP2C8, CYP2D6 and CYP3A4 protein 

expression tended to decrease with progression of NAFLD (p values of 0.191, 

0.068 and 0.112, respectively); however this trend was not statistically significant.  

CYP1A2 (p=0.0001), CYP2C19 (p=0.01) and CYP2E1 (p=0.01) protein levels 

significantly decreased with NAFLD progression.  

 

Microsomal CYP enzyme activity.  Phenacetin O-Dealkylation by CYP1A2 

significantly decreased (p=0.001) as the severity of NAFLD increased (Figure 5).  

Similar to CYP1A2, there was a decreased rate of CYP2C19-mediated 

mephenytoin 4’-hydroxylation with NAFLD progression (p=0.05).  CYP2D6 and 

CYP3A4 activity toward dextromethorphan and testosterone also displayed a 

decreasing trend with NAFLD progression, p values of 0.062 and 0.180, 

respectively; but these trends did not reach statistical significance. In contrast, 

CYP2A6 hydroxylation of coumarin was significantly increased with NAFLD 

progression (p=0.02). Despite statistically significant decreases in mRNA and 

protein expression, chlorzoxazone 6-hydroxylase formation by CYP2E1 was not 

altered by NAFLD progression.  Finally, the enzymatic activity of CYP2C9 was 

determined using two specific substrates of this enzyme.  CYP2C9 enzyme 

activity, determined by tolbutamide and diclofenace metabolite formation, was 
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significantly increased with progressing stages of NAFLD, with p values of 

0.0001 and 0.004, respectively.   

 

Immunohistochemical staining of HIF-1α in NAFLD.  CYP2C9 expression and 

activity has been reported to increase during states of hypoxia.  To determine 

whether NAFLD induces hypoxia we used immunohistochemical staining of 

donor livers from normal and progressive stages of NAFLD to identify expression 

of known markers, specifically, HIF-1α.  While staining was not observed in 

normal livers (Figure 6), and only moderate staining was observed at 40x 

magnifications of steatotic livers, there was pronounced HIF-1α expression in the 

cytosol of NASH fatty liver samples and both cytosolic and nuclear staining in 

NASH no longer fatty liver samples.    

 

Immunohistochemical staining of pro-inflammatory cytokines in progressive 

stages of NAFLD.  To determine the extent of inflammation in NAFLD, normal, 

steatotic, NASH with fatty liver and NASH no longer fatty liver donor tissue was 

immunostained for the pro-inflammatory cytokines, TNFα and IL-1β (Figure 6).  

Little to no cytokine staining was observed in normal or steatotic liver tissue.  

However, there was marked increased expression of TNFα and IL-1β in both 

stages of NASH, strongly suggesting the presence of inflammation in these 

stages of NAFLD. 
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Discussion 

Pharmacokinetic parameters including metabolism, drug disposition and 

clearance must be well established in healthy human subjects prior to obtaining 

approval for therapeutic purposes in pateints.  It is therefore of extreme 

importance to recognize when one or more of these parameters of drug 

management may be compromised.  The liver plays a crucial role in all three of 

these parameters, and thus any condition that compromises its function has the 

potential to significantly alter drug pharmacokinetics.  With respect to liver 

disease, drug metabolizing hepatic CYPs have been shown to be particularly 

sensitive to altered expression and activity. Decreased CYP enzymatic activity 

can potentially lead to reduced metabolism of therapeutic medication, ultimately 

leading to increased drug levels in the body and drug toxicity.  Conversely, 

increased activity of hepatic CYPs present the potential to increase the 

metabolism of known substrates thereby decreasing their pharmacotherapeutic 

effect.   

 

The aim of the current study was to determine whether expression and function 

of the major drug metabolizing CYPs is altered in human livers diagnosed with 

progressive stages of NAFLD.  Liver samples from normal, steatotic, NASH with 

fatty liver and NASH no longer fatty were analyzed for mRNA, protein and 

enzymatic activity of CYP1A2, CYP2A6, CYP2B6, CYP2C8/9/19, CYP2D6, 

CYP2E1 and CYP3A4.  Similar to scattered observations reported in other 
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chronic liver diseases, CYP1A2, CYP2C19, CYP2D6, CYP2E1 and CYP3A4 

expression and/or function tended to decrease with progressive stages of 

NAFLD.  Conversely, a novel and statistically significant increase in CYP2A6 and 

CYP2C9 expression and function was observed with NAFLD severity.  To our 

knowledge, this is the first time any of these findings have been reported in 

progressive stages of human fatty liver disease and may assist physicians when 

choosing therapeutic drug treatment as well as a dosage that can be tolerated in 

individuals with later stage NAFLD.  Furthermore, because NASH is difficult to 

diagnose without biopsy, there is a considerable population of individuals with 

NASH that are unknowingly at risk for adverse drug reactions when treated for 

other disorders.        

   

While primarily known for its ability to bioactivate carcinogens, CYP1A2 is also 

involved in the metabolism of many clinically relevant drugs, including propanolol, 

verapamil, flutamide and warfarin (2).  Previous studies have reported up to a 

50% decrease in hepatic CYP1A2 protein levels in cirrhotic liver patients when 

compared to normal liver (28, 29).  Guengerich et al., noted similar findings in 

CYP1A2 immunohistochemical staining of livers with sclerosing cholangitis and 

cirrhosis (17).  CYP1A2 metabolic activity has also been shown to be decreased 

in primary billiary cirrhosis, alcoholic steatohepatitis and cirrhotic patients as seen 

by reduced clearance of known substrates antipyrine, theophylline and caffeine 

(13, 30, 31).   While we report only a slight downward trend in mRNA expression 
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of CYP1A2, the protein (p=0.0001) and enzyme activity levels (p=0.001) are 

significantly decreased with NAFLD progression.  CYP1A2 has been reported to 

be significantly decreased in the presence of pro-inflammatory cytokines TNFα 

and IL-1β (32).  Expression of these cytokines was increased in the later stages 

of NAFLD and provides a likely mechanism for decreased CYP1A2 expression 

and function in this study.  While no other studies have looked at CYP1A2 activity 

in multiple stages of NAFLD, Danato et al. did show a greater than 50% 

decrease in 7-methoxyresorufin O-demethylation in microsomes isolated from 

steatotic liver donors (33).  In contrast, in the current study CYP1A2 enzymatic 

activity appeared altered in the two stages of NASH but not in steatotic liver 

microsomes. 

 

Interest in the expression and activity of CYP2A6 increased significantly when 

nicotine and a few specific nitrosamines found in tobacco were identified as high-

affinity substrates of this enzyme.  In addition, CYP2A6 plays a role in the 

metabolism of several pharmaceutically relevant substrates, including halothane, 

disulfiram and valproic acid (34).  In the current study we show that mRNA 

(p=0.002), protein (0.019) and enzyme activity (p=0.020) of CYP2A6 increased 

with progressive stages of NAFLD.  A previous study using microsomes isolated 

from more moderate diseased steatotic human livers reported a 20% increase in 

CYP2A6 activity, however this result was not statistically significant (33).  

Additionally, significantly elevated CYP2A6 enzymatic activity levels have been 
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reported in patients with hepatitis, primary biliary cirrhosis as well as alcoholic 

cirrhosis (30, 31, 35).   Induction of CYP2A5,  the mouse ortholog of human 

CYP2A6 has been linked to oxidative injury to the endoplasmic reticulum as well 

as altered redox status (36, 37).  It has been well documented that oxidative 

stress occurs in patients of NAFLD as demonstrated by NASH patients who 

show significantly increased systemic levels of lipid peroxidation products (38, 

39).  It is therefore possible that oxidative stress induced during NAFLD plays a 

role in the increased CYP2A6 expression and activity reported in this study.  

 

CYP2C9 is the most highly expressed member of the CYP2C subfamily in the 

liver and is responsible for the metabolism of a number of clinically relevant 

drugs.  Hepatic CYP2C9 mRNA expression showed an increasing trend with 

progressive stages of NAFLD (p=0.220); however, there was little change in 

protein expression between normal, steatosis, NASH fatty liver and NASH no 

longer fatty samples.  Nevertheless, CYP2C9 metabolism of diclofenac was 

significantly increased with the severity of NAFLD (p=0.0001).  In order to verify 

these results, CYP2C9 enzymatic activity was also determined using a second 

high affinity substrate, tolbutamide.  Similar to diclofinac, hydroxytolbutamide 

formation by CYP2C9 significantly increased with progressive states of NAFLD 

(p=0.004).  Elevated CYP2C9 activity can lead to increased metabolism of its 

substrates including losartan, rosiglitazone, fluoxetine and tamoxifen (2). This 

may be of particular importance in the case of rozaglitazone as this drug has 
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been  proposed as a treatment for  patients with NAFLD (40, 41).  Hypoxia has 

been implicated as a regulator of CYP2C9 gene induction.  Several studies have 

demonstrated that CYP2C9 activity is increased during hypoxia to potentiate 

metabolism of arachidonic acid into 11,12-epoxyeicosatrienoic acid (42). 11,12-

epoxyeicosatrienoic acid in turn attenuates vascular smooth muscle cell 

hyperpolarization and resultant vasoconstriction during acute and chronic 

hypoxic conditions (43).  While no studies have investigated the presence of 

hypoxia during NAFLD progression, an experimental model of ethanol induced 

steatohepatitis showed a significant increase in hypoxia induced factor 1 alpha 

(HIF-1α) expression in hepatocytes (44).  In an attempt to explain the observed 

increase in CYP2C9 activity, we investigated the possibility of hypoxia and 

hypoxia-related gene induction occurring in progressive stages of NAFLD.  

Figure 6 shows increased cytosolic expression of HIF-1α in NASH with fatty liver 

samples and both cytosolic expression and nuclear accumulation of HIF-1α in 

NASH no longer fatty samples.  The increased expression, nuclear localization 

and induction of HIF-1α regulated genes suggest that hypoxia occurs in the later 

stages of NAFLD and provides a plausible mechanism for the induction of 

CYP2C9 activity reported in the current study.   

 

Another member of the CYP2C subfamily important for drug metabolism is 

CYP2C19.  Prescription medications including mephenytoin, benzodiazepines 

and proton pump inhibitors such as omeprazole are all substrates of this enzyme 
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(2).  Not only has CYP2C19 been identified as one of the more sensitive P450s 

to the presence of liver disease, it has also been shown to be affected earlier 

than the other important drug metabolizing CYPs (13).  Results in the current 

study confirm these findings.  While there was little variation in CYP2C19 mRNA, 

the protein expression (p=0.010) and enzymatic activity (p=0.05) showed 

statistically significant decreases with progressive states of NAFLD.  A number of 

previously published studies show similar decreases in CYP2C19 in liver 

diseases such as  hepatocellular carcinoma, hepatitis C and chronic hepatitis 

and cirrhosis (11, 45). 

