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ABSTRACT 

The body encounters an innumerable amount of foreign substances, termed 

xenobiotics, which it must remove in order to prevent damage to cells and 

organs. This system of removal is a collection of processes known as ADME 

(absorption, distribution, metabolism, and excretion). The dynamics of ADME 

ultimately determine the fate, or pharmacokinetics, of a xenobiotic in the body 

whether it be an administered pharmaceutical or a potentially harmful toxicant. 

The major cellular effectors of ADME are the drug metabolizing enzymes (DMEs) 

and transporters. DMEs function to transform xenobiotics into a metabolite that is 

more suitable for excretion, whereas drug transporters serve a two-fold function. 

They may facilitate the uptake of the xenobiotic into the cell so that it can be 

acted upon by DMEs, or they may function to actively secrete xenobiotics and 

metabolites from the cell, encouraging their removal from the body. Any 

perturbations in the expression or function of these critical cellular effectors can 

result in the diminished therapeutic effect of a pharmaceutical via accelerated 

removal from the body, or increased toxicity of a pharmaceutical or toxicant due 

to retention in the body and increased exposure. 

 

Perturbations in the ADME processes may result in adverse drug reactions 

(ADRs) which are an unintended response to a pharmaceutical when 

administered at the recommended dose. In the last reporting year, the USFDA 

documented 471,291 serious ADRs causing hospitalization or permanent 
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disabilities, of which 82,724 resulted in death. ADRs can be categorized as two 

types: dose-related ADRs, and those that are generally unpredictable and mostly 

occur in susceptible individuals. The major factors that make a person 

susceptible to ADRs are genetics and disease; however, genetics account for 

only a small proportion. This dissertation is focused on the contribution of an 

environmentally-derived component, particularly liver disease, to the occurrence 

of ADRs. 

 

Nonalcoholic fatty liver disease (NAFLD) is the most common liver disease of 

industrialized nations. It represents a spectrum of damage progressing to the 

severe stage of nonalcoholic steatohepatitis (NASH), and is closely related to 

obesity and type 2 diabetes. The following studies have determined the effect of 

NAFLD and NASH on DMEs and transporters, and demonstrated the propensity 

for NASH to result in serious ADRs. 
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INTRODUCTION 

The body is faced with numerous exogenous compounds whether in the form of 

environmental pollutants or pharmaceuticals, and has developed an elegant and 

intricate system for the efficient removal of these substances (termed 

xenobiotics) in order to limit harm to cells and organs. Various organ systems are 

involved in limiting the body’s exposure to such potentially harmful entities. 

However, the liver is the central arbitrator directing the management of foreign 

substances once they gain access to the systemic circulation, with the main 

purpose of facilitating their quick removal. The factors governing the movement 

of xenobiotics throughout the body, and the role of the liver in these processes 

will be discussed. Perturbations in these processes can result in adverse drug 

reactions which may lead to death. A brief overview of the factors contributing to 

the occurrence of adverse drug reactions and the resulting consequences will be 

provided. Particular focus will be placed on nonalcoholic fatty liver disease 

(NAFLD) and its most severe component, nonalcoholic steatohepatitis (NASH), 

both of which are the focus of this dissertation. The known effects of NAFLD and 

NASH on the factors governing the movement of xenobiotics throughout the body 

will be discussed followed by an outline of the studies contained herein. 

 

Absorption, Distribution, Metabolism, and Excretion (ADME) 

The components involved in the removal of exogenous compounds from the 

body are collectively known as the processes of absorption, distribution, 
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metabolism, and excretion (ADME). The delicate balance of each feature of the 

ADME process ultimately determines the fate of a compound in the body and 

thus, its pharmacokinetics (Klaassen and Aleksunes, 2010;Smith et al., 2012). 

Absorption effectively influences how much of a compound gains access to the 

systemic circulation of blood, and is limited by various physiological barriers. 

These barriers include the skin, lungs, and the alimentary canal (Rozman and 

Klaassen, 2001). In order for a pharmaceutical to exert its beneficial effects, it 

must be able to cross a barrier; in contrast, the exclusion of a toxicant by a 

barrier limits its ability to induce toxicity (Klaassen and Aleksunes, 2010;Rozman 

and Klaassen, 2001). At times, it is beneficial to circumvent physiological barriers 

in an effort to make a drug more bioavailable. Bioavailability is the fraction of the 

administered dose that is able to gain access to the systemic circulation 

(Medinsky and Valentine, 2001). This is achieved primarily by intravenous 

administration of a pharmaceutical which results in instantaneous access to 

systemic blood, and is done to increase the potential of the drug to reach its 

target site at a sufficient concentration in order to have a therapeutic effect. This 

concept is the core of pharmacology and toxicology research. The potential 

benefit of a pharmaceutical rests on its ability to gain access to its target site at a 

high enough concentration, while in contrast increased bioavailability of a 

toxicant can potentially lead to significant deleterious outcomes (Rozman and 

Klaassen, 2001). However, the majority of pharmaceuticals are administered 

orally, making absorption a critical factor in the amount of drug available in the 
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systemic circulation. Toxicants, on the other hand, may be encountered orally as 

well as absorption across the skin, or lungs through inhalation.  

 

Much of the balance of how much of a xenobiotic reaches a certain site within the 

body can be described as distribution. Only after a xenobiotic has been absorbed 

or administered intravenously is it able to be distributed throughout the body 

(Rozman and Klaassen, 2001). The rate of distribution of a xenobiotic throughout 

the body or even to a specific organ is largely determined by blood flow and how 

quickly it can diffuse out of capillaries and into the surrounding tissue (Rozman 

and Klaassen, 2001). The amount of xenobiotic remaining in the blood in 

proportion to the amount that is able to fill the surrounding tissue is what is 

referred to as the apparent volume of distribution (Medinsky and Valentine, 

2001). For xenobiotics that are retained in tissues, or even a particular tissue, the 

volume of distribution becomes large, and it appears that more of the xenobiotic 

occupies the tissue space rather than the blood. If a pharmaceutical is retained in 

a tissue other than the site of action, this becomes a problem since less of the 

drug is then available in the blood and able to be delivered, or distributed, to the 

site of action. In contrast, if a drug is unable to adequately exit the blood and 

enter the tissue space containing its site of action, then it will be unable to 

execute its therapeutic effect. Toxicants can sometimes be stored in specific 

tissues, and are only able to leave the storage tissue as the toxicant is cleared 

from systemic blood (Rozman and Klaassen, 2001). As the toxicant leaves the 
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storage tissue it is then available for distribution to other tissues where it may 

exert its toxic effects (Rozman and Klaassen, 2001). Thus, distribution is not a 

stagnant endpoint in the ADME process. There is a constantly shifting equilibrium 

in the distribution process until the xenobiotic is completely removed from the 

body. 

 

Metabolism, more specifically biotransformation, is the process by which a 

xenobiotic is transformed into a different entity colloquially termed, the 

metabolite. Generally, metabolism can be thought of as converting a compound 

from one that is lipid soluble and thus easily absorbed to one that is more water 

soluble and favors elimination from the body (Parkinson, 2001). This can be a 

crucial point in the ADME process as many compounds require metabolism in 

order to facilitate their elimination (Parkinson, 2001). Highly lipophilic compounds 

most often exhibit a high volume of distribution and can easily disperse into 

surrounding tissues such as adipose (Rozman and Klaassen, 2001). This is 

particularly worrisome if the xenobiotic is not metabolized to a more water soluble 

metabolite because its elimination from the body can be delayed. Delayed 

elimination, in the case of a toxicant can result in increased toxicity; however, 

delayed elimination of a pharmaceutical may potentiate its therapeutic, or 

pharmacodynamic, effect (Rozman and Klaassen, 2001).  
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For most xenobiotics, metabolism is achieved via enzyme-mediated catalysis. 

This primarily results in alteration of the pharmacodynamic effect of the 

compound and generates an inactive or less potent metabolite (Parkinson, 

2001). In the case of some pharmaceuticals, most often termed prodrugs, 

metabolism facilitates the generation of a pharmacologically active metabolite, 

and thus is a necessary process in achieving the desired therapeutic effect 

(Parkinson, 2001). This process, referred to as bioactivation, can also result in 

the conversion of a toxicant or pharmaceutical to a reactive metabolite, and thus 

can be the crucial mechanism governing the toxicity of a xenobiotic (Parkinson, 

2001). Metabolism is achieved by an army of enzymes commonly referred to as 

drug metabolizing enzymes. This term, which arose in the advent of the 

pharmaceutical era, can be misleading (Nebert and Dieter, 2000). Though they 

are adept in the biotransformation of drugs, the principal function of these 

enzymes is regulation of endogenous molecules that are essential to the life of 

an organism. They have adapted over a multitude of years to metabolize what 

we refer to today as drugs (Nebert and Dieter, 2000). Though drug metabolizing 

enzymes often play a critical role in determining the duration of a 

pharmacodynamic or toxic effect, they are multifunctional and are constantly 

coordinating a concert of xenobiotic metabolism as well as regulation of 

fundamental endogenous molecules. The classes of drug metabolizing enzymes 

and their respective functions will be discussed below. 
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The excretion portion of ADME can be thought of as the pathway of removal of a 

xenobiotic from the body, and can occur through various different routes. The 

major routes of excretion include urine and feces with exhalation, saliva, milk, 

and sweat functioning as secondary methods (Rozman and Klaassen, 2001). 

Urinary excretion involves both glomerular filtration and tubular excretion which 

includes passive diffusion and active secretion (Rozman and Klaassen, 2001). 

Active secretion across the proximal tubules of the kidney is achieved by 

membrane proteins commonly known as drug transporters. These proteins are 

involved in both the uptake of compounds into the cell and efflux outwards. Their 

coordinated efforts are essential to tubular secretion and also play a role in the 

process of absorption in the alimentary canal (Klaassen and Aleksunes, 2010). 

Fecal elimination is achieved by three methods. Xenobiotics that are not 

absorbed across the intestinal barrier remain in the intestinal lumen and are 

effectually eliminated (Rozman and Klaassen, 2001). This block of absorption 

can be facilitated by the actions of drug transporters such as those responsible 

for the tubular secretion of xenobiotics in the kidneys (Klaassen and Aleksunes, 

2010). Xenobiotics that are absorbed across the intestinal barrier, then delivered 

to the liver via portal circulation and metabolized, may then be excreted into bile 

and delivered back to the intestinal lumen for subsequent elimination from the 

body (Rozman and Klaassen, 2001). Such xenobiotics are said to be victims of 

the first-pass effect which can be a devastating end to a promising new drug as it 

limits the amount of drug that is released into the systemic circulation, and thus 
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its bioavailability (Medinsky and Valentine, 2001). Delivery back to the intestinal 

lumen of xenobiotics that were excreted into bile facilitates their elimination in 

feces; however, some xenobiotics may then be reabsorbed and proceed through 

the biliary excretion route yet again. This method of intestinal absorption, 

followed by biliary excretion and reabsorption is known as enterohepatic 

recirculation, and results in extended exposure of the body to the xenobiotic and 

delayed elimination (Parkinson, 2001). Lastly, xenobiotics may be absorbed into 

the cells lining the intestinal lumen, referred to as enterocytes, only to be quickly 

secreted back into the lumen. This process is primarily governed by drug 

transporters. The result is limited absorption and bioavailability, and primarily 

fecal elimination of the xenobiotic (Rozman and Klaassen, 2001). Ultimately, 

excretion can be thought of as a continual, but final step in ADME resulting in 

elimination of the xenobiotic from the body. 

 

Each process in the collective known as ADME is crucial to the overall 

management of a xenobiotic within the body (Klaassen and Aleksunes, 2010). 

Disruptions to one or more processes can result in pharmacologic failure or 

enhanced toxicity depending on the nature of the xenobiotic (Klaassen and 

Aleksunes, 2010). As alluded to previously, drug metabolizing enzymes and 

transporters are two groups of cellular effectors with significant roles in the 

ADME process. These drug metabolizing enzymes and transporters comprise an 

elegant network capable of handling various types of xenobiotics; however, their 
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expression and function within the cell can be significantly disrupted as a result of 

disease leading to drastic alterations in various components of the ADME 

process.  

 

The Major Operatives of ADME: Drug Metabolizing Enzymes and Transporters 

Drug metabolizing enzymes are divided into two major groups: Phase I enzymes 

that are responsible for exposure or addition of a functional group and Phase II 

conjugative enzymes that often utilize the functional group created during Phase 

I metabolism to add a bulky molecule to the xenobiotic (Parkinson, 2001). Phase 

I metabolism consists of oxidative, reductive, and hydrolytic enzymes and results 

in only a minor shift in the hydrophilicity of the xenobiotic (Parkinson, 2001). 

Phase II enzymes mediate the addition of large molecules to the xenobiotic 

which generally results in a significant increase its hydrophilicity, thus facilitating 

removal by the body (Parkinson, 2001). Phase II enzymes often follow Phase I 

metabolism except in the case of xenobiotics that already possess an exposed 

functional group. Drug transporters can also be divided into two general groups: 

those that are responsible for xenobiotic uptake into the cell and those that 

mediate efflux of xenobiotics and their metabolites out of the cell (Klaassen and 

Aleksunes, 2010).  

 

Drug metabolizing enzymes and transporters often work in concert to facilitate 

the efficient removal of xenobiotics from the body, and both exhibit significant 
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redundancy in function and substrate selectivity. This means that most often 

there is not just a single enzyme or transporter responsible for the removal of a 

xenobiotic from the cell. Instead, multiple enzymes and/or transporters may 

participate in the process (Klaassen and Aleksunes, 2010). Such redundancy 

allows for continued removal of a xenobiotic in the event that an enzyme or 

transporter becomes damaged, ineffective, or is not adequately expressed due to 

disease or environmental exposure to xenobiotics. However, though the 

response of drug metabolizing enzymes and transporters to the invasion of a 

xenobiotic in a cell is robust, there are multiple points of regulation which warrant 

the need for extensive redundancy. A brief overview of the function and 

regulation of the most prominent drug metabolizing enzymes and transporters 

will be provided with special consideration for the Phase II drug metabolizing 

enzymes and efflux drug transporters which are the primary focus of the current 

dissertation. 

 

Phase I Drug Metabolizing Enzymes 

As mentioned, Phase I drug metabolizing enzymes are involved in oxidative, 

reductive, and hydrolytic reactions that lead to the exposure or addition of a 

functional group on a xenobiotic (Parkinson, 2001). These reactions are 

mediated by the cytochrome P450s (CYPs), aldehydehydrogenases (ALDHs), 

alcohol dehydrogenases (ADHs), aldo-keto reductases (AKRs), and various 
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oxidoreductases such as NAD(P)H:quinone oxidoreductase 1 (NQO1) in addition 

to several other classes of enzymes (Parkinson, 2001). 