 

Collectively, CYP2C8, CYP2C9 and CYP2C19 are responsible for the 

metabolism of approximately 20% of all prescription medications (2).  Despite 

reports that CYP2C8 expression is decreased in the presence of cytokines such 

as TNFα and IL-1β, there was only a slight decreasing trend (not significant) in 

protein expression with progression of NAFLD (46).  Furthermore, hepatic mRNA 

and enzyme activity appeared unaffected by different stages of the disease.  It is 

interesting to note that while CYP2C8 expression and activity remained relatively 

constant with NAFLD progression, two other relevant members of this subfamily 

were alternatively affected by NAFLD, with increased CYP2C9 activity and 

decreased CYP2C19 activity.  The alternative regulation of CYP2C enzymes 

observed in this study have not been reported in other liver diseases and warrant 

further investigation to determine if these changes are specific to NAFLD. 
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Arguably the most important enzyme with regard to drug metabolism in humans 

is CYP3A4.  CYP3A4 accounts for 60% of the total hepatic CYP content and is 

likewise responsible for the metabolism of approximately 60% of all clinically 

relevant drugs (47, 48).  In addition to CYP1A2 and CYP2C19, CYP3A4 is 

reported to be particularly susceptible to liver disease; however its activity can 

selectively change with different disease states (13).  A study by Yang et al in 

2003 reported that CYP3A4 activity was significantly altered in patients with 

cirrhosis, yet remained unchanged by obstructive jaundice (16).  These results 

suggest that the susceptibility of CYP3A4 activity to liver disease is reliant on the 

severity of liver injury.  In the current study CYP3A4 mRNA expression did not 

change among groups, but CYP3A4 protein expression and activity did show 

decreasing trends with respect to the severity of NAFLD (p=0.112 and p=0.180, 

respectively), although those trends did not reach statistical significance.  

Nevertheless, the trends observed do suggest that CYP3A4 expression and 

activity may be decreased with the progression of NAFLD.  In addition, CYP2E1 

mRNA and protein expression significantly decreased with NAFLD progression; 

however, there was no increasing or decreasing trend with respect to CYP2E1 

metabolism of chlorzoxazone which contradicts other published findings (24, 25)   

 

In the current study we report that a number of the major hepatic drug 

metabolizing CYPs are differentially regulated in progressive stages of NAFLD 
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(normal liver, steatotic liver, NASH with fatty liver and NASH no longer fatty). The 

expression and activity of CYP1A2, CYP2C19, CYP2D6 and CYP3A4 tended to 

decrease with increasing severity of NAFLD.  However, CYP2A6 and CYP2C9 

enzyme activity was significantly increased with progressive stages of NAFLD.   

With the incidence of NAFLD increasing at an alarming rate, the affect of this 

disease on major drug metabolizing enzymes is of critical importance.  The 

current study offers a comprehensive analysis of the major hepatic CYP 

expression and activity in three progressive stages of NAFLD and may provide a 

valuable framework for physicians when determining the pharmacotherapeutic 

options and dosing regimens to patients with this disease. 
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Figures 
 
Figure 1.  Histological staining of progressive stages of NAFLD.  Hematoxylin 

and Eosin staining was used to histologically diagnose human liver donor 

samples as normal, steatosis (> 10% hepatocyte with fat deposition), NASH with 

fatty liver (inflammation, fibrosis and > 5% hepatocytes with fat deposition) or 

NASH no longer fatty (inflammation, fibrosis and < 5% hepatocytes with fat 

deposition).  All representative images are shown at 20x magnification.  
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Figure 2.  Hepatic CYP mRNA content in progressive stages of NAFLD. Relative 

mRNA content of hepatic CYPs was determined for all samples (normal, n=20; 

steatosis, n=11; NASH with fatty liver, n=10; NASH no longer fatty, n=11) by 

quantitative Real Time-PCR.  Relative-fold mRNA content was determined for 

each sample relative to the endogenous control gene expression (GAPDH) using 

the relationship:  Relative-fold mRNA Content = 2-ΔΔC
T.  Arrows indicate an 

increasing or decreasing trend in relative mRNA content with respect to NAFLD 

progression as determined by non-parametric test for trend.  Asterisks indicate 

statistically significant trend as determined by non-parametric test for trend (p < 

0.05). 
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Figure 3.  Representative microsomal CYP protein expression in progressive 

stages of NAFLD.  10 µg of normal, steatosis, NASH with fatty liver or NASH no 

longer fatty microsomal protein was resolved by SDS-PAGE (n=4 livers per 

disease group, same sample used for each CYP).  Antibodies specific for 

respective CYPs or GAPDH were used identify protein expression for each 

individual in their respective diagnosis group.  Representative CYP protein 

expression, in addition to GAPDH expression, is shown above.     
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Figure 4. Quantification of microsomal CYP protein expression in progressive 

stages of NAFLD.  Following western blot identification of CYP protein levels, 

densitometry values of all samples (normal, n=20; steatosis, n=11; NASH with 

fatty liver, n=10; NASH no longer fatty, n=11) were normalized to respective 

GAPDH densitomety values.  Arrows indicate an increasing or decreasing trend 

in protein expression with respect to NAFLD progression as determined by non-

parametric test for trend.  Asterisks indicate statistically significant trend as 

determined by non-parametric test for trend (p < 0.05). 
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Figure 5. Enzymatic activity of microsomal CYPs in progressive stages of 

NAFLD.  Human microsomes were incubated with specific enzyme substrates.  

Enzymatic activity was determined by quantification of respective substrate 

metabolite formation using LC-MS/MS methodologies, data are expressed as %-

normal liver CYP activity.  Arrows indicate an increasing or decreasing trend in 

protein expression with respect to NAFLD progression as determined by non-

parametric test for trend.  Asterisks indicate significant trend as determined by 

non-parametric test for trend (p < 0.05).    
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Figure 6.  HIF-1α, TNFα and IL-1β expression in progressive stages of NAFLD.  

Immunohistochemical staining was performed on formalin-fixed paraffin-

embedded liver sections from normal, steatosis, NASH with fatty liver and NASH 

no longer fatty liver.  Tissues were counterstained with hematoxylin and images 

of all groups were taken 40x magnification. 
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Supplementary Text, Tables, Figures 
 
Enzymatic Activity Assays: 
 
Determination of CYP1A2 activity.  Marker metabolite, acetaminophen (APAP), 

was quantified from 1 to 1000 ηg/ml.  Calibration standards and QC samples 

containing APAP in an incubation buffer matrix were treated by addition of ethyl 

acetate and the internal standard (IS), d4-APAP.  All samples were basified by 

the addition of 1 M sodium carbonate and extracted into ethyl acetate.  Mass-

spectral analysis was performed using a Micromass LC-MS/MS (Micromass LTD, 

Manchester, United Kingdom) in positive ion electrospray mode.  Peak areas of 

the m/z 152→110 product ion of APAP were measured against the peak areas of 

the m/z 156→114 product ion of the IS.  Quantification was performed using a 

weighted (1/x) linear least squares regression analysis generated from fortified 

matrix calibration standards. 

 

Determination of CYP2A6 activity.  Marker metabolite, 7-hydroxycoumarin 

(7OHCMN), was quantified from 0.25 to 100 ηg/ml.  Calibration standards and 

QC samples containing 7OHCMN in an incubation buffer matrix were treated by 

addition of ethyl acetate and the IS, 4-methyl-7-hydroxycoumarin.  All samples 

were acidified and the organic layer evaporated to dryness, reconstituted in 

mobile phase, and injected onto an LC-MS/MS equipped with an appropriate 

HPLC column.  Peak areas of the m/z 161→133 product ion of 7OHCMN were 

measured against the peak areas of the m/z 175→133 product ion of the IS.   
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Quantification was performed using a weighted (1/x) linear least squares 

regression analysis generated from fortified matrix calibration standards. 

 

Determination of CYP2B6 activity.  Marker metabolite, hydroxybuproprion 

(OHBP), was quantified from 1 to 1000 ηg/ml.  Calibration standards and QC 

samples containing OHBP in an incubation buffer matrix were treated by addition 

of ethyl acetate and the IS, hydroxybuproprion-d6.  All samples were extracted 

with ethyl acetate, the organic layer evaporated to dryness, reconstituted in 

mobile phase, and injected onto a LC-MS/MS, operated in the positive ion spray 

mode, equipped with an appropriate HPLC column.  Peak areas of the m/z 

257→239 product ion of OHBP were measured against the peak areas of the 

m/z 263→245 product ion of the IS.  Quantification was performed using a 

weighted (1/x2) linear least squares regression analysis generated from fortified 

matrix calibration standards. 

 

Determination of CYP2C8 activity.  Marker metabolite, 6α-hydroxypaclitaxel 

(6OHTAX), was quantified from 10 to 600 ηg/ml.  Calibration standards and QC 

samples containing 6OHTAX in an incubation buffer matrix were treated by 

addition of ethyl acetate and the IS, Baccatin III.  All samples were extracted with 

ethyl acetate, the organic layer evaporated to dryness, reconstituted 

methanol/water (1:1) and injected onto a LC-MS/MS equipped with an 

appropriate HPLC column.  Peak areas of the m/z 870→286 product ion of 
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6OHTAX were measured against the peak areas of the m/z 588→405 product 

ion of the IS.  Quantification was performed using a weighted (1/x) linear least 

squares regression analysis generated from fortified matrix calibration standards. 

 

Determination of CYP2C9 activity using two different substrates.  Marker 

metabolite, 4’-hydroxydiclofenac (4OHDC), was quantified from 1 to 800 ηg/ml.  

Calibration standards and QC samples containing 4OHDC in an incubation buffer 

matrix were treated by addition of the IS, d7-hydroxydiclofenac.  All samples were 

acidified and extracted into an ethyl acetate/hexane/acetonitrile solution.  The 

organic layer was evaporated to dryness, reconstituted in mobile phase and 

injected onto a LC-MS/MS, in the positive ion spray mode, equipped with an 

appropriate HPLC column.  Peak areas of the m/z 312→230 product ion of 

4OHDC were measured against the peak areas of the m/z 319→237 product ion 

of the IS.  Quantification was performed using a weighted (1/x) linear least 

squares regression analysis generated from fortified matrix calibration standards. 

 

In addition to measuring 4OHDC formation, marker metabolite, 

hydroxtolbutamide, was quantified from 2.5 to 2000 ηg/ml.  Calibration standards 

and QC samples containing hydroxtolbutamide in an incubation buffer matrix 

were treated by addition of the IS, D9-Hydroxtolbutamide.  All samples were 

acidified and extracted with a diethyl ether:ethyl acetate (1:1, v:v) solution.  The 

organic layer was evaporated to dryness, reconstituted in mobile phase and 
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injected onto a LC-MS/MS, in the negative ion spray mode, equipped with an 

appropriate HPLC column.  Peak areas of the m/z 285→185.9 product ion of 

hydroxtolbutamide were measured against the peak areas of the m/z 

294.2→186.1 product ion of the IS.  Quantification was performed using a 

weighted (1/x2) linear least squares regression analysis generated from fortified 

matrix calibration standards. 

 

Determination of CYP2C19 activity.  Marker metabolite, 4’-

hydroxymephenytoin (4HMPN), was quantified from 5 to 1000 ηg/ml.  Calibration 

standards and QC samples containing 4HMPN in an incubation buffer matrix 

were treated by addition of acetone.  All samples were acidified and extracted 

with a diethyl ether:ethyl acetate (1:1, v:v) solution.  The organic layer was 

evaporated to dryness, reconstituted in mobile phase and injected onto a LC-

MS/MS, in the positive ion spray mode, equipped with an appropriate HPLC 

column.  Peak areas of the m/z 233→161 product ion of 4HMPN was measured.  

Quantification was performed using a weighted (1/x) linear least squares 

regression analysis generated from fortified matrix calibration standards. 

 

Determination of CYP2D6 activity.  Marker metabolite, dextrorphan (DRR), 

was quantified from 5 to 1000 ηg/ml.  Calibration standards and QC samples 

containing DRR in an incubation buffer matrix were treated by addition of 

acetone and the IS, levallorphan.  All samples were basified and extracted with 



 167

ethyl acetate.  The organic layer was evaporated to dryness, reconstituted in 

mobile phase and injected onto a LC-MS/MS equipped with an appropriate HPLC 

column.  Peak areas of the m/z 258→187 product ion of DRR were measured 

against the peak areas of the m/z 284→199 product ion of the IS.  Quantification 

was performed using a weighted (1/x2) linear least squares regression analysis 

generated from fortified matrix calibration standards. 

 

Determination of CYP2E1 activity.  Marker metabolite, 6-hydroxychlorzoxaone 

(6HCLZ), was quantified from 10 to 2000 ηg/ml.  Calibration standards and QC 

samples containing 6HCLZ in an incubation buffer matrix were treated by 

addition of the IS, 6-hydroxychlorzoxaone-D2 
15N, isoamyl alcohol:ethyl acetate 

(1:100, v:v), and saturated with sodium chloride.  The organic layer was 

evaporated to dryness, reconstituted in 1 mM ammonium acetate:methanol (1:1, 

v:v) and samples were injected onto a LC-MS/MS equipped with an appropriate 

HPLC column.  Peak areas of the m/z 184→120 product ion of 6HCLZ were 

measured against the peak areas of the m/z 187→123 product ion of the IS.  

Quantification was performed using a weighted (1/x) linear least squares 

regression analysis generated from fortified matrix calibration standards. 

 

Determination of CYP3A4 activity.  Marker metabolite, 6β-hydroxytestosterone 

(6βT), was quantified from 5 to 5000 ηg/ml.  Calibration standards and QC 

samples containing 6βT in an incubation buffer matrix were treated by addition 
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ethyl acetate and the IS, 6β-hydroxytestosterone-d3.  The organic layer was 

evaporated to dryness, reconstituted in 1 mM ammonium acetate buffer, pH 2.5: 

ethanol (1:1, v:v) and injected onto a LC-MS/MS, operated in the positive ion 

spray mode, equipped with an appropriate HPLC column.  Peak areas of the m/z 

305→269 product ion of 6βT were measured against the peak areas of the m/z 

308→272 product ion of the IS.  Quantification was performed using a weighted 

(1/x2) linear least squares regression analysis generated from fortified matrix 

calibration standards. 
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Supplemetary figure 1. Immunohistochemical staining of HIF-1α, TNFα and IL-1β 

at 20x magnification.  
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SUMMARY 

The hypothesis of the current dissertation states that patients with non-alcoholic 

fatty liver disease (NAFLD) represent an increasing population at risk for altered 

hepatic drug management.  For the purposes of this dissertation, hepatic drug 

management was divided into three stages 1) influx of a compound from 

systemic blood into hepatocytes via sinusoidal uptake transporters; 2) hepatic 

biotransformation of said compound into more hydrophilic metabolites by phase I 

and phase II drug metabolizing enzymes; 3) Extrusion of the compound 

metabolites from the hepatocyte into bile for elimination or back into systemic 

blood by efflux transporters.  Experiments were designed to determine the effects 

of NAFLD on the xenobiotic activated receptor (XAR) mediated induction 

pathways governing the expression of genes involved in hepatic drug 

management as well as the expression and function of these hepatic transporters 

and enzymes in both experimental NAFLD and progressive stages of the human 

disease.  The chapters of this dissertation illustrate that NAFLD, both 

experimental and in humans, can significantly alter genes involved in the three 

stages of hepatic drug management.  In vivo, alterations in hepatic transporter 

expression lead to changes in the disposition or bioavailability of substrate 

compounds.  Given that similar changes were observed in the hepatic drug 

management genes of humans with progressive stages of NAFLD, it seems 

plausible that the bioavailabilty of several therapeutic drugs may be prolonged in 

these patients increasing their susceptibility to adverse drug reactions.  Further, 
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altered expression of several CYPs in humans with NAFLD suggests that drug 

biotransformation may be compromised, thus prolonging the half life of drugs that 

require metabolism by these enzymes prior to elimination from the body. 

 

The methionine and choline deficient (MCD) diet as a model of NAFLD 

There are several genetic and dietary models of NAFLD, but few capture the 

multitude of conditions observed in the human disease.  Dietary methionine and 

choline deficiency rapidly induces steatohepatitis in rodents and is arguably the 

most characterized model with which to study the inflammatory and fibrotic 

elements of NAFLD (Anstee and Goldin, 2006).  Dietary choline deficiency is 

thought to impair the synthesis of phosphatidylcholine thereby decreasing VLDL 

assembly and secretion of hepatic triglycerides.  Together with dietary absence 

of methionine, the MCD model induces steatosis in addition to impairing 

mitochondria β-oxidation leading to an increase in reactive oxygen species 

(ROS) production by CYP2E1 ω-oxidation of fatty acids.  Increased ROS 

combined with depletion of antioxidants that require methionine (glutathione and 

S-adenosylmethionine) leads to the induction of a steatohepatitis which 

resembles the pathology observed in humans with NASH.   However, the MCD 

diet model, in both mice and rats, does not reproduce all aspects of human 

NAFLD and thus has received some criticizm.  The primary disadvantage of this 

model is that it causes significant weight loss, low serum leptin levels and 

peripheral insulin sensitivity (Rinella and Green, 2004).   As a result, the 
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metabolic effects of the MCD model seriously contrast symptoms reported in 

NAFLD patients who show insulin resistance as well as increased blood glucose 

and leptin levels.  Because of these concerns as well as an ongoing debate on 

whether the pathology caused by the MCD model is a result of steatohepatitis or 

simply nutritional depletion, the MCD model has come under some scrutiny.  

Despite the fact that this is a widely accepted and published model of NAFLD, 

the use of the MCD model for the studies in Chapter II led to complications 

during the peer review process.     

 

Because there is no one specific pathway by which humans develop NASH, but 

rather a wide array of factors (many of which have yet to be determined) that 

lead to the development of a common pathology, several models have been 

characterized to better parallel the metabolic as well as the pathological 

consequences of human NAFLD.  Nevertheless, attempts to generate more 

clinically relevant models of NAFLD have met with similar complications to those 

mentioned with respect to the MCD diet.   Mice lacking the hormone leptin (ob/ob 

mice) or the leptin receptor (db/db mice) have been used to study NAFLD as 

these mice are obese and insulin resistant and develop steatosis; however 

development of steatohepatitis is not a common feature of these strains.  An 

additional concern with ob/ob mice is that they are relatively immune to hepatic 

fibrosis, one of the primary features of steatohepatitis.  Another genetic model 

used to study NAFLD is the transgenic mouse that over expreses the sterol 
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regulatory element binding protein (SREBP)-1c.  SREBP-1c is overexpressed in 

the adipose tissue of these animals creating a model of congenital lipodystrophy 

where severe insulin resistance and diabetes develop as a result of impaired 

adipose differentiation (Shimomura, et al., 1998).  Restricted adipose storage 

results in marked hepatic steatosis, lobular inflammation and fibrosis as well as 

the development of NASH-like Mallory bodies and ballooning degeneration 

(Larter and Yeh, 2008).  Yet, even this model, which appears to replicate both 

the pathology as well as the metabolic complications associated with NAFLD, 

has certain draw backs.  Increased leptin levels are typically associated with 

obesity and NAFLD.  SREBP-1c transgenic mice not only have low circulating 

leptin levels but also show significantly decreased adipose mass which limits 

their applicability to obesity-related NAFLD.  In rats, the Zucker fatty rat (fa/fa), 

which has a defect in the leptin receptor, does develop steatohepatitis when fed 

a high-saturated-fat diet (Carmiel-Haggai, et al., 2005).  While these rats appear 

to exhibit most metabolic and histological features of human NASH, it remains to 

be determined whether these animals display increased serum adipokine levels 

as well as ballooning hepatocytes.  At the present time, researchers are favoring 

more “metabolic models” of NAFLD that show similar pathology to the human 

disease over models with parallel pathology, but created by non-physiological 

metabolic pathways or nutrient deficiency.  The purpose of this section is to 

illustrate the difficulties in studying this complex disease in any given animal 

model. 
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XARs in NAFLD 

XARs have been implicated in the regulation and induction of several cytochrome 

P450 (CYP) enzymes as well as hepatic uptake and efflux transporters.  It was 

demonstrated that experimental NAFLD causes a significant increase in the 

hepatic mRNA levels of PXR.  Activation of PXR leads to induction of CYP3A4 

(CYP3A11 in mice), an enzyme known to metabolize more than 50% of all 

clinically relevant drugs.  In mice fed the MCD diet, increased PXR mRNA 

expression coincided with increased constitutive levels of hepatic CYP3A11 

mRNA.  These results suggest that in addition to increased PXR transcription, 

experimental NAFLD also causes PXR activation and induction of downstream 

target genes.  Indeed if PXR activation occurs during NAFLD, induction of other 

target genes such as Mrp2, Oatp1b2 and Ugt1a1 could be expected.  Expression 

of additional PXR target genes was not determined in mice.  In contrast, in rats, 

experimental NASH caused a significant in CYP3A1 expression (Figure 1) These 

results contradict data observed in mice (Chapter I, Figures 1 and 2) and argue 

against PXR activation by experimental NAFLD in rats.  It has been 

demonstrated that mice are more susceptible than rats to hepatic injury induced 

by the MCD model and may explain the conflicting results between the two 

species (Kirsch, et al., 2003).  Nevertheless, human CYP3A4 expression and 

activity tended to decrease with NAFLD progression (Chapter III, Figures 4 and 

5), similar to results obtained in the rat, suggesting that PXR is not activated 

during the human disease. 
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Figure 1.  CYP3A1 expression during experimental NALFD in rats.  mRNA and 

protein levels were determined in rats fed control, high-fat and MC- diet for 8 

weeks.  Astriks indicate significant difference from normal diet rats (p < 0.05) MC- 

= methionine choline deficient diet.   
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NF-E2-related factor-2 (Nrf2) is a transcription factor that protects against 

oxidative stress and inflammation by regulating the expression of several 

detoxification enzymes.  Along with other detoxification enzymes, including 

GSTA2, and glutamate cysteine ligase catalytic and modifier subunits, Nrf2 has 

been implicated in the induction of hepatic efflux transporters in response to 

oxidative stress (Maher, et al., 2007).   In Chapter I (Figure 2), it was shown that 

constitutive levels of the Nrf2 target gene Nqo1 were significantly increased by 

the MCD diet fed mice, suggesting that NAFLD progression may activate this 

transcription factor.  Similar results have been reported during experimental 

NAFLD in rats, as expression levels of Nrf2 target genes Nqo1, epoxide 

hydrolase and heme oxygenase 1 were significantly increased in rats fed the 

MCD diet (Lickteig, et al., 2007b).  Similar to Nqo1, constitutive mRNA levels of 

CYP4A14 were significantly elevated during experimental NAFLD in mice 

(Chapter 1).  Because CYP4A14 is under the regulation of the XAR PPARα, 

these results suggest that NAFLD may also activate this transcription factor. 