 

The most prominent family of enzymes in Phase I metabolism are the 

cytochrome P450s (CYPs). CYPs are oxidative enzymes located in the 

endoplasmic reticulum of the cell, and are responsible for the metabolism of 75-

90% of drugs (Guengerich, 2008;Zhou et al., 2009). They are heme-containing 

proteins which coordinates the one-electron reduction reaction mechanism of 

CYPs resulting in oxygen transfer to the substrate (Parkinson, 2001;Guengerich, 

2008;Jaiswal, 2000). If the catalytic cycle is interrupted, reactive oxygen species 

may be released that have potential to damage the cell (Parkinson, 2001). CYPs 

perform a variety of reactions including dehydrogenation, dealkylation, 

epoxidation, and hydroxylation, among others (Parkinson, 2001). Members of the 

CYP1-4 families are expressed in the liver and are responsible for xenobiotic 

metabolism (Waxman, 1999). The main isoforms involved in drug metabolism are 

CYP1A2, 2A6, 2C9, 2C19, 2E1, 2D6, and 3A4 (Zhou et al., 2009). The 

xenobiotics metabolized by these enzymes span various structural classes and 

include acetaminophen, nicotine, benzene, and polycyclic aromatic hydrocarbons 

(Omiecinski et al., 2011). The remaining CYPs have more prominent roles in the 

regulation of endogenous molecules such as steroid hormones, bile acids, 

retinoic acid, cholesterol, and thromboxane (Waxman, 1999). The CYPs are 

known to be regulated by numerous nuclear receptors which are also responsible 
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for regulation of several Phase II drug metabolizing enzymes such as the 

constitutive androstane receptor (CAR), aryl hydrocarbon receptor (AhR), 

pregnane X receptor (PXR), and farnesoid X receptor (FXR) (Waxman, 

1999;Omiecinski et al., 2011). 

 

The remaining Phase I drug metabolizing enzymes include NQO1 which is 

responsible for the reduction of quinones to hydroquinones (Parkinson, 2001). 

Unlike CYPs, NQO1-mediated reduction occurs via two-electron reduction which 

has less potential for creation of reactive oxygen species (Jaiswal, 

2000;Parkinson, 2001). The AKRs are also NAD(P)H oxidoreductases that are 

primarily involved in the reduction of aldehydes and ketones to primary and 

secondary alcohols (Penning and Drury, 2007). The ALDHs and ADHs catalyze 

the oxidation of aldehydes and alcohols, respectively, and often work in tandem 

to mediate the detoxication of xenobiotics and products of oxidative stress 

(Marchitti et al., 2008;Parkinson, 2001). A more detailed description of the 

function and significance of these enzyme families will be provided later (see 

Future Studies). 

 

Phase II Drug Metabolizing Enzymes 

Phase II drug metabolism includes glucuronidation, sulfonation, glutathione 

conjugation, acetylation, and methylation reactions that generally result in a 

significant increase in the hydrophilicity of xenobiotics, which expedites their 
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elimination from the body (Parkinson, 2001). These reactions facilitate the 

addition of relatively large molecules to xenobiotics, and require the assistance of 

cofactors which serve as donors of the conjugated entity. In the liver, the relative 

quantity of cofactors differs significantly, and plays an important role in the overall 

metabolic capacity of each enzyme family. Furthermore, each enzyme family 

often exhibits substantial overlap in substrate specificity with one another, but 

specific isoforms can exhibit vastly different affinities for a given substrate. The 

combination of available cofactor and differing substrate affinity can have a 

significant impact on the metabolic pathway that a xenobiotic follows. 

Glucuronidation, sulfonation and glutathione conjugation are a primary focus 

within the current dissertation and will be discussed below. 

 

Glucuronidation is mediated by the UDP-glucuronosyltransferases (UGTs), and 

is regarded as the most important reaction in Phase II metabolism because they 

facilitate the conjugation of 40-70% of drugs (Jancova et al., 2010;Parkinson, 

2001). UGTs primarily utilize the high abundance cofactor UDP-glucuronic acid 

(UDP-GlcUA) to attach glucuronic acid to nucleophilic O-, S-, or N-groups 

(Parkinson, 2001;Tukey and Strassburg, 2000;King et al., 2000). UGTs generally 

perform low affinity reactions, and the rate of glucuronidation is often dependent 

on the availability of UDP-GlcUA (Hjelle, 1986;Lin and Wong, 2002;Zamek-

Gliszczynski et al., 2006).  UGTs are localized to the luminal side of the 

endoplasmic reticulum of the cell placing them in close proximity to the CYPs 
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which often provide substrates for UGT reactions (Parkinson, 2001;King et al., 

2000). This localization pattern results in latency of UGT activity because 

substrates and UDP-GlcUA must first cross into the lumen of the endoplasmic 

reticulum before they can undergo glucuronidation (Bock and Kohle, 

2005;Bossuyt and Blanckaert, 1997). However, due to the high concentration of 

UDP-GlcUA in the liver, UGT enzymes are often able to compensate for the 

metabolism of a xenobiotic when other enzyme systems have been exhausted 

(Zamek-Gliszczynski et al., 2006). Once formed in the liver, glucuronide 

conjugates may be excreted into sinusoidal blood for distribution throughout the 

body, or into bile to facilitate their elimination in feces. Elimination of glucuronide 

conjugates in the urine or feces is largely discriminated by the size of the 

molecule with larger metabolites favoring fecal elimination (Parkinson, 2001). 

However, glucuronide conjugates are often subjects of enterohepatic 

recirculation due to hydrolysis of the glucuronide moiety by the β-glucuronidases 

of gut microflora (Parkinson, 2001). 

 

The UGT family of enzymes consists of 22 human genes separated into 4 

families: UGT1, 2, 3, and 8; however, the UGT1 and 2 families are the most 

prominent in drug metabolism (Jancova et al., 2010;Tukey and Strassburg, 

2000). Each family is further subdivided into specific isoforms. In the liver, 

UGT1A1, 1A3, 1A4, 1A6, 1A9, 2B7, and 2B15 are considered most important for 

xenobiotic metabolism (Miners et al., 2010;Jancova et al., 2010). These isoforms 
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are able to conjugate several drugs including tricyclic antidepressants, 

anxiolytics, antihistamines, antiepileptics, antipsychotics, anesthetics, and 

analgesics (King et al., 2000;Parkinson, 2001). In addition to the metabolism of 

xenobiotics, the UGTs are also responsible for the conjugation of bilirubin, bile 

acids, steroid hormones, neurotransmitters, and eicosanoids (Bock, 2010;King et 

al., 2000).  

 

The UGT1 isoforms are produced from a single gene in which the first exon may 

be alternatively spliced and expressed with exons 2-5 to produce individual 

isoforms (Parkinson, 2001;Ritter, 2000). The UGT2 family, on the other hand, 

consists of individual genes (Parkinson, 2001). The UGTs are regulated by 

several different transcription factors and nuclear receptors including the AhR 

which is able to induce all UGT1 genes (Bock, 2010). The transcription factor 

hepatocyte nuclear factor 1 (HNF1) is responsible for the constitutive as well as 

inducible expression of multiple isoforms such as UGT1A1, 1A3, 1A6, 1A9, 2B4, 

2B7, and 2B17 (Mackenzie et al., 2010;Zhou et al., 2005). UGT induction can 

also occur in response to oxidative stress, in which the transcription factor 

nuclear factor erythroid 2-related factor 2 (Nrf2) mediates the transcriptional 

regulation of both UGT1 and 2 members (Bock, 2010). Specific UGT isoforms 

such as UGT2B4 and 2B7 have been shown to be regulated by FXR which is 

important in the regulation of bile acid homeostasis (Zhou et al., 2005). PXR is 

known to regulate multiple UGT1 isoforms including UGT1A1, 1A3, 1A4, and 1A6 
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in response to steroids and xenobiotics themselves (Zhou et al., 2005). 

Peroxisome proliferator-activated receptor (PPAR)-γ, which is an important 

regulator of fatty acid storage and glucose homeostasis, and PPAR-α, a major 

regulator of hepatic lipid metabolism, are involved in the regulation of UGT1A9 

and 2B4 (Mackenzie et al., 2010;Zhou et al., 2005). The regulation of UGTs by 

multiple transcription factors and nuclear receptors in response to several 

different stimuli result in multiple pathways of intervention allowing for 

maintenance of UGT activity during periods of cellular stress. 

 

The sulfotransferases (SULTs) catalyze the transfer of sulfonate (SO3
-) to an 

hydroxyl group of low molecular mass compounds (Kauffman, 2004;Gamage et 

al., 2006). Drug metabolizing SULTs, located in the cytosol of the cell, mediate 

high affinity reactions and often work in concert with the UGTs (Gamage et al., 

2006;Zamek-Gliszczynski et al., 2006). Similar to the UGTs, SULT substrates are 

often products of CYP reactions (Runge-Morris and Kocarek, 2005). However, 

the SULTs utilize a low-capacity cofactor, 3’-phosphoadenosine-5’-

phosphosulfate (PAPS) whose hepatic concentrations are much lower than that 

of UDP-GlcUA (Zamek-Gliszczynski et al., 2006). Synthesis of the PAPS cofactor 

is largely dependent on the availability of sulfate within the cell which is primarily 

obtained by cellular uptake (Zamek-Gliszczynski et al., 2006;Falany, 

1997;Venkatachalam, 2003;Lindsay et al., 2008). SULT activity is also influenced 

by 3’-phosphoadenosine-5’-phosphate (PAP) which is the by-product of 
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sulfonation reactions (Klaassen and Boles, 1997). PAP has been shown to lead 

to inhibition of SULTs at high concentrations, and must be removed in order to 

maintain SULT activity (Klaassen and Boles, 1997;Lopez-Coronado et al., 

1999;Yenush et al., 2000). Removal of the inhibitory by-product is achieved 

through the actions of 3’(2’), 5’-bisphosphate nucleotidase 1 (BPNT1) in the 

cytosol resulting in adenosine monophosphate (Spiegelberg et al., 2005;Lopez-

Coronado et al., 1999).  Although the SULTs exhibit great affinity for their 

substrates, cofactor depletion and by-product inhibition are significant regulators 

of SULT activity.  

 

Sulfonation can generally be thought of as a detoxication reaction; however, the 

SULTs have a particularly important role in the bioactivation of xenobiotics. They 

have been shown to catalyze the bioactivation of amino azo dyes, arylamines, 

polycyclic aromatic hydrocarbons, terpenes, and benzidines (Gamage et al., 

2006). Metabolism of such compounds by the SULTs leads to formation of 

mutagenic and carcinogenic metabolites with significant implications for cellular 

toxicity (Brix et al., 1999). Upon formation of the sulfonated metabolite, it is 

typically transported into the sinusoidal blood by the liver and primarily excreted 

in urine (Parkinson, 2001). Sulfonated metabolites that are excreted into bile are 

subject to enterohepatic recirculation via hydrolysis of the sulfonate by aryl 

sulfatases in the gut microflora (Parkinson, 2001). 
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The SULTs make up a large family of enzymes subdivided into four groups: 

SULT1, 2, 4, and 6 (Jancova et al., 2010). The major xenobiotic-metabolizing 

SULTs, whose substrates vary from oral contraceptives, flavanoids, aromatic 

amines, heterocyclic aromatic amines, metals, alcohols, catecholestrogens, and 

analgesics to chemotherapeutics, include SULT1A1, 1A3/4, 1B1, 1E1, and 2A1 

(Riches et al., 2009;Kauffman, 2004;Yasuda et al., 2005). Each of these isoforms 

is expressed to a significant extent in the liver, making the SULTs the second 

most important Phase II reaction (Jancova et al., 2010;Riches et al., 2009). In 

addition to the metabolism of xenobiotics, SULTs are also responsible for the 

conjugation of many endogenous molecules including bile acids, thyroid 

hormones, neurotransmitters, cholesterol and its derivatives, and steroid 

hormones (Gamage et al., 2006;Lindsay et al., 2008).  

 

Knowledge of the regulation of human SULT genes is much less extensive than 

that of the UGTs; however, they are generally considered to be weakly inducible 

enzymes often with discontinuity between transcriptional and translational 

induction (Zamek-Gliszczynski et al., 2006). SULT2A1 is regulated by PXR, 

PPAR-α, the vitamin D receptor (VDR), and the glucocorticoid receptor (Gamage 

et al., 2006;Runge-Morris and Kocarek, 2005). The retinoic acid receptor (RAR), 

which as the name implies is activated by retinoic acid derivatives, has been 

implicated in the regulation of several isoforms including SULT1A1, 1E1, and 

2A1 (Gamage et al., 2006). Similar to the UGTs, the SULTs are both responsible 



43 
 

for bile acid metabolism and regulated by bile acids via FXR (Gamage et al., 

2006). Though many studies have been conducted on the transcriptional 

regulation of rodent SULTs, there is still much work to be done concerning 

human SULTs because the regulation of synonymous rodent and human genes 

does not always agree (Gamage et al., 2006). However, what is understood is 

that SULT regulation, like many other enzyme families, consists of a complex 

network of nuclear receptors and transcription factors which all coordinate to 

ensure the expression of these vitally important enzymes. 

 

The glutathione S-transferases (GSTs) are a family of enzymes that catalyze the 

conjugation of the tripeptide glutathione (GSH) to electrophilic N-, O-, and S-

groups (Parkinson, 2001;Jancova et al., 2010). They are involved in the 

metabolism of epoxides generated from polycyclic aromatic hydrocarbons, alpha-

beta unsaturated ketones, quinones, sulfoxides, esters, and hydroperoxides 

(Jancova et al., 2010;Parkinson, 2001). However, most GST substrates can 

spontaneously react with GSH to some extent, irrespective of GST-mediated 

catalysis (Lu, 2009). Similar to the SULTs, GST reactions can sometimes lead to 

formation of toxic metabolites. GST metabolism of halogenated alkenes forms 

GSH conjugates that are substrates for the β-lyase pathway in the kidney which 

results in their degradation to toxic metabolites and subsequent nephrotoxicity 

(Parkinson, 2001). The most important role for GSTs in xenobiotic metabolism 

appears to be in cellular defense against oxidative stress (Parkinson, 
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2001;Jancova et al., 2010;Raza, 2011). The GSTs are able to neutralize reactive 

oxygen species such as superoxide radical, hydrogen peroxide, and peroxidized 

lipids that arise from normal metabolic processes and during periods of 

significant oxidative stress (Lu, 2009;Jancova et al., 2010;Balogh and Atkins, 

2011).  