Recently, Maher et al., 2008 demonstrated that induction of MRP3 and MRP4 by 

perfluorodecanoic acid (PFDA) is dependent on the activation of both Nrf2 and 

PPARα (Maher, et al., 2008).  Data in Figure 2 show the effects of experimental 

and clinical NAFLD on the expression of several hepatic efflux transporters.  In 

both cases, MRP3 and MRP4 are significantly increased during later stage 

NAFLD.  Based on the studies reported by Maher et al., it is likely that the 

induction of MRP3 and MRP4 observed in humans with NAFLD is a result of 
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increased constitutive activity of the XARs, Nrf2 and PPARα.  However, further 

studies will be required to confirm this hypothesis.  
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Figure 2. Comparison of hepatic efflux transporter protein expression in 

experimental and clinical NAFLD.  MC- = methionine choline deficient diet. (In 

vivo data adapted from (Lickteig, et al., 2007a)  
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Hepatic uptake transporters in NAFLD 

As stated in Chapter II, there are no OATP orthologs between rats and humans.  

Therefore, results from Chapter II cannot be directly applied to the human 

condition without some speculation.  The data in Figure 3 show a comparison 

between OATP transporter mRNA expression in the rat and human livers 

(unpublished) with progressive stages of NAFLD.  
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Figure 3. Comparison of hepatic uptake transporter mRNA expression in 

experimental and clinical NAFLD (MC- = methionine choline deficient diet) 
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In humans, OATP1B1 (SLCO1B1) and OATP1B3 (SLCO1B3) are predominantly 

expressed on the sinusoidal membrane of hepatocytes and are responsible for 

the transport of a variety of drug substrates, including BSP, into the hepatocyte 

(Niemi, 2007).  Similar to results observed in experimental NAFLD, these 

important human OATPs show decreased expression with progression of 

NAFLD.  It is unclear if retention of BSP would be observed in these patients; 

however, the similarities between experimental and clinical NAFLD with respect 

to OATP expression suggest that this is a possibility.  Pharmacogenetic studies 

have shown that SLCO1B1 polymorphisms are associated with significantly 

increased plasma concentrations of a number of drugs, such as repaglinide and 

fexofenadine (Niemi, et al., 2005a;Niemi, et al., 2005b).  Further evidence 

suggests that reduced OATP1B1-mediated uptake of statin drugs (e.g. 

pravastatin and atorvastatin) into the liver may both reduce their therapeutic 

efficacy as well as enhance the risk of systemic adverse effects, such as 

myopathy.  One study reported that the effect of pravastatin on hepatic 

cholesterol synthesis was impaired in carriers of the SLCO1B1*17 allele, a 

mutation which decreases OATP1B1 function (Tachibana-Iimori, et al., 2004). 

Another study reported myopathy associated with administration of either 

atorvastatin or pravastatin in Japanese patients with the SLCO1B1*15 haplotype 

(Morimoto, et al., 2004).  Finally, a specific OATP1B1 polymorphism has recently 

been shown to affect the pharmacokinetics of the sterol-lowering drug ezetimibe.  

Oswald et al., 2008 demonstrated that fecal ezetimibe excretion was significantly 
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decreased in patients with the SLCO1B1*b/*b polymorphism (resulting in 

decreased concentration at target site) and a concomitant increase in renal 

ezetimibe excretion.   

 

Far less information is available with respect to diminished function of OATP1B3.  

Figure 2 shows that hepatic mRNA levels of OATP1B3 are significantly 

decreased in the later stages of NAFLD.  Because OATP1B3 substrates include 

digoxin and cyclosporine, there is potential for adverse drug reactions associated 

with this hepatic uptake transporter.  Digoxin has a relatively small therapeutic 

index and is responsible for drug related toxicity in approximately 2.1% of 

inpatients and 0.3% of all hospital admissions (Thacker and Sharma, 2007).  

Elevated levels of digoxin in the body have been associated with nausea, 

dizziness, heart palpitations and cardiac arrest.   While digoxin is primarily 

excreted unchanged by the kidney (50-70%), compromised OATP1B3 function in 

the liver may still increase the systemic levels of this drug. Cyclosporine is an 

immunosuppressant which, unlike dixogin, is almost exclusively excreted, in 

parent form, into the bile via hepatocytes (~94%).  Increased systemic levels of 

cyclosporine, as could occur with decreased hepatic OATP1B3 function, can lead 

to serious adverse effects, including severe allergic reactions, blood in the urine, 

infection and seizures.  Further research into the effects of diminished OATP1B3 

on the pharmacokinetics of these and other drug substrates is required. At the 
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present time, literature on the pharmacogenetics of OATP1B3 is relatively sparse 

in comparison with OATP1B1 (Konig, et al., 2006). 

 

CYP function in NAFLD 

Chapter III focuses on the effect of progressive stages of human NAFLD on the 

expression and activity of hepatic CYP enzymes.  The most compelling data 

reported in this dissertation involve the enzymatic activity of the most important 

human CYPs with respect to their metabolism of clinically relevant drugs.  There 

were significant decreases in the activity of CYP1A2 and CYP2C19 with 

progression of NAFLD.  Although not significant, decreasing trends were also 

noted with CYP2D6.  Decreased activity of these enzymes during NAFLD 

progression is not necessarily surprising as similar results have been reported in 

other liver diseases.  However, no other studies have reported increased activity 

of CYP enzymes associated with the progression of liver disease.  Here, if was 

found that the enzymatic activity of CYP2A6 and CYP2C9 was significantly 

increased in human liver samples with progressive stages of NAFLD.  Further 

investigation is required to determine whether this is a disease specific 

occurrence. 

   

While the data on CYP2A6 reported in chapter III is novel, currently, no major 

clinical drug substrates for this enzyme are known.  It is known to play a major 

role in the C-oxidation of nicotine as well as relatively minor roles in the 
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metabolism of disulfuram and valproic acid, however, the probability appears low 

that increased CYP2A6 activity during NAFLD can lead to alterations in hepatic 

drug management.  This is not the case with CYP2C9; the activity of which was 

similarly increased during NAFLD progression.  Because many of CYP2C9 

substrates (e.g. warfarin, phenytoin and losartan) have a narrow therapeutic 

index, variations in CYP2C9 activity are recognized factors for adverse drug 

reactions (Zanger, et al., 2008).  However, nearly all clinical repercussions 

involving CYP2C9 are in association with decreased enzymatic activity.  As a 

result, the net effect of increased CYP2C9 can only be hypothesized to decrease 

the systemic levels of substrate drugs which may decrease their therapeutic 

effect. 

 

Far more clinical information is available with respect to decreased enzymatic 

activity of CYP1A2, CYP2C19 and CYP2D6.  Results of several studies show 

that CYP1A2, CYP2C19 and CYP2D6 function is negatively correlated to the 

severity of pathology associated with liver diseases including viral hepatitis and 

cirrhosis, in some cases decreasing plasma clearance of substrate compounds 

by up to 80% (Frye, et al., 2006;Adedoyin, et al., 1998).  Additional evidence for 

the effect of decreased CYPs on hepatic drug management can be seen in 

patients with polymorphic expression of these genes.  CYP2C19 polymorphisms 

that impair its enzymatic function have been observed to alter the 

pharmacokinetics of substrate compounds such as clomipramine, citalopram and 
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amitriptyline.  In some cases decreased CYP2C19 function was associated with 

adverse side effects, but the influence of these polymorphisms on 

pharmacotherapeutic effect has yet to be established (Zanger, et al., 2008).  The 

same type of observations has been reported in polymorphic expression of 

CYP2D6 that leads to the well known “poor metabolizer” phenotype.  In the case 

of metroprolol, an antihypertensive medication, the poor metabolizer phenotype 

showed a significant increase in systemic levels of this CYP2D6 substrate which 

was accompanied by an exaggerated hypotensive response (Fux, et al., 2005).  

In two separate studies where propafenone was given to prevent atrial 

tachychardia, it was noted that plasma propafenone concentrations were 

markedly increased in “poor metabolizer” CYP2D6 genotypes (Morike, et al., 

2008;Siddoway, et al., 1987).  In a study performed on normal and polymorphic 

CYP2D6 patients, it was determined that “poor metabolizers” were at an 

increased risk for adverse drug reactions associated with amytriptyline 

administration.  It was concluded that after 21 days dosing, patients that were 

poor CYP2D6 metabolizers showed an increased incidence of gastrointestinal 

and mental side effects (Steimer, et al., 2005).  These examples do provide proof 

of principle that decreased function of CYP enzymes, as was observed in NAFLD 

progression, can lead to increased systemic drug concentrations and potential for 

ADRs. 
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The results of chapter I, II and III along with some as yet unpublished data 

(human efflux transport expression) are summarized in Table 1.  It can be seen 

that both the experimental and clinical NAFLD have a significant effect on the 

three stages of hepatic drug metabolism: 1) hepatic drug uptake transport; 2) 

hepatic drug metabolism; 3) hepatic drug efflux transport.  In experimental 

NAFLD altered transport expression was associated with changes in the 

pharmacokinetics of hepatic uptake and efflux transporter substrates, 

bromosulfophthalein and acetaminophen, respectively.  Because similar 

expression patterns, decreased OATPs and increased MRPs, were observed in 

humans with later stage NAFLD, it can be suggested that similar 

pharmacokinetic changes may occur in humans with this disease.  In addition, 

decreased CYP activity observed in later stage NAFLD may decrease the 

metabolism of a series of clinically relevant drugs which can lead to increased 

systemic drug concentrations. Taken together these data suggest that the later 

stages of NAFLD, or more specifically NASH, alter one or more stages of hepatic 

drug metabolism and may increase the systemic drug concentrations, thus 

increasing the risk for potential ADRs in patients with this disease.  
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Table 1. Summary of hepatic drug management changes observed in 

experimental and clinical NALFD.  

Transporter/CYP 
Experimental 

NAFLD  Clinical NAFLD 
OATPs  ↓ ↓ 
CYP1A2  Unchanged ↓ 
CYP2C  No ortholog          ↑ (2C9)

              ↓ (2C11)            ↓ (2C19)
CYP2D6  Not determined ↓ 
CYP3A  ↓ ↓ 
MRP2  ↑ ↑ 
MRP3  ↑ ↑ 
MRP4  ↑ ↑ 
BCRP  ↑ ↑ 
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Clinical implications of altered hepatic drug management in NAFLD 

Ezetimibe, as mentioned before, is a drug which inhibits the uptake transport of 

cholesterol from the lumen of the small intestine.  Clinically, this drug has been 

shown to effectively reduce levels of blood cholesterol as well as high blood 

phytosterols (sitosterol and campesterol) when used in combination with diet 

therapy.   Ezetimibe can be used alone, in combination with the statin drug 

simvastatin (commercially known as Vytorin) when cholesterol levels are unable 

to be controlled by statins alone or when statins can not be tolerated.   Upon 

uptake into the intestine, more than 80% of the parent drug is rapidly metabolized 

to the pharmacologically active ezetimibe-glucuronide (EZ-gluc) conjugate 

(Kosoglou, et al., 2005) and transported to the sinusoidal blood via the hepatic 

portal vein.  Following uptake into hepatocytes via OATP1B1, EZ-gluc is readily 

excreted into the bile through MRP2-mediated transport.  The EZ-gluc conjugate 

is then returned to the lumen of the small intestine where it binds with high affinity 

to the Neimann-Pick C1-like 1 (NPC1L1) protein to inhibit cholesterol transport 

into enterocytes.  The findings of the current dissertation have shown that during 

the later stages NAFLD, hepatic OATP1B1 expression is decreased.  Similar 

changes in Oatp1a1 and Oatp1b2 during experimental NAFLD lead to plasma 

retention of the substrate drug BSP.  Because OATP1B1 expression is 

decreased in NAFLD patients, it can be predicted that hepatic uptake of EZ-gluc 

(OATP1B1 substrate) would be impaired, thus limiting its excretion from 

hepatocytes into the bile, as well as delivery to its target site of action.  This 
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effect would presumably be compounded by the fact that sinusoidal MRP3 and 

MRP4 transporter expression is increased in these patients (Figure 1 of the 

summary text).  Sinusoidal MRP3, in particular, has a higher affinity for 

glucuronide conjugates than canalicular MRP2.  Under normal conditions, 

glucuronide metabolites are generally transported into the bile via MRP2 as 

MRP3 and MRP4 are expressed at relatively low levels.  However, in 

experimental NAFLD the increased expression of MRP3 and MRP4 was 

implicated to cause altered disposition of acetaminophen-glucuronide conjugates 

from the bile in normal rats, to the plasma of MCD fed rats.  Therefore, it can be 

further predicted that the increased expression of MRP3 and MRP4 in humans 

with NAFLD will result in increased excretion of the EZ-gluc conjugate back into 

sinusoidal blood.  Given, that OATP1B1 uptake transport into hepatocytes is 

decreased while MRP3 and MRP4 sinusoidal efflux transport is increased, it can 

be predicted that NAFLD patients taking ezetimibe will have an overall decrease 

in EZ-gluc excretion into the bile.  This predicted shift in EZ-gluc disposition from 

the bile to the blood would limit the amount of drug that reaches the NPC1L1 

protein in the intestinal lumen, thus decreasing the pharmacotherapeutic effect of 

this medication. 
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FUTURE STUDIES 

The data in Chapter III suggest that humans with later stage NAFLD have a 

distinct CYP profile, where CYP1A2 and CYP2C19 activity is decreased while 

CYP2A6 and CYP2C9 function is increased.  To date this is the first time that 

these specific changes in CYP activity have been reported during chronic liver 

disease.  Currently there are no definitive diagnostic tests available to diagnose 

NAFLD.  While blood chemistry can identify liver damage via measurement of 

specific liver enzymes, these markers can only identify hepatic injury as opposed 

to diagnosing the type of disease.  Furthermore, it has been shown that not all 

patients with NAFLD, even in its later stages, exhibit increased liver enzyme 

levels in systemic blood (Nah and Park, 2008;Liu et al., 2007).  As a result, only 

hepatic biopsy can confidently diagnose the different stages of NAFLD (Kikuchi 

et al., 2008).  Because of the invasive nature of biopsies, researchers are 

constantly searching for new and less invasive diagnostic tests to identify and 

distinguish characteristics between different liver diseases, as well as the stages 

of NAFLD itself.  Non-invasive imaging techniques proposed to diagnose NAFLD, 

including computed tomography (CT) scans, ultrasound and magnetic resonance 

imaging, have proven to be useful, but limited in their ability to detect coexisting 

inflammation and fibrotic pathologies (Oliva et al., 2006;Roldan-Valadez et al., 

2008). If the profile of CYP enzyme activity seen in chapter III is exclusive to 

NAFLD patients, it may be possible to distinguish this disease from other chronic 

liver diseases based on a patient’s capacity to metabolize substrates of CYP1A2, 
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CYP2A6, CYP2C9 and CYP2C19, respectively.  Administration of non toxic 

substrates of CYP enzymes to determine enzymatic activity has been reported in 

patients with several types of liver disease, including hepatitis B and C, alcoholic 

steatohepatitis primary sclerosing cholangitis and cryptogentic cirrhosis (Frye et 

al., 2006).  However, in many of these studies, patients with various liver 

diseases are often placed into one general category of “diseased liver” making 

the identification of disease-specific CYP alterations more difficult.  In patients 

with hepatitis C virus-associated hepatocellular carcinoma, CYP2C9 and 

CYP2C19 metabolic activity was shown to be significantly decreased when 

compared to healthy control livers (Tsunedomi et al., 2005).  Similarly, cirrhosis 

of the liver has been thoroughly characterized and causes an overall decrease in 

most clinically relevant CYPs including CYP1A2, CYP2A6, CYP2C9 and 

CYP2C19 and CYP3A4 (Elbekai et al., 2004;George et al., 1995).  Data from 

chapter III suggest that patients with NAFLD have elevated CYP2A6 and 

CYP2C9 enzymatic activity which would distinguish these patients from others 

with chronic liver disease.  In order to determine whether this is indeed true, it will 

be necessary to further characterize the effects of other commonly occurring 

chronic liver diseases on the activity of clinically relevant CYP enzymes.  

 

The Liver Tissue Cell Distribution System (LTCDS) provided a sufficient number 

of liver samples to identify significant trends of increasing and decreasing CYP 

activity with respect to progressive stages of NAFLD.  In study 1 of this future 
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study, livers from patients diagnosed with hepatitis B, hepatitis C, alcoholic 

steatohepatitis and cirrhosis would be obtained from the LTCDS.  mRNA levels, 

protein expression and enzymatic activity levels of CYP1A2, CYP2A6, CYP2C9 

and CYP2C19 will be determined in the various chronic liver disease states 

following the methods described in chapter III.  Following characterization of the 

disease-specific CYP profiles, these data will be compared to the data reported 

in chapter III to determine whether other chronic liver diseases share similar 

alterations in CYP expression and activity, particularly with respect to CYP2A6 

and CYP2C9 enzymatic activity. 

 

While the information in study 1 will elucidate whether NAFLD-induced 

alterations in CYP expression and activity are novel to this specific disease, 

study 2 will more definitively determine whether CYP expression can used to 

distinguish between patients with NAFLD and those with other liver diseases.  

The concept of study 2 is to administer a cocktail of probe drug substrates of 

CYP1A2, CYP2A6, CYP2C9 and CYP2C19 to patients with progressive stages 

of NAFLD as well as patients with hepatitis B, hepatitis C, alcoholic 

steatohepatitis and cirrhosis.  This is by no means a trivial study and the 

recruitment of a sufficient number of patients from each disease group would be 

extremely difficult.  Far less difficult would be the design of a proper cocktail to 

determine the activity of multiple CYP enzymes.  Co-administration of multiple 

CYP substrate compounds has been show to effectively determine individual 
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enzyme activity in a wide number of clinical studies (Bebia et al., 2004;Scandlyn 

et al., 2008a).  In the current proposed study, each patient will be administered a 

cocktail containing 100 mg caffeine, 5 mg coumarin, 500 mg tolbutamide and 

100mg mephenytoin.  Blood samples (10 mL) will be collected through a venous 

catheter immediately before and at 4 and 8 hours following cocktail 

administration.  Total urinary output will be collected from 0 to 8 hours after drug 

administration.  The following drugs and metabolites will be measured in plasma 

and urine by HPLC methods described previously, caffeine and paraxanthine, 7-

hydroxycoumarin, 4'-Hydroxytolbutamide and 4-hydroxymephenytoin in urine, to 

determine activity of CYP1A2, CYP2A6, CYP2C9 and CYP2C19, respectively 

(Sotaniemi et al., 1995;Scandlyn et al., 2008b;Shord et al., 2008).  If NAFLD 

patients show a specific CYP activity profile which does not match those of other 

chronic disease states, this study would provide proof of principle for a less 

invasive diagnostic test to diagnosis NAFLD based on individual patient CYP 

enzymatic activity. 
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APPENDIX D: INDUCTION OF DRUG-METABOLIZING ENZYMES BY GARLIC 

AND ALLYL SULFIDE COMPOUNDS VIA ACTIVATION OF CAR AND NRF2 

 

Abbreviations 

GO, garlic oil; DAS, diallyl sulfide; DADS, diallyl disulfide; DATS, diallyl trisulfide; 

NQO1, NAD(P)H quinone oxidoreductase 1; CAR, constitutive androstane 

receptor; Nrf2, nuclear factor E2-related factor2; WKY, Wistar-Kyoto; ARE, 

antioxidant response element;  GST,  glutathione-S-transferase;  UGT,  UDP-

glucuronosyl   transferase;   PB, phenobarbital; CO, corn oil; bDNA, branched 

DNA. 