 

Under normal conditions, concentrations of the GST cofactor, GSH, are quite 

high in the liver (Parkinson, 2001;Pastore et al., 2003). However GSH is sensitive 

to oxidation, and during periods of severe oxidative stress the levels of oxidized 

GSH (GSSG) can overwhelm the cell making the GSH to GSSG ratio an 

important factor in GST function (Parkinson, 2001;Lu, 2009). The GSTs exhibit 

much greater diversity than other drug metabolizing enzymes with regard to their 

cellular localization. They can be found in the cytosol, mitochondria, endoplasmic 

reticulum, plasma membrane, and nucleus (Raza, 2011). The GSTs consist of 

several different subfamilies denoted as α, μ, π, ω, σ, θ, and ζ (Hayes et al., 

2005). Cytosolic GSTs are very important in drug metabolism and exist primarily 

in dimeric form (Hayes et al., 2005). The most commonly studied GSTs in 

xenobiotic metabolism are the α, μ, and π families, referred to as GSTA, M, and 

P, respectively (Jancova et al., 2010;Balogh and Atkins, 2011).  

 

The most prominent pathway for regulation of GST expression occurs via the 

oxidative stress response which is mediated by the transcription factor Nrf2 
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(Klaassen and Reisman, 2010). Nrf2 is normally retained in the cytoplasm 

through interactions with kelch-like ECH associating protein 1 (Keap1) (Zhang, 

2006;Klaassen and Reisman, 2010). During oxidative stress conditions, the 

interaction between Nrf2 and Keap1 is disrupted, allowing translocation of Nrf2 to 

the nucleus and subsequent activation of its target genes (Zhang, 2006;Klaassen 

and Reisman, 2010). Activation of Nrf2 has been shown to regulate the 

expression of GSTA1, A2, A3, A4, M1, M3, and M4 (Kwak et al., 2003;Aleksunes 

and Manautou, 2007). 

 

Drug Transporters 

Collectively, Phase I and II drug metabolizing enzymes facilitate the removal of 

xenobiotics from the body by catalyzing their transformation to more water-

soluble metabolites. These metabolites, in addition to parent compounds, are 

often substrates for uptake and efflux drug transporters which are important in 

the absorption, distribution, and excretion processes of ADME. Drug transporters 

are membrane spanning proteins that aid in the uptake of molecules into and 

efflux out of the cell using both active and passive mechanisms (Klaassen and 

Aleksunes, 2010). The expression dynamics and function of these proteins within 

a particular organ can significantly affect the pharmacokinetics and 

pharmacodynamics of xenobiotics. For example, expression of drug transporters 

at protective tissue barriers such as the blood-brain barrier, blood-testis barrier, 

or placental barrier serve to limit the access of xenobiotics to a sensitive tissue 
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(Giacomini and Sugiyama, 2006). Additionally, drug transporter expression at the 

apical membrane of enterocytes in the small intestine can facilitate the uptake of 

xenobiotics from the intestinal lumen and limit their absorption, thus determining 

the amount of a xenobiotic that reaches the liver (Giacomini and Sugiyama, 

2006). Furthermore, hepatic transporters facilitate uptake of a xenobiotic into 

hepatocytes, and determine whether the xenobiotic and its metabolites are 

excreted into bile for subsequent fecal elimination or into sinusoidal blood for 

distribution via the systemic circulation (Giacomini and Sugiyama, 2006). Drug 

transport proteins in the kidney are important for xenobiotic and metabolite 

secretion into the proximal tubule lumen for urinary elimination as well as the 

reabsorption of many endogenous molecules (Giacomini and Sugiyama, 2006). 

Thus, the dynamics of drug transporter expression in several different tissues 

can significantly impact the disposition of a xenobiotic and its metabolites. 

 

Transporters responsible for the uptake of molecules into the cell generally fall 

within the solute carrier family (SLC) of proteins which consists of 364 proteins 

divided into 48 subfamilies (Klaassen and Aleksunes, 2010;Kusuhara and 

Sugiyama, 2009). However, these transporters are not solely involved in uptake, 

and some can utilize a bidirectional transport mechanism (Klaassen and 

Aleksunes, 2010). The SLC family of transporters is further subdivided into the 

organic anion transporting polypeptides (referred to as OATPs and the SLCO 

family), the organic cation transporters (referred to as OCTs and the SLC22 
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family), the organic carnitine transporters (referred to as OCTNs, also of the 

SLC22 family), the peptide transporters (SLC15A family), the concentrative 

nucleoside transporters (CNTs of the SLC28A family), equilibrative nucleoside 

transporters (ENTs of the SLC29A family), multidrug extrusion and toxin 

transporters (referred to as MATEs and the SLC47A family) which are actually 

efflux transporters, and the sodium taurocholate cotransporting polypeptide 

(NTCP) which is important in bile acid regulation (Klaassen and Aleksunes, 

2010;Kosters and Karpen, 2008).  

 

At least ten OATPs have been described in humans with OATP1A1, 1B1, 1B3, 

and 2B1 being the most important in the liver (Klaassen and Aleksunes, 

2010;Clarke and Cherrington, 2012). Hepatic OATPs function to uptake both 

exogenous and endogenous anionic molecules from the sinusoidal blood (see 

Figure 1 below) where they may be metabolized in the hepatocyte (Klaassen and 

Aleksunes, 2010). OCT1, whose expression is highest in the liver, is primarily a 

centriblobular protein involved in the sinusoidal uptake (see Figure 1 below) of 

cationic drugs (Klaassen and Aleksunes, 2010). Human OAT2, another important 

member of the SLC22 family is also primarily expressed in the liver; however, 

unlike rat Oat2, human OAT2 is localized to the sinusoidal membrane (Klaassen 

and Aleksunes, 2010). NTCP is mainly involved in bile acid regulation, 

specifically by maintaining enterohepatic recirculation of bile acids via sodium-

dependent uptake (see Figure 1) from sinusoidal blood in the liver (Kosters and 
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Karpen, 2008). NTCP has also been shown to mediate the uptake of conjugated 

steroid hormones and thyroid hormones, but its role in drug transport is perhaps 

more important due to the propensity of several drugs such as furosemide and 

indomethacin to inhibit bile acid uptake by NTCP leading to disruptions in 

hepatocellular homeostasis (Kosters and Karpen, 2008;Faber et al., 2003). 

 

The ATP-binding cassette (ABC) transporters are very large transmembrane 

proteins which make up the group of transporters commonly referred to as efflux 

drug transporters (Gu and Manautou, 2010;Klaassen and Aleksunes, 2010). ABC 

transporters use energy derived from the hydrolysis of ATP to transport 

substrates across lipid bilayers, usually against a concentration gradient 

(Klaassen and Aleksunes, 2010). They are mostly localized to the plasma 

membrane of cells, but can also be found spanning the lipid bilayers of 

intracellular organelles (Klaassen and Aleksunes, 2010). There are 48 known 

human ABC transporters divided into seven subfamilies (Gu and Manautou, 

2010). The most prominent subfamily is the ABCC family which consists of 

thirteen members, nine of which are also known as the multidrug resistance-

associated proteins, or MRPs (Gu and Manautou, 2010;Klaassen and Aleksunes, 

2010). The most studied hepatic members include ABCC1, 2, 3, 4, 5, and 6 

(Klaassen and Aleksunes, 2010;Faber et al., 2003;Gu and Manautou, 2010). 

Other prominent xenobiotic ABC transporters in the liver include ABCB1, 
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commonly referred to as P-glycoprotein, and ABCG2, or breast cancer resistance 

protein (Faber et al., 2003;Klaassen and Aleksunes, 2010).  

 

The localization of efflux drug transporters is not restricted to a specific 

membrane of the hepatocyte such as the uptake transporters which are primarily 

found on the sinusoidal membrane (Faber et al., 2003). ABCC1, 3, 4, 5, and 6 

can be found on the sinusoidal membrane (see Figure 2 below), although 

ABCC6 has also been found on the canalicular membrane as well (Faber et al., 

2003;Klaassen and Aleksunes, 2010). These transporters mediate the efflux of 

xenobiotics and metabolites into the sinusoidal blood for further distribution via 

the systemic circulation. ABCC2, ABCB1, and ABCG2 reside on the canalicular 

membrane of hepatocytes (see Figure 2) and facilitate substrate efflux into bile 

for further delivery to the small intestine via the common bile duct (Faber et al., 

2003). 

 

Substrate specificity of ABC transporters is wide-ranging and includes 

xenobiotics, sulfonate-conjugates, glucuronide-conjugates, GSH-conjugates, and 

several endogenous molecules (Faber et al., 2003). ABCC2, which is highly 

expressed in the liver, is a major transporter of organic anions, GSH-conjugates, 

glucuronide-conjugates, and sulfonate-conjugates; and can also mediate the 

efflux of neutral compounds via co-transport with GSH (Faber et al., 2003;Gu and 

Manautou, 2010;Gerk and Vore, 2002). Perhaps the most important endogenous 
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function of ABCC2 is the biliary efflux of bilirubin-glucuronide as deficiencies in 

ABCC2 can lead to severe, debilitating hyperbilirubinemia such as that seen in 

Dubin-Johnson syndrome (Gu and Manautou, 2010;Zhang et al., 2005;Gerk and 

Vore, 2002). Furthermore, ABCC2 is responsible for the bile salt-independent 

portion of bile flow, and any disruptions in its function can lead to cholestasis of 

bile (Mottino et al., 2002;Gerk and Vore, 2002).  

 

The regulation of ABCC2 is three-fold. Transcriptional regulation occurs through 

the actions of several transcription factors and nuclear receptors. PXR, CAR, 

FXR, and Nrf2 are all involved in the transcriptional regulation of ABCC2 (Gu and 

Manautou, 2010). HNF and PPAR-α may also have roles in activation of the 

gene (Gu and Manautou, 2010). The translational regulation of ABCC2 is an 

important determinant of its function because alterations in mRNA levels are not 

always a reliable indicator of ABCC2 protein expression (Gu and Manautou, 

2010). Induction of hepatic Abcc2 protein synthesis has been shown to occur 

irrespective of transcriptional activation in pregnenolone-16α-carbonitrile-treated 

rats (Jones et al., 2005). In contrast, lipopolysaccharide treatment of human liver 

slices results in downregulation of ABCC2 protein with no alterations to mRNA 

levels (Elferink et al., 2004). Lastly, post-translational regulation of ABCC2 

occurs via glycosylation of the protein and cellular localization. The steady-state 

localization of ABCC2 in the canalicular membrane of hepatocytes is imperative 

for its proper function (Zhang et al., 2005;Mottino et al., 2002;Mottino et al., 
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2007). Studies have shown that non-glycosylated ABCC2/Abcc2 protein is 

retained in the endoplasmic reticulum and not properly routed to the canalicular 

membrane (Zhang et al., 2005;Fernandez et al., 2002). Furthermore, oxidative 

stress-induced depletion of hepatic GSH stores and de-phosphorylation of its 

membrane anchor protein, radixin, leads to internalization of the transporter and 

decreased biliary excretion of its substrates (Sekine et al., 2006;Sekine et al., 

2008;Mottino et al., 2002;Mottino et al., 2007). This is, however, a reversible 

process. Replenishment of GSH stores leads to reinsertion of Abcc2 protein in 

the canalicular membrane (Sekine et al., 2008;Sekine et al., 2011). 

Internalization of ABCC2/Abcc2 has also been observed in estradiol-17β-D-

glucuronide-induced cholestasis, bile duct ligation, ethacrynic acid-induced 

cholestasis, primary biliary cirrhosis, hepatitis C infection, and conditions of 

hyperosmolarity (Mottino et al., 2002;Mottino et al., 2005;Kojima et al., 

2008;Sekine et al., 2010). The general outcome is the rapid retrieval of the 

protein from the canalicular membrane in response to hepatocellular damage 

resulting in diminished biliary excretion without modulating total ABCC2 protein 

levels in the cell. This is an energetically conservative method of regulation 

allowing for reinsertion of ABCC2 protein when cellular homeostasis is re-

established. 

 

ABCC3 is also highly expressed in the liver and effluxes many of the same 

substrates as ABCC2, though on the opposing membrane of hepatocytes (Gu 
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and Manautou, 2010). It is responsible for the sinusoidal efflux of bile acids, 

bilirubin, GSH-conjugates, and sulfonate-conjugates with preference for 

glucuronide-conjugates (Borst et al., 2000;Gu and Manautou, 2010;Klaassen and 

Aleksunes, 2010). Hepatic expression of ABCC3 is usually comparable to that of 

ABCC2; however, its induction in response to loss of ABCC2 has been observed 

in various pathological and genetic conditions (Klaassen and Aleksunes, 

2010;Gu and Manautou, 2010;Faber et al., 2003). ABCC3 induction is observed 

in cholestasis when the localization and function of ABCC2 at the canalicular 

membrane is disrupted, and in Dubin-Johnson syndrome which is a result of a 

genetic mutation in ABCC2 leading to diminished function of the subsequent 

protein (Faber et al., 2003). The function of ABCC3 as a compensatory 

mechanism during functional loss of ABCC2 serves to maintain cellular 

homeostasis by facilitating the continued removal of similar substrates from the 

hepatocyte via sinusoidal efflux. However, unlike ABCC2 whose excretory 

actions expedite xenobiotic removal from the body via fecal elimination, hepatic 

ABCC3 efflux of the same substrates can lead to increased systemic exposure. 

 

ABCB1 and ABCG2 are also moderately to highly expressed in the liver and are 

responsible for the biliary excretion of numerous drugs and metabolites (Gu and 

Manautou, 2010;Klaassen and Aleksunes, 2010). ABCB1 mainly facilitates the 

efflux of hydrophobic and cationic compounds, and in the intestine can 

significantly limit the absorption of xenobiotics thereby diminishing their 
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bioavailability (Giacomini et al., 2010;Lagas et al., 2010). Diminished expression 

of ABCB1 in the canalicular membrane can result in increased systemic 

exposure to numerous pharmaceuticals including etoposide, doxorubicin, 

vinblastine, and irinotecan (Lagas et al., 2010;Giacomini et al., 2010). ABCG2 

effluxes many of the same substrates as ABCC2 and ABCB1 and thus can serve 

as a compensatory pathway for biliary excretion; however, its capacity for the 

efflux of bile acids is not clear (Mennone et al., 2010). Known substrates of 

ABCG2 include several chemotherapeutic agents including methotrexate, 

topotecan, irinotecan, and imatinib in addition to several statin drugs and 

porphyrins (Giacomini et al., 2010). Though it may exhibit similar substrate 

specificities with ABCC2 and ABCB1, it is not as robust and cannot completely 

compensate for the biliary excretion of all shared substrates (Vlaming et al., 

2009). 

 

ABCC1 has been shown to transport neutral, uncharged hydrophobic 

compounds as well as GSH-, glucuronide-, and sulfonate-conjugates (Gu and 

Manautou, 2010). It is also capable of transporting unconjugated reduced and 

oxidized GSH (Yu et al., 2007). Drug substrates include several 

chemotherapeutics such as daunorubicin, doxorubicin, vincristine, and 

methotrexate in addition to many endogenous molecules including leukotrienes 

and prostaglandins (Klaassen and Aleksunes, 2010). Its expression in the liver is 

generally quite low making it one of the lesser important drug efflux pumps; 
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however its expression may be increased similarly to ABCC3 in response to 

decreased ABCC2 and during liver regeneration following hepatocellular damage 

(Faber et al., 2003;Gu and Manautou, 2010).  