 

Abstract 

Garlic oil (GO) contains several linear sulfur compounds, including diallyl sulfide 

(DAS), diallyl disulfide (DADS) and diallyl trisulfide (DATS), that induce drug-

metabolizing enzymes such as CYP2B and NAD(P)H quinone oxidoreductase1 

(NQO1). CYP2B and NQO1 are primarily regulated by constitutive androstane 

receptor (CAR) and nuclear factor E2-related factor2 (Nrf2) transcription factors, 

respectively. The purpose of this study was to determine whether GO and its 

specific constituents induce these two enzymes via CAR and Nrf2 activation.  

Female Wistar-Kyoto (WKY) rats express little CAR protein and exhibit less 

induction of CYP2B1/2 than males.  GO, DAS and DADS, but not DATS, induced 

CYP2B1/2 mRNA levels to a greater extent in WKY males than in females, 
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suggesting CAR activation.  Conversely, DAS induced NQO1 levels equally in 

WKY males and females indicating CAR-independent induction in rats.  DAS, but 

not GO, DADS or DATS, induced CYP2B10 mRNA levels 530-fold in wild-type 

(WT) mice, whereas this induction was attenuated in CAR-/- mice. DAS induced 

NQO1 in WT and CAR-/- mice equally, suggesting CAR-independent induction in 

mice. DAS induced NQO1 5-fold in WT mice, whereas induction was completely 

absent in Nrf2-/- mice, indicating DAS also activates Nrf2.  DAS induction of 

CYP2B10 mRNA was independent of Nrf2 presence or absence.  In in vivo 

transcription assays, DAS activated the human CYP2B6 promoter, and the 

Antioxidant Response Element (ARE) of the human NQO1 promoter, 

respectively.  These studies indicate that garlic oil constituents, particularly DAS, 

activate CAR and Nrf2 to induce drug-metabolizing enzymes. 

 

Introduction 

Garlic (Allium sativum L.) is an herb consumed in both foodstuffs and dietary 

supplements.  Garlic has known antioxidant activity and has been hypothesized 

to be beneficial to human health, including cardio-protective and 

chemotherapeutic properties (Ohaeri and Adoga, 2006;Siddique and Afzal, 

2004). Epidemiological studies suggest that high garlic intake hinders 

development of certain human cancers and can lower the risk of distal colon 

cancer by 50% (Steinmetz et al., 1994).  Given these potential benefits of garlic, 
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dietary supplementation with garlic oil or various types of garlic extracts has 

increased (Ross et al., 2006).   

 

Gas chromatographic-mass spectral  analysis  has identified 47 compounds in 

garlic oil, 18 of which are volatile linear sulfur-containing molecules that account 

for 94% of garlic oil constituents (Calvo-Gomez et al., 2004).  Among the most 

abundant of these linear sulfur-containing compounds are diallyl sulfide (DAS), 

diallyl disulfide (DADS) and diallyl trisulfide (DATS).  DAS can inhibit CYP2E1 

activity in vivo, and can induce hepatic mRNA levels of CYP1A, 2B, and 3A 

(Cherrington et al., 2003;Le Bon et al., 2003).   Additionally, administration of 

DADS or DATS results in induction of Phase II and anti-oxidant enzymes such as 

glutathione-S-transferase (GST), NAD(P)H quinone oxidoreductase (NQO1), 

UDP-glucuronosyl transferase (UGT) and epoxide hydrolase (Fukao et al., 

2004;Singh et al., 1998;Wu et al., 2002).  However, the mechanism(s) of drug-

metabolizing enzyme induction by garlic oil constituents remains unclear. 

 

The induction of several drug-metabolizing enzymes has been shown to be 

regulated by the activation of specific transcription factors, including constitutive 

androstane receptor (CAR) and nuclear factor E2-related factor (Nrf2).  These 

transcription factors act as biosensors for endogenous and xenobiotic chemicals, 

and respond by increasing drug-metabolizing enzyme levels (Zhang et al., 2004).  
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CYP2B and NQO1 induction is the hallmark of CAR and Nrf2 activation, 

respectively, and both of these genes are induced by garlic oil constituents. 

 

CAR is best known for its ability to regulate induction of the CYP2B gene family 

following activation by phenobarbital (PB) and a family of PB-like inducers 

(Swales and Negishi, 2004).  CAR plays a key role in the control of drug 

metabolism by mediating the induction of many Phase I and II drug-metabolizing 

enzymes, (such as CYP2B, 2C, 3A, UGT1A1, and GSTA1) as well as drug 

transporters, including Mrp2 and Oatp4 (Arnold et al., 2004;Huang et al., 2003).   

 

Nrf2 regulates the gene expression of a battery of enzymes that serve to detoxify 

electrophiles and pro-oxidative stressors (Numazawa and Yoshida, 2004).  

Activation of Nrf2 results in transcriptional activation of several genes involved in 

the antioxidant response including: NQO1, NRH:quinone oxidoreductase 2, 

GSTA1, γ-glutamylcysteine synthetase and heme oxygenase 1 (Chen and Kong, 

2004;Hayes and McMahon, 2001;Jaiswal, 2004).  

 

Because the intake of garlic and garlic supplements is prevalent, understanding 

the mechanisms governing the pharmacological actions of garlic is paramount to 

predict the potential for garlic and garlic supplements to alter drug metabolism.  

Previous studies reported that  garlic alters the pharmacokinetics of several 

therapeutic drugs, including the HIV protease inhibitor saquinavir, the 
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analgesic/antipyretic paracetamol, and the anticoagulant warfarin (Izzo and 

Ernst, 2001;James, 2001).  Thus the current study was conducted to determine 

whether garlic oil and garlic oil constituents, namely DAS, DADS, and DATS, 

coordinately regulate drug-metabolizing enzymes by activation of the 

transcription factors CAR and Nrf2. 

 

Materials and Methods 

Chemicals.  Garlic oil (GO) was obtained from Spectrum Chemicals and 

Laboratory Equipment (Gardena, CA).  DAS, DADS and corn oil were purchased 

from Sigma-Aldrich, Co. (St. Louis, MO) at the highest purities available.  DATS 

was purchased from LKT Laboratories, Inc. (St. Paul, MN).  Phenobarbital was 

purchased from Mallinckrodt, Inc (Paris, KY).  Ketamine HCl and Xylazine 

injectables were purchased from Associated Medical Supply (Scottsdale, AZ).  

Luciferin was obtained from Molecular Imaging Products Company (Ann Arbor, 

MI). 

 

Animals.  Male and female Wistar-Kyoto (WKY) rats and male C57BL6/J wild-

type (WT) mice were purchased from Harlan Sprague Dawley (Indianapolis, IN).  

Male mice homozygous for the targeted mutation of CAR were developed as 

previously described (Wei et al., 2000) were obtained from Deltagen (San Carlos, 

CA).  Nrf2-/- mice were generated as previously described (Itoh et al., 1997).  
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CAR-/- mice used in the present studies were bred on a mixed SVJ129/C57BL/6 

background, whereas Nrf2-/- mice were bred on a C57BL/6 background. 

 

Male and female WKY (n=5) rats were administered phenobarbital (80 mg/kg, ip), 

GO (300 mg/kg, po), DAS (500 mg/kg, po), DADS (200 mg/kg, po), DATS (80 

mg/kg, po) or corn oil. Male WT, CAR-/- and Nrf2-/- mice were administered GO 

(175 mg/kg, po), DAS (500 mg/kg, po), DADS (80 mg/kg, po), DATS (80 mg/kg, 

po) or corn oil.  All treatments were carried out for four days at a volume of 5 

ml/kg and total RNA was prepared from livers. 

  

All animals were acclimated for at least one week prior to experiments and 

allowed water and standard chow ad libitum. Housing and experimental 

procedures were in accordance with the Guide for the Care and Use of 

Laboratory Animals as determined by the U.S. National Institutes of Health.  

 

Total RNA isolation. Total RNA was isolated using RNAzol B reagent (Tel-Test 

Inc., Friendswood, TX) as per the manufacturer’s protocol. RNA concentrations 

were determined by UV spectrophotometry, and integrity was examined by 

ethidium bromide staining after agarose gel electrophoresis.  

 

Branched DNA assay. Probe sets for rat CYP2B1/2, rat NQO1, mouse CAR, 

CYP2B10, mouse Nrf2 and mouse NQO1 were used as previously described 
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(Cheng et al., 2005;Cherrington et al., 2002;Cherrington et al., 2003;Hartley and 

Klaassen, 2000).  Specific oligonucleotide probes were diluted in lysis buffer 

supplied in the Quantigene™ HV Signal Amplification Kit (Panomics, Inc., 

Freemont, CA). All reagents for analysis (i.e., lysis buffer, capture hybridization 

buffer, amplifier/label probe buffer, and substrate solution) were supplied in the 

Quantigene Discovery Kit. Total RNA (1 µg/µl; 10 µl) was added to each well of a 

96-well plate containing capture hybridization buffer and 50 µl of each diluted 

probe set. Total RNA was allowed to hybridize to each probe set overnight at 

53°C. Subsequent hybridization steps were carried out as per the manufacturer’s 

protocol, and luminescence was quantified with a Quantiplex™ 320 bDNA 

luminometer interfaced with Quantiplex™ Data Management Software Version 

5.02 in 96-well plates. 

 

In vivo luciferase assay.  A human CYP2B6 promoter construct containing a 1.7-

kb fragment which maintains the core promoter (+39/-364) and the distal 

enhancer region (-1461/-2013), including the phenobarbital-responsive element 

cloned into pGL3-basic, was obtained from Dr. Richard Kim (Vanderbilt 

University, Nashville, TN).  An AREx5 promoter construct was obtained from Dr. 

David Ross (University of Colorado Health Sciences Center) and contains five 

consecutive copies of the human ARE sequence found in the human NQO1 

promoter cloned into a RSV180-luciferase reporter.  C57BL6/J mice were age- 

and weight-matched.  Mice were given a rapid (5-s) tail-vein injection of naked 
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plasmid DNA, either 10 µg human CYP2B6-luciferase or 3 μg human AREx5-

luciferase reporter constructs, in sterile saline at a volume equal to 10% body 

weight. Following an 18 h recovery, mice were anesthetized with 

ketamine/xylazine and injected with 0.07 μl of 25 mg/ml D-luciferin in saline 

vehicle (Molecular Imagining Products Company, Ann Arbor, MI) five min prior to 

imaging. A VersArray 1300B camera (Princeton Instruments, Trenton, NJ) 

thermoelectrically cooled to -100ºC was used to image mice.  Images were 

obtained using Win View 32 software (Princeton Instruments, Trenton, NJ) in 

gray-scale, and pseudo-color maps were created with the Win View 32 program. 

Color maps were superimposed over the light image of the mouse using Adobe® 

Photoshop® CS2 software.  This image was considered time 0 h. Mice (n=4) 

were then administered GO (300 mg/kg, po), DAS (500 mg/kg, po), DADS (200 

mg/kg, po), DATS (80 mg/kg, po) or corn oil in a volume of 5 ml/kg. Images were 

repeated at 12 and 24 h for the human AREx5- or human CYP2B6-transfected 

mice, respectively.  Quantification of promoter induction was determined by 

densitometry using SimplePCI software (Compix Inc., Sewickley, PA). 

 

Statistics. Statistical significance was determined by one-way ANOVA followed 

by a Newman-Keuls post-hoc test between all groups. (p ≤ 0.05). 

 

Results 
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CYP2B1/2 and NQO1 induction in Wistar-Kyoto (WKY) rats.  WKY rats display a 

gender-specific dimorphism where female rats express less CAR protein than 

males.  As a result, female WKY rats administered a CAR-activating xenobiotic, 

such as phenobarbital, show less hepatic CYP2B1/2 mRNA induction than male 

WKY rats.  In this study, WKY rats were used to determine whether garlic oil 

(GO) or its three major linear sulfur compounds (DAS, DADS and DATS) induce 

hepatic CYP2B1/2 and NQO1 via CAR activation.   

 

Figure 1A shows CYP2B1/2 mRNA levels in male and female WKY livers 

following 4-day treatment with corn oil (CO) vehicle, phenobarbital (PB, positive 

control for CAR activation), GO and its constituents.  PB increased CYP2B1/2 

mRNA levels in male 5.6-fold higher than in female WKY rats.  Similarly, GO, 

DAS and DADS induced male WKY rat CYP2B1/2 mRNA 8.5-, 1.3- and 9.2-fold, 

respectively, when compared to WKY females.  DATS treatment failed to induce 

CYP2B1/2 in either male or female WKY rats.   

 

Figure 1B, Hepatic NQO1 mRNA levels were not significantly induced by GO, 

DADS or DATS in male or female WKY rats. However, DAS induced NQO1 

mRNA levels approximately 7.5-fold in both male and female WKY rats. 

 

CYP2B10 and NQO1 induction in CAR-/- mice.  To definitively determine whether 

GO and its constituents induce CYP2B10 via CAR activation, levels of hepatic 
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CYP2B10 mRNA were examined in wild-type (WT) and CAR-/- mice following 

treatment with GO, DAS, DADS and DATS.  GO tended to increase levels of 

CYP2B10 mRNA in WT and CAR-/- mice; however, this induction was not 

statistically significant (Figure 2A). DAS induced CYP2B10 mRNA levels 530-fold 

in WT mice, but not at all in CAR-/- mice.  DADS and DATS did not affect hepatic 

CYP2B10 mRNA levels in WT or CAR-/- mice.   

 

Hepatic NQO1 levels were also determined in WT and CAR-/- mice administered 

GO, DAS, DADS and DATS (Figure 2B).  GO tended to increase NQO1 mRNA 

levels in WT mice, although this induction did not reach statistical significance 

from control, whereas GO induced hepatic NQO1 mRNA levels approximately 

10-fold in CAR-/- mice.  DAS increased NQO1 mRNA levels similarly in WT and 

CAR-/- mice (31- and 32-fold, respectively).  DADS tended to increase the levels 

of NQO1 mRNA in WT and CAR-/- mice (8- and 9-fold, respectively), but theses 

increases were not statistically significant from control.  Similarly, DATS tended 

to increased NQO1 mRNA levels by 9- and 6-fold in WT and CAR-/- mice, 

respectively, but neither group was statistically significant from control.  To 

ensure that Nrf2 expression was not altered by the deletion of the CAR gene, 

Nrf2 mRNA levels were determined, and found to be unchanged in WT and   

CAR-/- mice (data not shown).  
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CYP2B10 and NQO1 mRNA induction in Nrf2-/- mice.  To obtain further evidence 

on whether GO or its constituents induce hepatic drug-metabolizing enzymes via 

Nrf2 and/or CAR, NQO1 and hepatic CYP2B10 mRNA levels were determined in 

WT and Nrf2-/- mice.  Figure 3A indicates the induction of CYP2B10 in WT and 

Nrf2-/- mice following treatment with GO, DAS, DADS and DATS. Surprisingly, 

GO failed to induce CYP2B10 in WT mice, whereas it produced a 37-fold 

induction of mRNA levels in Nrf2-/- mice.  Mice treated with DAS displayed a 

robust induction of CYP2B10 that was not dependent on the presence or 

absence of Nrf2. DADS and DATS treatment did not induce hepatic CYP2B10 in 

WT or Nrf2-/- animals.  To ensure that CAR expression was not altered by the 

deletion of the Nrf2 gene, CAR mRNA levels were determined, and there was no 

difference between WT and CAR-/- mice (data not shown). 

 

Figure 3B shows the effects of GO and its constituents on hepatic NQO1 

induction in WT and Nrf2-/- mice.  GO induced NQO1 mRNA levels 12- and 37-

fold in WT and Nrf2-/- mice, respectively.  However, this induction was only 

statistically significant in Nrf2-/- mice.  The 9-fold induction of NQO1 observed 

with DAS in WT mice was completely absent in Nrf2-/- mice, indicating that this 

induction is mediated via Nrf2.  DADS treatment tended to increase NQO1 

mRNA levels in WT and Nrf2-/- mice, but theses increases were not statistically 

significant.  DATS increased NQO1 mRNA levels 4-fold in WT mice, however, 

this increase was not significantly different from Nrf2-/- mice.  
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Human CYP2B6 and AREx5 promoter activity in vivo.  Figure 4 shows the effect 

of garlic oil, DAS, DADS and DATS treatment on the human CYP2B6-luciferase 

reporter construct containing the CAR-specific binding element NR1, in 

transiently-transfected mice.  DAS robustly activated transcription of the human 

CYP2B6 promoter 24 h after administration, compared to luciferase activity 

observed at 0 h imaging.  Densitometry of images in Figure 4 showed that DAS 

caused a 5-fold increase in transcriptional activation of the human CYP2B6 

promoter, whereas CO, GO, DADS and DATS had no effect.   

 

Figure 5 demonstrates transcriptional activation of an AREx5-luciferase reporter 

construct by GO and its constituents.  Because induction of mouse NQO1 is not 

as marked as CYP2B10, we used a human AREx5-luciferase reporter to 

increase the response of the promoter to Nrf2 binding. Furthermore, Nrf2 

activation and nuclear translocation occurs more rapidly than does CAR. 

Preliminary experiments demonstrated that optimal transcriptional activation 

occurs at 12 h following administration of the known Nrf2 inducer Oltipraz (data 

not shown).  DAS resulted in a robust increase in AREx5 transcriptional 

activation seen in images of mice treated by DAS.  Quantification by 

densitometry revealed that DAS increased transcriptional activation of the human 

AREx5 8-fold.  However, GO, DADS and DATS administration resulted in little to 
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no increase in transcriptional activation of the human AREx5-luciferase reporter 

construct when compared to 0 h images. 

  

Discussion 

Previous studies have shown the ability of DAS, DADS and DATS to alter levels 

of hepatic drug-metabolizing enzymes including CYPs, EH, GST and NQO1 both 

in vitro and in vivo (Chen et al., 2004;Cherrington et al., 2003;Zhang et al., 2006). 

Because several of these enzymes fall into specific gene batteries regulated by 

CAR and Nrf2, the goal of the present study was to determine whether garlic oil 

(GO) and its constituents induce CYP2B and NQO1 via activation of these 

transcription factors. 

 

Our results demonstrate for the first time that GO and DADS significantly induce 

CYP2B1/2 in rats, and confirm DAS induction of CYP2B1/2 observed in previous 

reports  (Lii et al., 2006).  Because CAR protein expression in Wistar-Kyoto rats 

is much lower in female than in male livers (Yoshinari et al., 2001),  the poor 

induction of CYP2B1/2 after GO, DAS and DADS in female rats when compared 

to males strongly suggests that CAR is involved in the hepatic induction of this 

drug-metabolizing enzyme.  Our lab has previously shown that DAS treatment 

results in a greater induction of CYP2B1/2 mRNA levels in male WKY rats than in 

females (Cherrington et al., 2003), similar to the current study. The observation 

that the sex difference in CYP2B1/2 induction by DAS is smaller than that 
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observed by GO and DADS is curious and may be indicative of the multiple 

components involved in the CAR-mediated induction of CYP2B1/2.  How CAR 

levels affect either Mrf2 or other transcription factors is the subject of ongoing 

research.     

 

DAS also induces CYP2B10 in mice (Cheng et al., 2005).  Furthermore, the 

CAR-RXRα heterodimer is important in basal CYP2B10 transcription, as 

demonstrated by studies using hepatic RXRα-/- mice (Cherrington et al., 2003).  

We have previously shown that DAS induction of CYP2B10 is significantly 

reduced in RXRα-/- mice, suggesting that  CYP2B10 induction following DAS 

administration is CAR-dependent, because of the loss of the obligate 

herterodimerizing partner (Cherrington et al., 2003).  The robust induction of 

CYP2B10 caused by DAS in WT mice was completely absent in CAR-/- mice and 

indicates that CYP2B10 induction is CAR-dependent.   In addition, DAS was 

shown to activate a human CYP2B6 promoter-reporter construct containing the 

NR1 CAR-binding element in transiently-transfected mice.  These results suggest 

that DAS activation of CAR is a mechanism of CYP2B induction conserved 

between rats and mice.   

 

DAS significantly increased NQO1 mRNA levels in both male and female WKY 

rats (Figure 1B), as well as wild-type and CAR-/- mice (Figure 2B).  Together 

these results suggest that DAS activates NQO1 via a CAR-independent 
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mechanism.  Previous studies have noted that DAS causes a 3-fold increase in 

hepatic GST activity in mice, another antioxidant gene regulated by Nrf2 

(Srivastava et al. 1997).  Additionally, they reported 3.2- and 4.4-fold inductions 

of hepatic GST mRNA following DADS and DATS treatment, respectively.  In 

contrast, Wu et al. reported that while DADS and DATS increased levels of 

NQO1 in vitro , DAS failed to induce these enzymes (Wu et al., 2004).  In the 

current study, definitive evidence that Nrf2 is involved in the induction of NQO1 

by GO and its constituents was determined using Nrf2-/- mice.  DAS produced a 

6-fold increase in NQO1 mRNA levels in WT mice, which was almost completely 

prevented in Nrf2-/- mice.  In addition, DAS administration to transiently-

transfected mice was shown to activate a human AREx5-luciferase reporter, 

suggesting the possibility that DAS might also induce NQO1 in humans.  

   

DAS has been shown to cause nuclear accumulation of CAR and binding to the 

CAR specific NR1 element in the promoter of CYP2B1/2 in rats (Zhang et al., 

2006).  However, DAS activation of CAR has not been examined in mice and 

Nrf2 activation has only been implied in vitro with varying results.  Two studies 

have examined the possibility that DAS activates Nrf2 and thus induces 

antioxidant genes in HepG2 cells.  One study demonstrated that DATS was the 

most potent ARE inducer among the three garlic constituents examined in this 

study, whereas DAS had no effect on ARE transcriptional activity (Chen et al., 

2004).   Contrary to the current findings, another study noted significant 



 214

increases in protein expression, nuclear translocation, and DNA-binding of Nrf2, 

respectively, in HepG2 cells following treatment with DAS (Gong et al., 2004). 