 

Hepatic expression of ABCC4 is generally low, but can increase in advanced 

cholestasis, primary biliary cirrhosis, hepatocellular carcinoma, and during liver 

regeneration following hepatocellular damage (Gu and Manautou, 2010). ABCC4 

is responsible for the sinusoidal efflux of several drugs termed nucleotide 

analogs that are used to treat human immunodeficiency virus (HIV) as well as 

organic anions (Borst et al., 2000). It has been proposed that ABCC4 may prefer 

phosphate conjugates; however its affinity for GSH-, glucuronide-, and sulfonate-

conjugates is not entirely clear (Borst et al., 2000).  

 

ABCC5 and 6 are moderately expressed in hepatocytes, but have a more limited 

role in drug efflux (Klaassen and Aleksunes, 2010;Borst et al., 2000). ABCC5 is 

able to transport GSH-conjugates and nucleotide analogs, and its overexpression 

can confer some resistance to thiopurines in cancerous cells; however, its 

physiological function is largely unknown (Borst et al., 2000;Gu and Manautou, 

2010). The expression of ABCC6 is primarily in liver and kidney, but its 

physiological role is unclear (Gu and Manautou, 2010). Its expression has been 

shown to be decreased during liver regeneration and in experimental models of 

liver disease (Gu and Manautou, 2010). 
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In summary, the dynamic expression and proper localization of sinusoidal and 

canalicular efflux drug transporters, in addition to adequate expression and 

function of drug metabolizing enzymes, in the liver can significantly influence the 

disposition profile of a xenobiotic upon entry to the body. Disruptions in the 

careful balance of hepatic drug metabolizing enzymes and transporters can 

dictate the pharmacodynamics and pharmacokinetics of administered 

pharmaceuticals with potential for increased toxicity. 

 

A Consequence of Disruptions in ADME: Adverse Drug Reactions (ADRs) 

Perturbations in one or more processes of ADME can manifest as an adverse 

drug reaction (ADR). An ADR is defined as “a response to a drug which is 

noxious and unintended and which occurs at doses normally used in man for 

prophylaxis, diagnosis, or therapy of disease or for the modification of physiologic 

function” (Nebeker et al., 2004;Wilke et al., 2007). ADRs can be divided into two 

groups referred to as Type A reactions and Type B reactions (Wilke et al., 2007). 

Type A reactions are considered to be a continuation of the drug’s effect and are 

largely related to the dose used (Wilke et al., 2007). These ADRs are generally 

more predictable and can be prevented and alleviated by dosage adjustments; 

however, they can also be the result of medical errors such as overdosing (Wilke 

et al., 2007;Nebeker et al., 2004). Type B reactions are sometimes referred to as 

‘idiosyncratic,’ and are often unpredictable (Wilke et al., 2007). This type of 
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reaction typically occurs in susceptible individuals whether as a result of genetics 

or environment (Wilke et al., 2007). Serious ADRs are those that require 

hospitalization and can lead to permanent disability or fatality as a result of a 

Type A or B reaction (Wilke et al., 2007).  

 

Occurrence of ADRs 

In 2010, the Adverse Events Reporting System managed by the US Food and 

Drug Administration documented 471,291 serious adverse events with 82,724 

resulting in death (USFDA, 2010). This is a 30% increase in deaths compared to 

those reported in 2009 and a 66% increase from 2008 (USFDA, 2010). The 

overall incidence of serious ADRs in hospitalized patients has been estimated to 

be 6.2-6.7% in the US with a fatality rate of 0.15-0.32%, placing ADRs between 

the fourth and sixth leading cause of death in the US (Meyer, 2000;Wilke et al., 

2007). Thus, the occurrence of ADRs is a tremendous concern among 

healthcare providers costing billions of dollars each year in the US and worldwide 

(Wilke et al., 2007). Much research has been conducted to attempt to understand 

the causes of ADRs in order to prevent such occurrences. 

 

Influence of Pharmacogenetics 

Due to the predictability of Type A reactions, much of the research in the field 

has been focused upon identifying causative factors and predictors for Type B 

reactions. The influence of pharmacogenetics on the occurrence of ADRs has 
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been one area of extensive research. It is estimated that of the 27 drugs 

frequently reported as causing ADRs, 59% are metabolized by at least one drug 

metabolizing enzyme (Wilke et al., 2007). However, ADRs can arise from genetic 

alterations to three different cellular components. ADRs may arise from genetic 

polymorphisms in drug metabolizing enzymes, transporters, or drug targets 

(Meyer, 2000). The study of pharmacogenetics has identified several critical 

mechanisms underlying ADRs such as polymorphisms in dihydropyridine 

dehydrogenase (DPYD) leading to neurotoxicity following 5-fluorouracil 

treatment, and irinotecan-induced diarrhea and myelosuppression as a result of 

UGT1A1 polymorphisms (Meyer, 2000). However, genetic polymorphisms are 

only one contributor to the occurrence of ADRs. Other factors such as those 

occurring as a result of environment also contribute to the development of an 

ADR in a patient. Disease in a specific organ, particularly elimination organs such 

as the liver or kidney, and prior or concomitant xenobiotic exposure also play a 

role in the occurrence of ADRs (Clarke and Cherrington, 2012). Hepatotoxicity is 

one of the prominent factors leading to the termination of a drug in clinical 

development (Watkins, 2011). Furthermore, hepatotoxicity accounts for 

approximately 32% of drugs that are removed from the market as a result of 

newly discovered ADRs (Watkins, 2011). Thus, understanding the susceptibility 

of a particular disease population to ADRs and the mechanisms underlying such 

occurrences is a much needed area of research. The studies within the current 

dissertation were designed to determine the effect of a specific type of liver 
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disease, NAFLD, and its most severe stage, NASH, on particular ADME 

processes in order to identify whether this patient population is more susceptible 

to ADRs. 

 

The Liver as a Master Regulator of ADME 

The liver is placed in a critical position between the gastrointestinal tract and the 

systemic circulation, and is the major site of xenobiotic metabolism within the 

body (Verbeeck, 2008;Nguyen et al., 2010). This means that ingested 

xenobiotics that are able to penetrate the intestinal barrier must next pass 

through the liver in order to be distributed throughout the body. Upon absorption 

across the intestinal barrier, xenobiotics are carried to the liver via the portal vein. 

Nutrient-rich blood from the portal vein encounters oxygen-rich arterial blood at 

the periphery of what is known as hepatic lobules (see Figure 3 below) (Grisham, 

2009). Blood from both sources then mixes and passes through the hepatic 

sinusoids between the rows or “chords” of hepatocytes, bathing the cells in blood 

(see Figure 3) (Grisham, 2009). Thus, those hepatocytes that encounter the 

blood near the portal triad (termed periportal, see Figure 3) not only are exposed 

to xenobiotics first, but may also be faced with a greater quantity than those near 

the centrilobular area surrounding the central vein (Treinen-Moslen, 2001). 

However, periportal hepatocytes are exposed to more oxygen-rich blood; and as 

the blood flows from the periportal area inward toward the central vein, 

hepatocytes reside in increasingly more hypoxic surroundings (Grisham, 2009). 
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This inward flow of blood means that xenobiotics first encounter the SULTs which 

are predominantly expressed in hepatocytes in the periportal region (Zamek-

Gliszczynski et al., 2006). In contrast, hepatocytes near the centrilobular region 

surrounding the central vein express greater amounts of UGTs than periportal 

hepatocytes (Zamek-Gliszczynski et al., 2006). This is a beneficial arrangement 

of drug metabolizing enzymes due to the greater stores of the UGT cofactor, 

UDP-GlcUA, meaning that if a xenobiotic is not efficiently removed from blood by 

hepatocytes in the periportal region, the high-capacity UGTs can compensate to 

eliminate a potential toxicant before it is released into the systemic circulation.  

 

Once formed, the components of bile are secreted into the canalicular space 

which is formed between hepatocytes (see Figure 3) (Grisham, 2009). The bile 

then flows from the centiblobular area outward towards the portal triad where it 

collects in bile ducts and is eventually carried back to the intestinal lumen via the 

common bile duct (Treinen-Moslen, 2001;Grisham, 2009). Because the liver is 

responsible for such vital functions such as synthesis of clotting factors, albumin, 

and glucose, any form of liver disease has potential to significantly disrupt whole 

body homeostasis (Treinen-Moslen, 2001). Thus, subsequent exposures to 

xenobiotics, whether in the form of pharmaceuticals or toxicants, can lead to 

severe morbidity and even mortality. 

 

Effects of Liver Disease on ADME 
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Much of the research investigating the effect of liver disease on the processes of 

ADME has been centered on liver cirrhosis which is a severe, end-stage form of 

liver disease characterized by significant scarring of the liver that arises from 

various etiological factors (Verbeeck, 2008). Traditionally, it has been concluded 

that most liver diseases do not significantly affect drug pharmacokinetics unless 

the disease has progressed to cirrhosis; however, exceptions do exist in which 

there are alterations to specific ADME processes (Verbeeck, 2008). Typically, 

liver cirrhosis does not affect the total amount of drug absorbed following oral 

administration; however the rate of absorption can be affected due to 

concomitant factors such as portal hypertension, gastric ulcers, and delayed 

gastric emptying (Delco et al., 2005). Cirrhotic patients that exhibit edema or 

abdominal ascites on the other hand, tend to have an increase in the apparent 

volume of distribution of hydrophilic drugs which may lead to delayed elimination 

(Delco et al., 2005). For drugs that are highly plasma protein bound, a deficiency 

in available plasma proteins such as that seen in chronic liver diseases may 

displace drug binding and alter the apparent volume of distribution, or the 

clearance for those that exhibit saturable clearance mechanisms (Nguyen et al., 

2010).  

 

An important limiting factor in cirrhotic patients is decreased blood flow through 

the liver. For drugs whose elimination is dependent on blood flow, termed high 

extraction drugs, this can delay their clearance from systemic circulation (Delco 
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et al., 2005). This is also a problem in the elderly as liver blood flow tends to 

decrease with advancing age (Jansen, 2002). A more complex problem arises in 

cirrhotic patients with a portosystemic shunt, which allows a xenobiotic to 

essentially bypass the liver following absorption from the small intestine. The 

bioavailability of a xenobiotic in patients with a portosystemic shunt is 

significantly increased because the ability of the liver to act on the xenobiotic in 

an effort to facilitate elimination (i.e. the first-pass effect) is avoided (Delco et al., 

2005). 

 

Other investigations have focused on the detailed effects of liver diseases on the 

specific cellular effectors of ADME, drug metabolizing enzymes and transporters. 

Cholestatic liver disease is characterized by a decrease or blockage in bile flow, 

and canalicular efflux drug transporters have a prominent role in the etiology of 

this type of disease (Trauner et al., 2005). As previously discussed, cholestasis 

can result in the internalization of ABCC2 which is responsible for the bile salt-

independent portion of bile flow. Disruptions in the localization of this key 

transporter result in diminished biliary excretion of its substrates and 

compensatory excretion into sinusoidal blood leading to increased systemic 

exposure (Zhang et al., 2005;Mottino et al., 2002;Mottino et al., 2007). This effect 

is potentiated by increased expression of sinusoidal transporters such as ABCC3 

and 4 (Trauner et al., 2005;Gu and Manautou, 2010). In cholestatic patients, a 

decrease in biliary excretion is observed with a significant increase in sinusoidal 
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efflux and subsequent urinary excretion of drugs (Trauner et al., 2005). Hepatitis 

C viral infection (HCV) has also been shown to have effects on drug transporters 

which is enhanced when the disease has advanced to cirrhosis (Ogasawara et 

al., 2010). The gene expression of OATP1B1, 1B3, and ABCC2 is significantly 

reduced in HCV which is further potentiated in those with cirrhosis (Ogasawara et 

al., 2010). Additionally the expression of ABCC1, 4, and ABCB1 is increased in 

HCV patients (Ogasawara et al., 2010). The differential regulation of transporters 

on opposing membranes of the hepatocyte has serious implications for drug 

disposition in these patients. With respect to drug metabolism, the typical 

conclusion is that the activity of CYPs is depreciated in liver disease (Verbeeck, 

2008). However, such a generalized conclusion is not advised because often 

only specific CYP isoforms are affected (Verbeeck, 2008). Additionally, 

generalized conclusions have been made that UGT activity is spared in patients 

with liver disease (Verbeeck, 2008). 

 

While these are just a few examples of the effects of liver disease on drug 

disposition and cellular effectors, it is clear that any type of liver disease has 

potential to significantly disrupt specific processes of ADME. Furthermore, even 

from the limited examples provided, the effect of a specific liver disease may 

greatly differ from another at the molecular level; therefore it is imperative to 

understand the mechanisms of alterations in specific cellular effectors as a result 

of disease and determine their overall effects on drug disposition. 
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Nonalcoholic Fatty Liver Disease (NAFLD) 

Nonalcoholic fatty liver disease (NAFLD) is a chronic, complex disease that 

represents a spectrum of histopathologies ranging from simple steatosis to the 

more severe nonalcoholic steatohepatitis (NASH), to cirrhosis (Marra et al., 

2008;Sanyal, 2011). NAFLD is estimated to affect anywhere from 17-40% of the 

adult population making it one of the most common liver diseases of 

industrialized nations (Marra et al., 2008;Ali and Cusi, 2009;McCullough, 2011). It 

is frequently associated with the metabolic syndrome which includes such clinical 

features as hypertriglyceridemia, insulin resistance, dyslipidemia, obesity, and 

hypertension (Ali and Cusi, 2009;Angulo, 2002;McCullough, 2011). 

Approximately 90% of patients with NAFLD typically exhibit at least one clinical 

feature of the metabolic syndrome (Adams and Angulo, 2005). Furthermore, with 

each additional feature of metabolic syndrome present in NAFLD patients, 

hepatic histological severity tends to increase, with NASH patients often 

exhibiting more numerous symptoms than those with simple steatosis 

(Marchesini et al., 2003;McCullough, 2006;Fan, 2008;McCullough, 2011). 

NAFLD is highly associated with obesity which continues to be a growing 

problem in the US population (McCullough, 2011). It is believed that 

approximately 30-50% of obese patients may have the more severe form of 

NAFLD, NASH (Cheung and Sanyal, 2009). More alarming is the estimate that 

15-25% of NAFLD patients will eventually develop cirrhosis, and 30% of those 
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patients will succumb to liver disease-related deaths within 10 years of diagnosis  

(McCullough, 2006;Rubinstein et al., 2008;McCullough, 2011). Thus, it is clear 

that NAFLD, and even NASH, is continually becoming a more common problem 

facing healthcare practitioners in the clinic. 

 

NAFLD begins in the form of simple steatosis which is the accumulation of 

triglycerides within >5% of hepatocytes with an absence of overt inflammation in 

patients who consume less than 10 g of alcohol daily (Marra et al., 2008;Byrne et 

al., 2009). Simple steatosis is generally considered to be a benign condition with 

many patients remaining at this stage for several years; however, it is not 

quiescent (Marra et al., 2008). It is believed that steatosis sets the stage and 

renders the liver susceptible to further damage (Marra et al., 2008). Steatosis can 

progress to the severe stage of NASH which is estimated to affect anywhere 

from 5.7 to 24% of the population (Barr et al., 2010;McCullough, 2011). Once 

patients progress to NASH, further progression to cirrhosis is believed to be 

drastically accelerated (Rubinstein et al., 2008). The mechanisms governing the 

transition from steatosis to NASH are still the subject of many investigations and 

much debate. Regardless of the sequence of events, it is clear that oxidative 

stress, lipid peroxidation, pro-inflammatory cytokine induction, mitochondrial 

dysfunction, and Fas ligand activation each have roles in the development of 

NASH (Angulo, 2002;Marra et al., 2008). Histologically, NASH is characterized 

by significant inflammation, oxidative hepatocellular damage, fibrosis, and 
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greater lipid accumulation within hepatocytes, most often in the form of 

macrovesicular steatosis (Marra et al., 2008;Brunt and Tiniakos, 2010). The 

amount of histological damage at the stage of NASH and the propensity to 

progress to cirrhosis has significant potential to alter several factors regulating 

xenobiotic disposition. 

 

Previous studies within Dr. Cherrington’s laboratory have used rodent models to 

investigate the effect of steatosis and NASH on nuclear receptors and 

transcription factors as well as drug metabolizing enzymes and transporters. 

Using a high fat (HF) diet to model steatosis and the methionine choline-deficient 

(MCD) diet to model NASH in rats, antioxidant response genes under the control 

of Nrf2 were investigated. It was discovered that NASH in particular induced a 

significant increase in the glutamate cysteine ligase catalytic subunit (Gclc), 

heme oxygenase-1 (Ho-1) and Nqo1 mRNA levels in addition to a significant 

elevation in Nqo1 enzymatic activity (Lickteig et al., 2007b). Further 

investigations of the effect of NASH on nuclear receptors and transcription 

factors using the MCD diet model in mice revealed a significant increase in PXR 

mRNA levels whereas levels of AhR, CAR, Nrf2, and PPAR-α were not altered 

(Fisher et al., 2008). Furthermore, NASH rodents exhibited significant elevations 

in CYP3a11, 4a14, and Nqo1, which are downstream targets of PXR, PPAR-α, 

and Nrf2, respectively (Fisher et al., 2008). Additional studies using the HF diet 

and MCD diet models of steatosis and NASH, respectively, revealed a significant 
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downregulation in the uptake transporters Ntcp, Oat3, Oat2, OATP1a1, 1a4, 1b2, 

and 2b1 mRNA levels in both steatosis and NASH rats (Fisher et al., 2009a). 

Reductions in OATP1a1 and 1b2 protein were also observed in rodent steatosis 

and NASH, whereas NASH alone induced Abcc2 protein expression (Fisher et 

al., 2009a). Together, these changes culminated in decrease uptake of 

bromosulfophthalein in NASH rats (Fisher et al., 2009a). Still another study using 

these same diet models in rats investigated alterations to efflux drug 

transporters. It was discovered that NASH induced mRNA levels of Abcc3, 4, and 

Abcg2, and steatosis increased Abcc5 mRNA levels (Lickteig et al., 2007a). 

Furthermore, both rodent steatosis and NASH decreased Abcc6 and bile salt 

export pump (Abcb11) mRNA (Lickteig et al., 2007a). Protein levels of Abcc2, 3, 

4, and Abcg2 were elevated in NASH rats which resulted in increased plasma 

retention and decreased biliary excretion of acetaminophen-glucuronide (Lickteig 

et al., 2007a). 

 

More recently, Dr. Cherrington’s laboratory acquired human liver tissue samples 

histopathologically staged as simple steatosis, NASH with fatty liver, and NASH 

without fatty liver/cirrhosis from the NIH-funded Liver Tissue Cell Distribution 

System. These samples were used to determine the effect of human NAFLD 

progression on CYP expression and activity. Progression of human NAFLD 

induced mRNA levels of CYP2A6 and 2B6, whereas CYP2E1 was decreased 

(Fisher et al., 2009b). However, additional isoforms exhibited changes in protein 



67 
 

expression. Significant reductions in CYP1A2, 2C19, and 2E1 were observed 

with disease progression, and CYP2A6 protein levels were increased (Fisher et 

al., 2009b). Furthermore, ex vivo enzyme activity assays revealed a reduction in 

CYP1A2 and 2C19 activity (Fisher et al., 2009b). In contrast, CYP2A6 and 2C9 

enzyme activity was increased (Fisher et al., 2009b). 

 

Altogether, these studies indicate significant changes in specific drug 

metabolizing enzymes and transporters as a result of rodent NAFLD, and NASH 

in particular, with some indication that human NAFLD also affects specific ADME 

players rather than whole families of enzymes. Furthermore, the rodent studies 

indicate that NASH, rather than steatosis, has significant potential to alter several 

aspects of drug disposition; however, the specific mechanisms leading to these 

changes and their affect on hepatic and whole body toxicity remained unclear. 

The studies presented herein were designed to elucidate these mechanisms and 

determine susceptibility to toxicity as a result of NASH, while providing a greater 

overview of human NAFLD and particularly NASH on hepatic drug metabolizing 

enzymes and transporters.  
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Figures 

Figure 1. Localization of the Major Uptake Drug Transporters in the Hepatocyte. 
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Figure 2. Localization of the Major Efflux Drug Transporters in the Hepatocyte. 
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Figure 3. Simplified Schematic of the Hepatic Lobule. 
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PRESENT STUDY 

The liver is largely the central organ of drug metabolism within the body. 

Disruptions in hepatic homeostasis due to disease have significant potential to 

alter specific players in the processes of ADME. Alterations in the expression or 

function of hepatic drug metabolizing enzymes and transporters can cause 

delayed elimination of a xenobiotic thereby leading to increased toxicity, or the 

potentiated therapeutic effect of a pharmaceutical. Inadequate metabolism of a 

prodrug can limit its efficacy, or diminish the damaging potential of a toxicant that 

requires bioactivation to exert its effects. Lastly, accelerated elimination can lead 

to pharmacologic failure of a drug. Due to the central role of the liver in the 

overall ADME process and the rising prevalence of NAFLD in the US population, 

determining the effect of the stages of NAFLD on xenobiotic metabolism and 

disposition is imperative to ensuring the safety of these patients. Previous studies 

in the Cherrington laboratory indicate that NASH, rather than simple steatosis, 

has potential to significantly alter drug metabolism and disposition. Therefore, I 

hypothesized that NASH would induce changes in the expression and function of 

specific members of the major drug metabolizing enzyme and efflux transporter 

familites resulting in significant disruption of drug pharmacokinetics and overall 

drug exposure. Three aims were designed to test this hypothesis: 

Aim 1—Investigate the expression and function of Phase II drug metabolizing 

enzymes in human NAFLD. 
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Aim 2—Analyze the expression and localization of efflux drug transporters in 

human NAFLD. 

Aim 3—Demonstrate the functional outcome of alterations in drug metabolizing 

enzymes and transporters and their effects on drug pharmacokinetics and toxicity 

using a rodent model of NASH. 

In the present study, I utilized a bank of frozen and formalin-fixed, paraffin-

embedded human tissues obtained from the NIH-funded Liver Tissue Cell 

Distribution System to identify any NAFLD-induced changes in drug metabolizing 

enzymes and transporters. This tissue bank represents the full spectrum of 

NAFLD including normal, steatosis, NASH with fatty liver, and NASH without fatty 

liver which is also considered cirrhotic. This spectrum facilitated the 

determination of the effect of progressive stages of the disease on drug 

metabolizing enzymes and efflux transporters. I have discovered that disease 

progression to NASH diminishes glutathione-conjugation, sulfonation, and 

induces expression of efflux drug transporters. I have also determined that NASH 

causes a change in the localization of the canalicular efflux transporter, ABCC2, 

thereby diminishing biliary excretion of its substrates. Additionally, NASH induces 

the expression of several sinusoidal efflux transporters, including ABCC3, which 

promotes efflux of substrates into blood. Using a rodent model of NASH, I have 

demonstrated that these changes in drug transporters drive a shift from biliary 

excretion to primarily sinusoidal excretion using two mechanistically different 

probe drugs. The shift in disposition I have identified in NASH has serious 
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implications for overt systemic exposure in NASH patients, and creates the 

potential for toxicity to develop in many other organ systems. 
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Abstract 

Non-alcoholic fatty liver disease (NAFLD), which occurs in approximately 17-40% 

of Americans, encompasses progressive stages of liver damage ranging from 

steatosis to non-alcoholic steatohepatitis (NASH). Inflammation and oxidative 

stress are known characteristics of NAFLD; however the precise mechanisms 

occurring during disease progression remain unclear. The purpose of the current 

study was to determine whether the expression or function of enzymes involved 

in the antioxidant response—NAD(P)H:quinone oxidoreductase 1, glutathione S-

transferase, glutamate cysteine ligase—are altered in the progression of human 

NAFLD. Human livers staged as normal, steatotic, NASH (fatty) and NASH (not 

fatty) were obtained from the Liver Tissue Cell Distribution System. NQO1 

mRNA, protein, and activity tended to increase with disease progression. mRNA 

levels of the GST isoforms A1, A2, A4, M3, and P1 increased with NAFLD 

progression. Similarly, GST A and P protein increased with progression; however 

GST M protein levels tended to decrease. Interestingly, total GST activity toward 

the substrate CDNB decreased with NAFLD progression. GSH synthesis does 

not appear to be significantly dysregulated in NAFLD progression; however, the 
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GSH:GSSG redox ratio appeared to be reduced with disease severity, indicating 

the presence of oxidative stress and depletion of GSH throughout progression of 

NAFLD. MDA concentrations were significantly increased with disease 

progression, further indicating the presence of oxidative stress. Nuclear 

immunohistochemical staining of Nrf2, an indicator of activation of the 

transcription factor, was evident in all stages of NAFLD. The current data suggest 

that Nrf2 activation occurs in response to disease progression followed by 

induction of specific Nrf2 targets, while functionality of specific antioxidant 

defense enzymes appear to be impaired as NAFLD progresses. 

 

Introduction 

Non-alcoholic fatty liver disease (NAFLD) is recognized as an epidemic of 

modern, industrialized countries. Reports estimate that approximately 17-40% of 

the United States population is affected by NAFLD (Ali et al., 2009;McCullough, 

2006). It is a complex disease consisting of various stages characterized by 

progressive levels of hepatocellular damage. NAFLD originates as an infiltration 

of triglycerides within hepatocytes (Angulo, 2002) known as simple fatty liver 

(steatosis). Steatosis is generally considered a benign condition, though it 

renders the liver susceptible to further damage (Marra et al., 2008;Adams et al., 

2007). The initial accumulation of lipids within hepatocytes is described as the 

“first hit” in NAFLD pathogenesis, and is believed to be associated with increased 

sensitivity to oxidative stress (Nagata et al., 2007). Steatosis can progress to the 
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more severe non-alcoholic steatohepatitis (NASH) which is associated with an 

increase in inflammation, fibrosis, oxidative stress and more widespread damage 

(Marra et al., 2008;Kleiner et al., 2005).  

 

Though the mechanisms are not entirely clear, the presentation of oxidative 

stress is regarded as the “second hit” in NAFLD pathogenesis (Nagata et al., 

2007). Additionally, the development of inflammation and fibrosis, which cause 

impairments in liver function, are important factors in the differentiation of 

steatosis from NASH (Marra et al., 2008). Furthermore, activation of 

inflammatory cells and mitochondrial dysfunction are believed to be significant 

contributors to the perpetuation of reactive oxygen species (ROS) production in 

the progression from steatosis to NASH (Marra et al., 2008). NASH, which is 

considered to be the end-stage of NAFLD, is estimated to affect 5.7-17% of the 

United States population, and can further progress to cirrhosis and liver failure 

(McCullough, 2006). Approximately 15-25% of NASH patients are estimated to 

progress to cirrhosis with 30-40% eventually surrendering to liver disease-

associated deaths (McCullough, 2006).  

 

Oxidative stress is a cellular state in which the generation of such harmful 

molecules as ROS, peroxidized lipids, reactive quinones, and electrophiles is 

disproportionate to the cell’s ability to remove these destructive agents. The 

capacity of a cell to manage oxidative stress is primarily mediated through 
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antioxidant response elements (ARE), which are largely under the control of the 

transcription factor NF-E2-related nuclear factor 2 (Nrf2) (Jaiswal, 2004;Itoh et 

al., 1997). Nrf2 is primarily a cytosolic protein due to proteasomal degradation 

regulated by Keap1 (Zhang, 2006;Jaiswal, 2004). When a cell is undergoing 

oxidative stress, Nrf2 escapes Keap1-mediated degradation, translocates to the 

nucleus, binds to ARE sequences within the promoters of target genes, and 

induces expression of Phase I and II metabolizing enzymes and transporters 

pivotal to the maintenance of oxidative stress-inducing molecules (Jaiswal, 

2004;Nakata et al., 2006;Zhang, 2006). Such enzymes include NAD(P)H:quinone 

oxidoreductase-1 (NQO1), glutathione S-transferase isoforms (GSTs), and 

glutamate cysteine ligase (GCL) subunits (Itoh et al., 1997;Nguyen et al., 

2000;Nakata et al., 2006).  

 

NQO1 is a cytosolic protein that catalyzes the two electron reduction of reactive 

quinones which are capable of producing ROS and initiating redox cycling (Ross 

et al., 2004;Talalay et al., 2004;Jaiswal, 2000). Human GSTs are a large family 

of detoxifying enzymes that catalyze the conjugation of GSH to reactive 

electrophiles (Hayes et al., 2005). GSTs can be found in the cytosol, 

mitochondria, and microsomal membranes of most tissues throughout the body 

(Hayes et al., 2005). The cytosolic GST isoforms consist of several families, 

some of which are included in the alpha, mu, and pi classes—each of which have 

multiple members (Hayes et al., 2005;Pastore et al., 2003). The alpha and mu 
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classes have received significant attention as Nrf2 target genes, and specific 

alpha isoforms are important for the inactivation of oxidative stress-inducing lipid 

peroxides. GCL is the rate-limiting step in the synthesis of GSH, and is 

composed of two subunits, catalytic (GCLC) and modifier (GCLM) (Lu, 2008). As 

a cofactor for GST isoforms, disruptions in GSH synthesis have the potential to 

severely disturb the detoxifying capacity of hepatic GSTs. However, reductions in 

GSH concentration do not always correlate with GCL expression or activity, such 

as during periods of significant depletion of GSH pools (Lu, 2008;Pastore et al., 

2003).  