 

Several xenobiotics specifically activate either CAR (phenobarbital, 

chlorpromazine, phenytoin) or Nrf2 (sulforaphane and butylated hydroxyanisole). 

The prototypical CAR activator, phenobarbital, has been shown to induce Nrf2-

regulated genes including NQO1 in addition to CYP2B10 in the mouse (Slitt et 

al., 2006).  We have further demonstrated that the Nrf2 activator ethoxyquin also 

increases mRNA levels of CYP2B1/2 in rats, suggesting that this xenobiotic may 

likewise activate CAR in addition to Nrf2 (Cherrington et al., 2003).  Recently, 

trans-stilbene oxide has been shown to activate both CAR and Nrf2 (Slitt et al., 

2006).  These results led Slitt et al. to hypothesize that cross-talk between the 

CAR and Nrf2 activation pathways could occur with trans-stilbene oxide.  The fact 

that DAS can activate these same transcription factors in both mice and rats 

suggests the possibility of cross-talk between CAR and Nrf2.  Importantly, this 

may explain the unexpected induction of CYP2B10 by garlic oil in Nrf2-/- mice 

where induction was not seen in WT mice.  Additionally, the observed induction 

of NQO1 in both CAR-/- and Nrf2-/- mice by GO underscores the complexity of the 

several components that make up GO.  Whereas the concept of cross-talk 

between CAR and Nrf2 activation pathways has been hypothesized (Slitt, 2006), 

further studies are necessary to determine the nature and biochemical 

consequences of this potential mechanism  
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DAS, DADS, and DATS have been identified as three major constituents in garlic 

oil (Wu et al., 2004).  Because these chemicals have all been documented to 

affect transcriptional regulation of hepatic phase I and phase II drug-metabolizing 

enzymes, it is reasonable to expect that garlic oil would have similar effects.  

Although GO produced significant induction of CYP2B1/2 in WKY rats (Figure 

1A), induction of CYP2B10 was not observed in WT mice following a four day 

induction study.  This is almost certainly due to the dose-limiting toxicity observed 

in mice treated with GO in the current study.  While rats were able to tolerate four 

consecutive days of garlic oil (300 mg/kg, po), this dose was not tolerated in 

mice. The GO dose was therefore lowered to 175 mg/kg to complete the four day 

induction studies in mice.  A similar situation was observed in mice treated with 

DADS.  Due to toxicity observed with 200 mg/kg DADS in mice, a dose of 80 

mg/kg DADS was used to complete the four day induction studies.  The apparent 

lack of mouse CYP2B10 induction following GO and DADS could be associated 

with this decrease in dose concentration. It is also noteworthy that Nrf2-/- mice 

were particularly susceptible to DATS-induced lethality, an observation not noted 

in WT or CAR-/- mice.  Consistent with previous studies, it is likely that Nrf2 plays 

a role in preventing xenobiotic toxicity of compounds via induction of 

detoxification and antioxidant enzymes (Jaiswal, 2004). Unlike the four day 

dosing studies, designed to determine maximal induction of mRNA levels 

following administration of an inducer, the in vivo transcription assay is designed 
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to measure activation of transcription.  We have previously shown that a single 

dose of trans-stilbene oxide (Slitt et al., 2006) results in a robust transcriptional 

activation of the human CYP2B-luciferase reporter in this assay. Single doses of 

garlic oil (200 mg/kg, po) and DADS (200 mg/kg, po) used in the in vivo 

transcription assay studies were better tolerated than in the four day induction 

studies.   

 

Preclinical evidence continues to elucidate the antibacterial, antithrombotic and 

chemotherapeutic properties of fresh garlic extracts, aged garlic, garlic oil, and a 

number of specific organosulfur compounds generated by processing garlic 

(Ariga and Seki, 2006;Milner, 2006;Sengupta et al., 2006).  As usage of garlic 

supplements increases, it is important to understand the biological effects of such 

intake.  The present data indicate that a specific constituent of garlic oil, DAS, 

activates CAR and Nrf2, thereby altering drug metabolism.  Thus the potential for 

herb-drug interactions with garlic and its organosulfur constituents exists, and 

garlic intake may need to be taken into consideration in the clinical setting. 
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Figures 

Figure 1.  Hepatic induction of CYP2B1/2 (A) and NQO1 (B) in male and female 

Wistar Kyoto rats following treatment with garlic oil and its constituents. Total 

hepatic RNA from male and female WKY rats (n=5) treated with phenobarbital 

(PB), garlic oil (GO), diallyl sulfide (DAS), diallyl disulfide (DADS), diallyl trisulfide 

(DATS) or corn oil (CO) vehicle was analyzed for mRNA levels of each gene. 

Data expressed as relative light units (RLU) ± standard error of mean. 

Significance indicated from control (*) or between genders (†) (p ≤ 0.05). 
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Figure 2.  Hepatic induction of CYP2B10 (A) and NQO1 (B) in wild-type and 

CAR-/- mice following treatment with garlic oil and its constituents.  Total hepatic 

RNA from WT and CAR-/- mice (n=5) treated with GO, DAS, DADS, DATS or CO 

vehicle was analyzed for mRNA levels of each gene. Data expressed as relative 

light units (RLU) ± standard error of mean. Significance indicated from control (*) 

or between WT and knockout (†) (p ≤ 0.05). 
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Figure 3.   Hepatic induction of CYP2B10 (A) and NQO1 (B) in wild-type and 

Nrf2-/- mice following treatment with garlic oil and its constituents.  Total hepatic 

RNA from WT and Nrf2-/- mice (n=5) treated with GO, DAS, DADS, DATS or CO 

vehicle was analyzed for CYP2B10 mRNA levels. Data expressed as relative 

light units (RLU) ± standard error of mean.  Significance indicated from control (*) 

or between WT and knockout (†) (p ≤ 0.05). 

 
 

Nqo1

Corn oil GO DAS DADS DATS
0

15

30

45

60

75
WT
Nrf2 -/-*

†

*
*

m
RN

A
(R

LU
/1

0μ
g 

to
ta

l R
N

A
)

AA

BB

Cyp2b10

Corn oil GO DAS DADS DATS
0

500

1000

1500
WT
Nrf2 -/-

*

*

*
†

m
R

N
A

(R
LU

/1
0μ

g 
to

ta
l R

N
A

)

Figure 3

 

 

 



 224

Figure 4.  Transcriptional activation of the human CYP2B6 promoter in vivo.  

Mice were hydrodynamically transfected with a 1.7-kb fragment of the human 

CYP2B6 promoter, which includes the distal enhancer region, inserted into a 

firefly luciferase reporter vector.  At T=0, transfection efficiency was assessed by 

imaging luciferase intensity in vivo and then mice were given a single dose of 

GO, DAS, DADS, DATS or CO vehicle.  24 h post treatment, luciferase intensity 

was imaged a second time and compared to T=0 images to determine promoter 

activation.  Luciferase intensity was quantified by densitometry using SimplePCI 

software.  Data are expressed as mean fold induction of each promoter ± 

standard error of mean. (*) indicates statistical significance from CO group (p ≤ 

0.05, n=4). 
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Figure 5.  Transcriptional activation of the human antioxidant response element 

(ARE) promoter in vivo.  Mice were hydrodynamically transfected with 5x 

multimer of the human ARE sequence inserted into a firefly luciferase reporter 

vector.  At T=0, transfection efficiency was assessed by imaging luciferase 

intensity in vivo and then mice were given a single dose of GO, DAS, DADS, 

DATS or CO vehicle.  12 h post treatment, luciferase intensity was imaged a 

second time and compared to T=0 images to determine promoter activation.  

Luciferase intensity was quantified by densitometry using SimplePCI software.  

Data are expressed as mean fold induction of each promoter ± standard error of 

mean. (*) indicates statistical significance from CO group (p ≤ 0.05, n=4). 
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APPENDIX E: HUMAN/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 

protocols entitled “Hepatoprotective Mrp3” and “Hepatobiliary Transport and 

Gene Expression During Non-alcoholic Steatohepatitis (NASH)” 


	Determination of bromosulfophthalien (BSP) elimination.  Following eight weeks on their respective diet, rats were anaesthetized with a single bolus dose of urethane (1.2 g/kg body weight, ip).  The abdominal area was shaved and sterilized with alcohol swabs (Canada Supply Inc., Mississauga, Ontario) and iodine (Medline Industries, Inc., Mundelein, IL) prior to incision.  A small horizontal incision was made approximately one inch below the rib cage to expose the bile duct.  The femoral artery and vein were cannulated with PE-50 polyethylene tubing, and were flushed with saline containing 1% heparin to prevent clotting.  Additionally, the common bile duct was cannulated with PE-10 polyethylene tubing distal to the bifurcation.  The abdominal area was kept moist with sterile 0.9% sodium chloride solution; temperature was maintained throughout bile collection with a TCAT-2V temperature monitor and heat pad (Physitemp Instruments Inc, Clifton, NJ), and heparinized saline (1€ml/kg) was administered in 15min intervals to replenish body fluid.
	BSP (100 mg/kg at 2 ml/kg from Sigma, St. Louis, MO) was administered via the femoral vein.  Prior to BSP injection, a 250 µl blood sample from each rat was collected in a heparin-treated tube for plasma chemistry analysis and 0 minute BSP time point. Additional blood samples (100 µl) were taken at 2, 5, 10, 20, 25, 30, 40, 50 and 60 minutes, via the femoral artery.  1ml/kg saline was administered iv following each blood draw to replenish body fluid depletion.  Bile samples were collected in chilled pre-weighed tubes at 10-min intervals for 60 minutes after BSP administration. Plasma was separated from blood samples by centrifugation at 10xg for 5-min in a Marathon Micro A bench top centrifuge (Fisher Scientific, Houston, TX).  Immediately following 60-min blood collection, animals were euthanized while still under anesthesia and liver samples (~200 mg) were snap frozen in Tissue-Tek® O.C.T. Compound (Electron Microscopy Sciences, Hatfield, PA) for cryosectioning and histological staining.  The remaining liver from each rat was snap-frozen in liquid nitrogen.  Samples were stored at -80€°C until cryosectioning and mRNA and protein analysis.
	BSP concentration determination.  Samples of plasma (10 μl, diluted 1:5) or bile (10 μl, diluted 1:20) were mixed with 1 ml 0.1 N NaOH.  BSP concentration was determined by absorbance at 580 nm on a spectrophotometer (BioTek Instruments, Inc., Winooski, VT).