 

Due to the increasing prevalence of NAFLD, elucidating the mechanisms of 

oxidative stress-induced injury within the liver is vital to understanding the 

pathogenesis of NAFLD and susceptibility to further damage. The focus of the 

current study was to evaluate the expression and activity of NQO1, GST 

isoforms, and GSH synthesis in the livers of adult patients diagnosed with the 

progressive stages of NAFLD. 

 

Materials and Methods 

Materials. Tris-HCl, EDTA, KCl, phenylmethanesulphonyl fluoride (PMSF), 2,6-

Dichlorophenol-indophenol  (DCPIP), NAD(P)H, 1-Chloro-2,4-dinitrobenzene 

(CDNB), glutathione (GSH), diaminobenzidine tetrahydrochloride (DAB), and 

H2O2 were obtained from Sigma-Aldrich (St. Louis, MO). 
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Human Liver Samples and Tissue Preparations. Frozen and formalin-fixed, 

paraffin-embedded adult human liver tissue was obtained from the Liver Tissue 

Cell Distribution System at the University of Minnesota, Virginia Commonwealth 

University and the University of Pittsburgh. All samples were scored and 

categorized by a medical pathologist at the Liver Tissue Cell Distribution System 

according to the NAFLD Activity Score system developed by Kleiner, et al. as 

part of the service provided by the agency to NIH-funded investigators (Kleiner et 

al., 2005). Diagnosis was later confirmed by histological examination at the 

University of Arizona. Donor information, including age and gender, has been 

published previously (Fisher et al., 2009). The samples were diagnosed as 

normal (n=20), steatotic (n=12), NASH with fatty liver (NASH fatty, n=11), and 

NASH without fatty liver (NASH not fatty, n=11). Samples exhibiting >10% fatty 

infiltration of hepatocytes were considered steatotic. NASH (fatty) samples were 

diagnosed based upon >5% fatty infiltration of hepatocytes with significant 

inflammation and fibrosis. NASH (not fatty) samples were differentiated from 

NASH (fatty) samples by a reduction in fatty deposits within the hepatocytes 

(<5%). Furthermore, NASH (not fatty) samples presented more marked 

inflammation and fibrotic branching. Total RNA was isolated from human liver 

tissue using RNAzol B reagent (Tel-Test Inc., Friendswood, TX) according to the 

manufacturer’s recommendations. RNA concentrations were determined by UV 

spectrophotometry. Integrity of the RNA was confirmed by ethidium bromide 
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staining following agarose gel electrophoresis. Cytosolic fractions of human liver 

tissue were prepared by homogenization in buffer containing 50 mM Tris-HCl (pH 

7.4), 1 mM EDTA and 154 mM KCl with 0.5 mL/100 mL 100 mM PMSF at 4°C. 

Homogenates were centrifuged at 10,000 x g for 30 minutes and the supernatant 

was transferred to clean microcentrifuge tubes. Samples were then centrifuged at 

100,000 x g for 70 minutes and the supernatant was retained as the cytosolic 

fraction. Protein concentrations were determined using the Pierce BCA Protein 

Quantitation Assay (Thermo Scientific, Rockford, IL) per the manufacturer’s 

protocol. 

 

Branched DNA Assay. Specific oligonucleotide probes (see Supplemental Data 

Table 1) for NQO1, GCLC, and GCLM were diluted in lysis buffer supplied by the 

Quantigene™ HV Signal Amplification Kit (Genospectra, Fremont, CA). 

Substrate solution, lysis buffer, capture hybridization buffer, amplifier and label 

probe buffer used in the analysis were all obtained from the Quantigene 

Discovery Kit (Genospectra, Fremont, CA). The assay was performed in a 96-

well plate in which total RNA (1 µg/µl; 10 µl) was added to the capture 

hybridization buffer with 50 µl of the diluted probe set. The total RNA was then 

allowed to hybridize to the probe set overnight at 53°C. Hybridization steps were 

performed the following day per the manufacturer’s protocol. Luminescence of 

the samples was measured with a Quantiplex™ 320 bDNA luminometer 

interfaced with Quantiplex™ Data Management Software Version 5.02. 
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Real-Time Reverse Transcriptase Polymerase Chain Reaction (qPCR). cDNA 

was reverse-transcribed from total RNA using the Transcriptor First Strand cDNA 

Synthesis Kit (Roche, Indianapolis IN) per the manufacturer’s protocol. Specific 

primers for GST isoforms A1, A2, A4, M1, M2, M3, M4 and P1 (see Appendix B) 

were synthesized by Integrated DNA Technologies (Coralville, IA). Reactions 

were performed using the LightCycler 480 Probes Master Kit (Roche, 

Indianapolis IN) and Universal ProbeLibrary Probes (Roche, Indianapolis IN) 

according to the manufacturer’s protocol. Briefly, the reaction was performed as 

follows:  one denaturation cycle (95°C for 2 minutes), 45 amplification cycles 

(95°C for 10 seconds, 60°C for 30 seconds) and one cooling period (40°C for 30 

seconds). Relative mRNA levels were normalized to GAPDH. 

 

NQO1 Activity assay. NQO1 activity was determined by measuring the 

colorimetric reduction of DCPIP at 600 nm for an interval of one minute as 

previously described (Aleksunes et al., 2006a). The reaction was performed in 

triplicate in a 1mL format containing 200 μM NAD(P)H, 40 μM DCPIP and liver 

cytosol in a Tris-HCl buffer (25 mM Tris pH 7.4, 0.7 mg/mL bovine serum 

albumin). Similarly, inhibition reactions were performed with the addition of 20μM 

Dicumarol to the reaction mixture. The activity was determined by the difference 

in absorbance rates of the uninhibited and inhibited reaction rates, and was then 

normalized to total cytosolic protein content. 
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GST Activity Assay. GST activity was quantified by spectrophotometry according 

to established methods using 1-Chloro-2,4-dinitrobenzene (CDNB) which is a 

substrate for the GST isoforms A1, A2, A4, M1, M2, M3, M4 and P1 (Current 

Protocols in Toxicology, 1999). Specifically, 1 mL reactions of 1 mM CDNB 

(prepared in 95% ethanol), 1 mM GSH, 0.1 M Sodium phosphate buffer (pH 6.5) 

and liver cytosol were measured at 340 nm for a period of one minute. All 

reactions were performed in triplicate. Enzyme activity was calculated as the 

difference of the rate of a sample reaction from a simultaneous blank reaction 

devoid of liver cytosol, and was normalized to total cytosolic protein content. 

 

Immunoblot Protein Analysis. Cytosolic proteins (20µg/well) were separated by 

SDS-PAGE and transferred to PVDF membranes. The following mouse 

monoclonal antibodies were obtained from Abcam, Inc. (Cambridge, MA): 1:1000 

NQO1 (A180), 1:500 GSTA, 1:500 GSTP (3F2C2).  GCL protein was detected 

using mouse monoclonal antibodies from Abnova (Taipei City, Taiwan): 1:8000 

GCLC (3H1) and 1:3000 GCLM (2B8). Levels of GSTM (1:3000, Abcam, Inc., 

Cambridge, MA) and total ERK (1:1000 C-16 and C-14, Santa Cruz 

Biotechnology, Inc., Santa Cruz, CA) were measured using goat polyclonal 

antibodies. Quantification of relative protein expression was determined using 

image processing and analysis with Image J software (NIH, Bethesda, MD) and 

normalized to total ERK. 
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Glutathione Assay. Glutathione (GSH) concentrations were determined using the 

BioVision Glutathione Assay Kit (Mountain View, CA) per the manufacturer’s 

recommendations in a 96-well format. Briefly, ~40 mg of tissue was homogenized 

and preserved with GSH buffer and 6 N perchloric acid. Samples were then 

precipitated with 3 N potassium hydroxide and centrifuged for 2 minutes at 

13,000 x g. To detect reduced glutathione (GSH), 5 µl of the neutralized sample 

was incubated with o-phthalaldehyde probe (OPA) and GSH buffer for 40 

minutes. To detect oxidized glutathione (GSSG), 1 µl of neutralized sample was 

incubated with GSH buffer and 10 µl of GSH quencher for 10 minutes, followed 

by reducing agent and OPA for 40 minutes. Fluorescence readings were 

captured using a SPECTRAmax GEMINI XS (Molecular Devices Corporation, 

Sunnyvale, CA) fluorescence reader. 

 

Thiobarbituric Acid Reactive Substances (TBARS) Assay. Malondialdehyde 

(MDA) concentrations were determined using the Cayman Chemical TBARS 

Assay Kit (Ann Arbor, MI) per the manufacturer’s recommendations for 

colorimetric measurement of MDA. Briefly, ~25 mg of tissue was sonicated on ice 

in RIPA lysis buffer containing 1% NP-40, 1% w/v sodium deoxycholate, 0.1% 

SDS, 0.15 M NaCl, 0.01 M sodium phosphate pH 8.0, 2 mM EDTA, and 1 

Protease Inihibitor Cocktail Tablet per 25 mL (Roche, Indianapolis, IN). Samples 

were then centrifuged at 1,600 x g for 10 minutes at 4°C and the supernatant 
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preserved for analysis. To 100 µL of each sample and standard curve solutions, 

100 µL of provided SDS solution was added followed by 4 mL of color reagent. 

Samples and standard curve solutions were boiled for 1 hour and the reaction 

was terminated by incubation on ice for 10 minutes followed by centrifugation at 

1,600 x g for 10 minutes at 4°C. 150 µL of samples and standard curve solutions 

were loaded in duplicate onto a 96 well plate and absorbance read at 540 nm in 

a BioTek Powerwave HT (Winooski, VT) spectrophotometer. 

 

Immunohistochemistry (IHC). Immunohistochemical staining for Nrf2 was 

performed on formalin-fixed paraffin-embedded human liver samples. Briefly, 

tissue sections were de-paraffinized in xylene and re-hydrated in ethanol, 

followed by antigen retrieval in citrate buffer (pH 6.0). Endogenous peroxidase 

activity was blocked with 0.3% (v/v) H2O2 in methanol for 20 minutes. All samples 

were incubated with a 1:75 solution of Nrf2 (C-20) antibody (Santa Cruz 

Biotechnology, Santa Cruz CA) overnight at 4°C. Antibody binding was detected 

with biotinylated goat anti-rabbit IgG (Vector Laboratories, Burlingame CA) and 

an avidin-biotin complex (Vector Laboratories, Burlingame CA). Color 

development was performed with a solution of 0.5% 3,3’-diaminobenzidine 

tetrahydrochloride (DAB) in 0.015% H2O2 (0.01M phosphate-buffered saline, pH 

7.2). All slides were imaged with a Nikon Eclipse E4000 microscope and a Sony 

Exwave DXC-390 camera. 
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Quantification of Nrf2 Nuclear Translocation.  Hepatocyte nuclei positive for Nrf2 

staining and hepatocyte nuclei negative for Nrf2 staining were quantified within a 

20X field of vision with a total of ten fields assessed for each sample. The 

number of total hepatocytes was calculated from the positive and negative nuclei 

counts, and was used to determine the percentage of positive nuclei within a 

field.  The average number of positive nuclei, negative nuclei, total nuclei and 

percent positive nuclei was assessed for each diagnostic category. 

 

Statistical Analysis. The samples within this study can be categorized by disease 

progression/severity: normal<steatosis<NASH (fatty)<NASH (not fatty). All data 

collected in this study were continuous outcomes, but exhibited a skewed 

distribution. Therefore, median values rather than mean were compared and the 

results presented as box-and-whisker plots. Data were analyzed by a non-

parametric trend analysis with a significance level of p ≤ 0.05 to determine 

significant increases or decreases with disease progression/severity. All analyses 

were performed with Stata10 software (Stata, College Station, TX). 

 

Results 

Human NAFLD Histology. Representative images of hematoxylin and eosin 

(H&E) staining of human liver samples staged as normal, steatotic, NASH (fatty) 

and NASH (not fatty) are shown in Figure 1. A diagnosis of steatosis was made 

for samples exhibiting >10% fatty infiltration of hepatocytes. Samples exhibiting 
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>5% fatty infiltration of hepatocytes with significant inflammation and fibrosis 

were staged as NASH (fatty). Those samples presenting with a reduction in fatty 

deposits within the hepatocytes to <5% with increased inflammation and 

branching fibrosis were diagnosed as NASH (not fatty). Microvesicular lipid 

deposits are readily apparent in the steatotic samples, and sinusoidal structure 

remains somewhat intact. The NASH (fatty) stage is characterized by 

macrovesicular fatty deposits within hepatocytes and the development of 

inflammation and fibrosis. As the liver progresses from NASH (fatty) to NASH 

(not fatty), the infiltration of fatty deposits is greatly reduced; however 

inflammation increases, as does fibrosis.    

 

NQO1 Expression and Activity in Human NAFLD Progression. Gene expression 

of antioxidant response enzymes is indicative of Nrf2 transcriptional activation of 

the ARE. NQO1 gene expression was measured in human liver samples by 

assessing the levels of NQO1 mRNA using the bDNA assay, shown in Figure 2A. 

There was an increasing trend in NQO1 mRNA expression with progression of 

NAFLD. An immunoblot analysis of NQO1 protein levels in human cytosolic liver 

samples was conducted and normalized to Total ERK. Representative 

immunoblots with two samples from each diagnostic category and densitometry 

results of NQO1 in each stage of NAFLD are shown in Figure 2B and 2A, 

respectively. Densitometric analysis of relative NQO1 protein levels in all 54 

human liver samples revealed an increasing trend in NQO1 protein with disease 
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progression. The enzymatic activity of NQO1 protein was measured in human 

liver cytosolic samples using DCPIP as the substrate. Enzymatic activity of 

NQO1 was significantly increased with progression of NAFLD.  

 

GST Isoform Expression and Pan-GST Activity in Human NAFLD Progression. 

The expression of various GST isoforms is also dependent upon the ARE, and 

thus, transcriptional activation by Nrf2. Due to significant homology among the 

GST isoforms, mRNA levels could not be measured by bDNA analysis which 

requires the use of multiple oligonucleotides to identify specific mRNA molecules. 

Therefore, relative mRNA levels of the GST isoforms A1, A2, A4, M1, M2, M3, 

M4, and P1 were measured by qPCR in each stage of NAFLD. Shown in Figure 

3A, mRNA levels of the GST A4, A2, A4, M3, and P1 isoforms exhibited a 

significant increasing trend with disease progression. GST protein levels in 

cytosolic liver fractions were assessed for each isoform family (GSTA, GSTM, 

and GSTP), and normalized to Total ERK. Protein levels were measured for all 

54 liver specimens in the study. Representative immunoblots depicting two 

samples from each diagnostic category and densitometry results are shown in 

Figure 3C and 3B, respectively. There were increasing trends in expression for 

both GST A and P protein. In contrast, GST M protein levels were decreased 

with NAFLD progression. The functional capability of the GST isoforms to 

effectively conjugate GSH to electrophilic substrates was determined 

spectrophotometrically in human liver cytosolic samples using CDNB as a pan-
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GST substrate. Shown in Figure 3D, a significant decreasing trend in GST 

enzymatic activity was observed with NAFLD progression. 

 

GCL Expression. mRNA and protein levels of GCL, the rate-limiting enzyme in 

the synthesis of GSH, were assessed by the bDNA assay and immunoblot 

analysis in human liver samples. mRNA results of GCLC, the catalytic subunit of 

GCL, and GCLM, the modifier subunit, are shown in Figure 4A. No significant 

alterations were observed in the mRNA levels of GCLC; however, GCLM mRNA 

levels exhibited an increasing trend as NAFLD severity increased. The 

densitometric results of GCLC and GCLM protein levels in all 54 human liver 

samples, along with representative immunoblots depicting two samples from 

each diagnostic category, are shown in Figure 4A and 4B, respectively. No 

significant alterations in GCL protein were observed. 

 

GSH Concentration and Redox Status in Human NAFLD. GSH and GSSG 

concentrations were determined fluorometrically using the BioVision Glutathione 

Assay Kit (Mountain View, CA). The results are presented in Figure 5, along with 

the GSH:GSSG ratio (redox status). There were decreasing trends in GSH and 

GSSG concentrations throughout disease progression. The redox status 

(GSH:GSSG ratio), an estimation of the oxidative state in cells and tissues, is 

shown in Figure 5. The redox status exhibited a significant decreasing trend with 

disease progression. 
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MDA Concentration in Human NAFLD. Malondialdehyde (MDA) is a product of 

lipid peroxidation, and is often used as an indicator of oxidative stress in tissues 

and cells. MDA concentration was measured colorimetrically using the Cayman 

Chemical TBARS Assay Kit (Ann Arbor, MI). The results, shown in Figure 5 

reveal a significant increasing trend in MDA concentration with disease 

progression. 

 

Nrf2 Activation in Human NAFLD. Induction of ARE genes is dependent upon the 

escape of Nrf2 from Keap1-mediated degradation in the cytosol, enabling its 

translocation to the nucleus where it may bind to ARE promoters. In order to 

determine whether Nrf2 had translocated into the nuclei of hepatocytes and was 

therefore activated, formalin-fixed, paraffin-embedded human liver samples were 

immunohistochemically stained for Nrf2. Representative images are shown in 

Figure 6. Positive nuclear staining of Nrf2 (indicated by open arrows) can be 

seen in all stages of NAFLD. Nuclei negative for Nrf2 staining are indicated by 

closed arrows. Quantification of Nrf2 translocation revealed that in normal human 

liver samples an average of 2.06% of hepatocytes within a 20X field of vision 

exhibited positive Nrf2 nuclear staining. In contrast, steatotic, NASH (fatty), and 

NASH (not fatty) samples presented on average with 24.67%, 22.60%, and 

22.34% of hepatocytes bearing positive Nrf2 nuclear staining, respectively. 
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Discussion 

NAFLD, like obesity, is becoming an increasingly significant health concern. 

Accumulation of triglycerides within hepatocytes, insulin resistance, inflammation, 

chronic oxidative stress levels, and fibrosis in combination, make this a complex 

disease. The specific mechanisms by which each of these parameters presents 

in the progression of NAFLD are not certain. With the exception of cytochrome 

P450 enzymes (Fisher et al., 2009), the metabolic capacity towards administered 

pharmaceuticals in NAFLD patients has not been well characterized. This is of 

serious concern as NAFLD patients are often medicated for symptoms of the 

metabolic syndrome. Therefore, there is a great need for investigation into the 

pathogenic process of NAFLD as it relates to oxidative stress and the capacity to 

metabolize pharmaceuticals. 

 

The aim of the current study was to investigate the expression and functionality 

of enzymes involved in the antioxidant response such as NQO1, GST, and GCL. 

Of these enzymes, the GST isoforms in particular, are known to play a significant 

role in the Phase II metabolism of endogenous molecules and administered 

pharmaceutical agents, while NQO1 is primarily responsible for the reduction of 

oxidative stress-inducing quinones. Increased expression and/or activity of 

NQO1 has been shown to be an important protective mechanism against 

oxidative stress in cholestasis (Aleksunes et al., 2006b), coronary heart disease 

(Martin et al., 2009), acetaminophen-induced hepatotoxicity (Moffit et al., 2007), 
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and primary biliary cirrhosis (Aleksunes et al., 2006a). Though not traditionally 

considered a drug metabolizing enzyme, NQO1 is capable of reducing N-acetyl-

p-benzo-quinone imine, the toxic quinone metabolite of acetaminophen (Moffit et 

al., 2007). Furthermore, induction of NQO1 activity leads to protection against 

acetaminophen-induced hepatotoxicity (Moffit et al., 2007). We have observed an 

increase in NQO1 mRNA levels, protein, and activity with the progression of 

NAFLD. These findings are similar to observations made in animal models of 

steatosis and NASH. We previously found that Sprague-Dawley rats fed a 

methionine and choline-deficient (MCD) to induce NASH exhibited significant 

elevation of NQO1 mRNA and enzymatic activity (Lickteig et al., 2007). In a 

separate study, rats fed the MCD diet exhibited significant induction of NQO1 

mRNA levels, and when treated with oltipraz, an Nrf2 activator, were still able to 

induce NQO1 to an even greater level (Fisher et al., 2008). Together with our 

previous animal studies, the current data suggest that as NAFLD progresses, 

increased NQO1 expression and activity levels may confer a greater capacity to 

protect NASH patients from oxidative stress-induced and pharmaceutical-

induced quinone redox cycling. 

 

Conversely, GSTs are responsible for protecting against electrophilic molecules 

such as those generated during oxidative stress or administration of 

pharmaceuticals. The expression and activity of specific GST isoforms has been 

closely associated with the severity of multiple diseases. For instance, GST M1 
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and T1 polymorphisms imparting an impairment of enzyme functionality impose a 

greater risk for coronary artery disease in Type II diabetes patients (Manfredi et 

al., 2009). Furthermore, GST M1 functionality has been shown to be important in 

the protection against oxidative stress-induced DNA damage in maintenance 

hemodialysis patients (Lin et al., 2009). Traditionally, the induction of GST 

isoforms has been associated with protective mechanisms due to their ability to 

catalyze the conjugation of GSH to various ROS molecules (Hayes et al., 2005). 

Though several GST isoforms are inducible by Nrf2, there is generally a low, 

constitutive expression of GST A3, A4, M1, M3, and M4 (Aleksunes et al., 2007), 

whereas GST A1 and A2 are believed to be more highly expressed in liver (Coles 

et al., 2005). Moreover, GST A4 expression is believed to be induced during 

periods of prolonged oxidative stress (Coles et al., 2005). GST P genes, on the 

other hand, are considered to be inducible, but not constitutively expressed 

within the liver (Henderson et al., 2005). Presently, we have observed an 

increasing trend in GST A1, A2, A4, M3, and P1 mRNA expression throughout 

progression of NAFLD. The induction of GST P1 mRNA has previously been 

recognized as a marker for hepatocellular carcinogenesis in the rat, but may or 

may not be associated with hepatocellular carcinoma in humans (Sakai et al., 

2007;Higashi et al., 2004). Therefore, the induction of GST P1 shown presently 

may be an indicator of predisposition to hepatocellular carcinoma, but is not 

definitive. Presently, we have observed increases in GST A and P protein with 

disease progression. In contrast to GST A and P protein, there was a significant 
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downward trend in GST M protein levels. These data suggest that the stability of 

each GST protein family may be differentially regulated throughout progression 

of NAFLD. 

 

Due to the increased expression of multiple GST isoforms and induction of 

protein levels of the GST A and P families, GST enzymatic activity could be 

expected to similarly increase with the progression of NAFLD. However, in the 

current study, we observed a gradual decline in GST activity levels. These 

results suggest that as NAFLD advances, patients may have a reduced capacity 

to combat the oxidative insults of electrophilic compounds. A similar 

phenomenon has been observed in a murine model of ulcerative colitis (Clapper 

et al., 1998). Interestingly, this downward trend in GST activity parallels the 

expression of GST M protein within our samples. GST A isoforms, on the other 

hand, are traditionally considered the dominant isoforms expressed in the liver 

(Coles et al., 2005). These data indicate that there may be a more complicated 

mechanism of regulating GST isoforms during NAFLD progression.  

 

Studies in human hepatic cirrhosis and hepatocellular carcinoma tissues have 

presented a complex interplay in GSH-dependent enzyme activities. These 

studies have shown that GST activity is significantly increased in cirrhotic livers 

compared to that of malignant hepatic tissue (Czeczot et al., 2006). Further 

analysis in this study identified a significant reduction in GSH within cirrhotic 
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hepatic tissue compared to both malignant and normal tissues (Czeczot et al., 

2006). In the current study, we observed a similar reduction in hepatic GSH 

levels during disease progression; and, though GSSG levels exhibited a 

significant downward trend, GSSG concentrations were much higher than GSH. 

While this can sometimes be due to insensitivity of the analytical method 

employed or the labile nature of GSH in tissues, previous reports indicate that 

GSSG levels may indeed be much higher than GSH in NAFLD (Pastore et al., 

2003). Using the GSH and GSSG concentrations measured in each sample, we 

calculated the GSH:GSSG redox ratio which is an indicator of oxidative stress 

within the tissue. The reduction in GSH:GSSG redox ratio observed during 

NAFLD progression indicates that oxidative stress is increasing with the severity 

of disease. An additional indication of the presence of oxidative stress during 

NAFLD progression was observed by the increasing concentration of MDA with 

disease severity. MDA is a product of lipid peroxidation that occurs under 

oxidative stress conditions. Increasing levels of MDA confirm the conclusion of 

increased oxidative stress occurring during NAFLD made during the 

measurement of GSH levels. Nevertheless, the decrease in GST activity seen 

with NAFLD progression cannot be simply attributed to the measured reductions 

in GSH concentration. In this activity assay, GSH is supplemented in the 

reaction, thereby reducing the confounding effect of depletion of GSH pools in 

the sample. Therefore, this leads to the conclusion that additional factors must 

play a role in the conjugating capabilities of GST isoforms during NAFLD 
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progression. One possible explanation is the adduction of 4-hydroxy-2-nonenal 

(HNE) to specific GST isoforms. Studies have identified GST P as a target of 

HNE adduction in human colorectal carcinoma cells (Codreanu et al., 2009). 

Inhibition studies of GST P1 have indicated that cysteine 47, which is associated 

with the active site of the enzyme, is the target of covalent binding by HNE (van 

Iersel et al., 1997). In the present study, we have observed a significant increase 

in expression of GST P protein which if inhibited by HNE may, in conjunction with 

GST M protein expression, explain the observed depletion in GST enzymatic 

activity. Further investigations are necessary to identify the specific mechanism 

by which GST activity is inhibited in NAFLD. 

 

To identify whether the observed reductions in GSH concentration are due to a 

depletion of GSH pools or impairment of GSH synthesis, we investigated 

expression of the catalytic (GCLC) and modifying (GCLM) subunits of GCL. GCL 

is responsible for the initial catalysis of glutamate and cysteine to produce γ-

glutamyl-l-cysteine (Lu, 2008). Further conjugation with glycine is catalyzed by 

GSH synthetase (Lu, 2008). GCL is regulated by feedback inhibition through 

GSH concentration, and induction of GCL expression does correlate with 

increased GSH synthesis; however, induction of GSH synthetase does not lead 

to a subsequent increase in GSH levels (Lu, 2008). In the current study, we have 

identified an increasing trend in GCLM mRNA levels; however, there was no 

significant alteration of GCLM protein levels. Additionally, no alterations to GCLC 
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expression were observed. Together, these data provide no indication of an 

impairment of GSH synthesis, thereby leading to the conclusion that the 

observed reductions in GSH levels are most likely due to a depletion of GSH 

pools. 

 

As stated previously, activation of the transcription factor Nrf2 leads to nuclear 

accumulation of Nrf2 protein and induction of downstream target ARE genes 

(Zhang, 2006). Currently, we have identified nuclear accumulation of Nrf2 in each 

of the stages of NAFLD. Quantification of hepatocytes exhibiting positive Nrf2 

nuclear staining revealed a stark increase of the percentage of total hepatocytes 

in which Nrf2 was activated among each of the disease states compared to 

normal. Activation of Nrf2 is a viable explanation for the observed induction of 

ARE target genes. The increase in enzymatic activity of NQO1 implies an 

enhanced ability to diminish oxidative damage due to quinone redox cycling in 

NAFLD. However, the observed decrease in GST enzymatic activity suggests 

that NAFLD patients have a limited capacity to manage electrophilic compounds. 

The current study provides novel insight to the mechanisms of oxidative stress as 

they occur in the progression of human NAFLD. 
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Figures 

Figure 1.  Human NAFLD Histology.  Representative hematoxylin and eosin 

staining of human liver samples diagnosed as normal, steatotic, NASH (fatty) and 

NASH (not fatty) are shown at 20X magnification.  Steatosis was diagnosed as 

>10% fatty infiltration, NASH (fatty) as >5% fatty infiltration with significant 

inflammation and fibrosis, and NASH (not fatty) as <5% fatty infiltration with 

greater inflammation and fibrosis. 
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Figure 2.  NAD(P)H:Quinone Oxidoreductase 1 (NQO1) Expression and Activity.  

Messenger RNA levels, densitometric analysis of NQO1 protein levels, and 

NQO1 enzymatic activity (2A) in human liver samples staged as normal, 

steatotic, NASH (fatty) and NASH (not fatty).  mRNA levels were measured by 

the bDNA assay and expressed as relative light units (RLU) per 10 µg total RNA.  

Protein levels were determined by immunoblot analysis and expressed as 

relative to control protein (Total ERK).  A representative blot of NQO1 and Total 

ERK is shown using two samples from each diagnostic category (2B).  NQO1 

activity was measured by the colorimetric reduction of DCPIP and expressed as 

nmol DCPIP reduced/minute/mg protein.  Arrows indicate an increasing or 

decreasing trend and asterisks (*) indicate a statistically significant trend as 

determined by non-parametric trend analysis (p ≤ 0.05). 
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Figure 3.  Glutathione S-Transferase (GST) Isoform Expression and Activity.  

Messenger RNA, densitometric analysis of protein levels of GST isoforms, and 

pan-GST enzymatic activity (3A, 3B, and 3D, respectively) in human liver 

samples diagnosed as normal, steatotic, NASH (fatty) and NASH (not fatty).  

mRNA levels (3A) for specific GST isoforms (GST A1, A2, A4, M1, M2, M3, M4, 

and P1) were measured by qPCR and expressed as relative mRNA expression 

to GAPDH.  Protein levels (3B) of GST families (GSTA, GSTM, and GSTP) were 

determined by immunoblot analysis and expressed as relative to control protein 

(Total ERK). A representative immunoblot of GSTA, GSTM and GSTP monomer 

and di\mer with Total ERK is shown (3C) using two samples from each 

diagnostic category.  GST activity (3D) was determined spectrophotometrically 

using CDNB as a pan-GST substrate and expressed as μmol/minute/mg protein. 

Arrows indicate an increasing or decreasing trend and asterisks (*) indicate a 

statistically significant trend as determined by non-parametric trend analysis (p ≤ 

0.05). 
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Figure 4.  Glutamate Cysteine Ligase Catalytic (GCLC) and Modifying (GCLM) 

Subunit Expression.  Messenger RNA (4A) and densitometric analysis of protein 

levels (4B) of GCLC and GCLM in human liver samples staged as normal, 

steatotic, NASH (fatty) and NASH (not fatty).  mRNA levels were measured by 

the bDNA assay and expressed as relative light units (RLU) per 10 µg total RNA.  

Protein levels were determined by immunoblot analysis and expressed as 

relative to control protein (Total ERK).  Arrows indicate an increasing or 

decreasing trend and asterisks (*) indicate a statistically significant trend as 

determined by non-parametric trend analysis (p ≤ 0.05). 
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Figure 5.  Reduced (GSH) and Oxidized (GSSG) Glutathione Concentrations, 

Redox Status, and MDA Concentration.  GSH, GSSG, and MDA concentrations 

in human liver samples diagnosed as normal, steatotic, NASH (fatty) and NASH 

(not fatty).  GSH and GSSG concentrations were determined fluorometrically 

using o-phthalaldehyde as the probe, normalized to weight of tissue, and 

expressed as mM concentration.  GSH and GSSG concentrations were then 

used to determine redox status of the tissue, and represented as the GSH:GSSG 

ratio. MDA concentrations were measured colorimetrically, concentrations 

determined by standard curve analysis, and expressed as µM concentration. 

Arrows indicate an increasing or decreasing trend and asterisks (*) indicate a 

statistically significant trend as determined by non-parametric trend analysis (p ≤ 

0.05). 
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Figure 6.  Immunohistochemical Staining of Nrf2.  Representative 

immunohistochemical staining of Nrf2 in human liver samples staged as normal, 

steatotic, NASH (fatty) and NASH (not fatty). Antibody binding was detected by 

the avidin-biotin complex method using DAB for color development.  Images are 

shown at 20X.  Open arrows indicate nuclei positive for Nrf2 staining, and closed 

arrows indicate negative nuclear staining.    
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Table 1. Quantification of Nrf2 Nuclear Staining. Hepatocyte nuclei positive for 

Nrf2 staining and hepatocyte nuclei negative for Nrf2 staining (see Figure 6) were 

quantified within a 20X field of vision with a total of ten fields assessed for each 

sample. The number of total hepatocytes was calculated from the positive and 

negative nuclei counts, and was used to determine the percentage of positive 

nuclei within a field.  The average number of positive nuclei, negative nuclei, total 

nuclei and percent positive nuclei was assessed for each diagnostic category. 
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Abstract 

The UDP-glucuronosyltransferases (UGTs) and sulfotransferases (SULTs) 

represent major Phase II drug metabolizing enzymes that are also responsible 

for maintaining cellular homeostasis by metabolism of several endogenous 

molecules. Perturbations in the expression or function of these enzymes can lead 

to serious metabolic disorders and improper management of xenobiotics and 

endobiotics. Nonalcoholic fatty liver disease (NAFLD) represents a spectrum of 

liver damage ranging from steatosis to nonalcoholic steatohepatitis (NASH) and 

cirrhosis. Because the liver plays a central role in the metabolism of xenobiotics 
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the purpose of the current study was to determine the effect of human NAFLD 

progression on the expression and function of UGTs and SULTs in normal, 

steatosis, NASH (fatty) and NASH (not fatty/cirrhosis) samples. We identified 

upregulation of UGT1A9, 2B10, and 3A1 and SULT1C4 mRNA in both stages of 

NASH, whereas UGT2A3, 2B15, and 2B28 and SULT1A1, 2B1, and 4A1 and 

PAPSS1 were increased in NASH (not fatty/cirrhosis) only. UGT1A9, 1A6 and 

SULT1A1, 2A1 protein levels were decreased in NASH; however SULT1C4 was 

increased. Measurement of acetaminophen glucuronidation and sulfonation 

revealed no alterations in glucuronidation; however, SULT activity was increased 

in steatosis, but decreased in NASH. Microarray analysis of the sulfur utilization 

pathway revealed downregulation of genes responsible for sulfur activation 

(CDO1 and SUOX), PAPS transport (SLC35B3), and removal of the by-product 

PAP (BPNT1 and IMPAD1), indicating a potential for depreciated sulfur 

homeostasis in NASH. In conclusion, specific UGT and SULT isoforms appear to 

be altered, whereas sulfonation of APAP is diminished with the potential for 

disrupted sulfur homeostasis in NASH. 

 

Introduction 

 

The liver is regarded as the primary organ of drug metabolism and utilizes two 

categories of enzymes to metabolize xenobiotics in an effort to facilitate their 

removal from the body. These consist of Phase I enzymes which perform 
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oxidative, reductive, or hydrolytic reactions that expose or introduce a functional 

group on a xenobiotic, and Phase II conjugative enzymes which lead to the 

addition of bulky, generally more water-soluble entities directly onto a xenobiotic 

or to a product of Phase I metabolism. The importance of the liver at the center of 

drug metabolism is exemplified by the multiplicity and redundancy of the 

enzymes that it expresses. Normally these enzymes work in concert to aid in the 

removal of xenobiotics from the body thus reducing the potential for toxicity, but 

can sometimes lead to formation of a toxic metabolite (Zamek-Gliszczynski et al., 

2006;King et al., 2000;Gamage et al., 2006). The occurrence of liver disease in 

an individual can alter the expression and function of these enzymes and 

complicate the drug metabolism process leading to either inadequate processing 

of xenobiotics thereby potentiating their effects in the body, enhanced 

bioactivation to toxic metabolites, or accelerated metabolism with the potential to 

reduce therapeutic efficacy.  

 

Nonalcoholic fatty liver disease (NAFLD) is a chronic, progressive liver disease 

that begins as steatosis and can progress to nonalcoholic steatohepatitis (NASH) 

and even cirrhosis (Sanyal, 2011;Marra et al., 2008). NAFLD originates as simple 

steatosis which is characterized by accumulation of lipid droplets in >5% of 

hepatocytes and is largely considered benign but not quiescent (Marra et al., 

2008). Steatosis may remain benign for several years; however, once 

progression to NASH occurs, further progression to cirrhosis is believed to be 
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accelerated (Rubinstein et al., 2008). Progression to the more severe state of 

NASH is proposed to occur by several different mechanisms that ultimately result 

in significant liver damage in the form of greater lipid accumulation, inflammation, 

oxidative stress, hepatocellular damage, and varying degrees of fibrosis (Marra 

et al., 2008;Brunt et al., 2010). NAFLD has been estimated to affect 17-40% of 

the adult population, whereas the prevalence of NASH is estimated to range 

anywhere from 5.7-17% (Ali et al., 2009;McCullough, 2011). Alarmingly, it is 

believed that 15-25% of patients with NAFLD will develop cirrhosis, of which 30% 

will die within ten years following diagnosis (McCullough, 2011;Rubinstein et al., 

2008). Due to its progressive nature and its appreciable effects on liver 

histopathology, NAFLD is poised to have a significant impact on xenobiotic 

metabolism. Our laboratory has endeavored to understand the effect of NAFLD 

on drug metabolism in an effort to predict the potential for toxicity or altered 

therapeutic effect in patients. Previous investigations have identified alterations in 

the expression and function of cytochrome P450 enzymes as well as diminished 

glutathione transferase function in a bank of human tissues representing 

progressive stages of NAFLD (Fisher et al., 2009;Hardwick et al., 2010). 

However, little is known regarding the effect of human NAFLD on the Phase II 

enzymes UDP-glucuronosyltransferases (UGTs) or sulfotransferases (SULTs) 

(Merrell et al., 2011). 
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The UGTs are perhaps the most important family of Phase II enzymes 

responsible for metabolizing approximately 40-70% of drugs (Jancova et al., 

2010). They are divided into four families: UGT1, 2, 3 and 8 with 1 and 2 being 

the most prominent in drug metabolism; however, not all isoforms are expressed 

in the liver (Bock, 2010;King et al., 2000;Jancova et al., 2010). UGTs reside in 

the endoplasmic reticulum and catalyze the conjugation of primarily glucuronic 

acid (with the exception of the UGT3 and 8 families) to xenobiotics, bile acids, 

steroid hormones, bilirubin, and eicosanoids using the cofactor uridine 5’-

diphosphoglucuronic acid (UDP-GlcUA) (King et al., 2000;Meech et al., 

2010;Bock, 2010). The SULT enzymes are another important group of Phase II 

enzymes that consists of 4 families in humans: SULT1, 2, 4, and 6 (Jancova et 

al., 2010). Drug metabolizing SULTs are located in the cytosol and catalyze the 

transfer of sulfonate to xenobiotics, bile acids, steroid hormones, and 

neurotransmitters via the cofactor 3’-phosphoadenosine-5’-phosphosulfate 

(PAPS) (Gamage et al., 2006;Zamek-Gliszczynski et al., 2006). The UGTs and 

SULTs generally work in harmony. The SULTs tend to dominate at low 

concentrations due to higher affinity, and the UGTs prevail at high substrate 

concentrations which are saturating for SULTs or when the availability of the 

SULT cofactor, PAPS, is exhausted (Zamek-Gliszczynski et al., 2006). In the 

current study, we have determined the effect of human NAFLD progression on 

the expression and function of several UGT and SULT isoforms. 
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Materials and Methods 

Materials. Tris, ethylenediaminetetraacetic acid (EDTA), potassium chloride 

(KCl), sodium pyrophosphate, potassium phosphate, Brij 58 (polyethylene glycol 

hexadecyl ether polyoxyethylene (20) cetyl ether), uridine 5’-diphosphoglucuronic 

acid (UDP-GlcUA), MgCl2, acetaminophen (APAP), perchloric acid, 3’-

phosphoadenosine 5’-phosphosulfate (PAPS), dithiothreitol (DTT), bovine serum 

albumin (BSA), HPLC-grade methanol, HPLC-grade water, and acetic acid were 

obtained from Sigma Aldrich (St. Louis, MO). 

 

Human Liver Samples. Frozen adult human liver tissue was obtained from the 

NIH-funded Liver Tissue Cell Distribution System (LTCDS) coordinated through 

the University of Minnesota, Virginia Commonwealth University and the 

University of Pittsburgh. All samples were scored and categorized by a medical 

pathologist within the Liver Tissue Cell Distribution System according to the 

NAFLD Activity Score system developed by Kleiner, et al., followed by 

confirmation via histological examination at the University of Arizona (Kleiner et 

al., 2005). Donor information, including age and gender has been previously 

published for most samples (Fisher et al., 2009). Information for additional 

samples that have recently been added to the tissue bank can be found in 

Supplemental Data Table 1. The samples were diagnosed as either normal 

(n=20), steatotic (n=12), NASH with fatty liver (NASH fatty, n=16), and NASH 

without fatty liver (NASH not fatty/cirrhosis, n=20). Samples exhibiting >10% fatty 
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infiltration of hepatocytes were considered steatotic, whereas those with >5% 

fatty infiltration of hepatocytes in addition to significant inflammation and fibrosis 

were categorized as NASH (fatty). Samples were categorized as NASH (not 

fatty) when fatty deposits within hepatocytes were reduced <5% and 

accompanied by more marked inflammation and fibrotic branching. 

Representative histology images have been published previously (Hardwick et 

al., 2010;Hardwick et al., 2011;Fisher et al., 2009). 

 

Total RNA Isolation. Total RNA was isolated from human liver tissue using 

RNAzol B reagent (Tel-Test Inc., Friendswood, TX) per the manufacturer’s 

protocol. RNA integrity was confirmed by ethidium bromide staining following 

agarose gel electrophoresis. RNA concentrations were determined by UV 

spectrophotometry. 

 

Quantigene Plex 2.0 assay for mRNA quantification.  All reagents for analysis 

including lysis buffer, amplifier/label probe diluent and substrate solution were 

supplied in the QuantiGene Plex 2.0 assay kit (Affymetrix, Santa Clara, CA).  

Total RNA was mixed with master mix containing lysis mixture, blocking reagent, 

capture beads and 2.0 specific probeset, in a hybridization plate.  After about 18 

hours of hybridization at 54°C in Vortemp 56 (Labnet International, Woodbridge, 

NJ), the contents were transferred to a flat bottom magnetic plate.  The washing 

at this step, and all subsequent washings were performed on a Bioplex Pro II 
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wash station (Biorad, Hercules, CA).  The hybridization complex beads were then 

incubated with preamplifier, amplifier and label probe, for one hour each, 

followed by incubation with streptavidin phycoerythrin (SAPE) for 30 min.  After 

incubation with SAPE, the plate was washed with SAPE wash buffer followed by 

resuspension of the beads.  The resulting fluorescence was read on a Bioplex 

multiple array reader system (Biorad, Hercules, CA).  The raw data was obtained 

from Bioplex Manager 5.0 software. 

 

Cellular Fractionation for Protein Analysis. Cytosolic and microsome fractions of 

human liver tissue were prepared by homogenization of ~300 mg of tissue in 3 

mL of buffer containing 50 mM Tris-HCl (pH 7.4), 1 mM EDTA and 154 mM KCl 

with 1 cOmplete Protease Inhibitor Cocktail tablet (Roche, Indianapolis, IN) per 

25mL at 4°C. Homogenates were centrifuged at 10,000 x g for 30 minutes. The 

supernatant was transferred to clean centrifuge tubes and the centrifugation step 

repeated. The resulting supernatant was then transferred to clean ultracentrifuge 

tubes and the samples were centrifuged at 100,000 x g for 70 minutes. The 

supernatant was retained as the cytosolic fraction. The remaining pellet was re-

suspended in a buffer containing 100 mM sodium pyrophosphate (pH 7.4) and 1 

mM EDTA. The samples were then centrifuged at 100,000 x g for 70 minutes and 

the supernatant was discarded. The remaining pellet was re-suspended with 

minimal sonication on ice in a buffer containing 10 mM potassium phosphate (pH 

7.4), 1 mM EDTA, and 20% glycerol, this re-suspension was retained as the 
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microsome fraction. Crude membrane fractions of human liver tissue were 

prepared by homogenization of ~250 mg of tissue in 2.5 mL buffer containing 0.1 

M Tris-HCl (pH 7.4) and 1 cOmplete Protease Inhibitor Cocktail tablet (Roche, 

Indianapolis, IN) per 25 mL. Samples were transferred to clean ultracentrifuge 

tubes and centrifuged at 100,000 x g for 60 minutes. The supernatant was 

discarded and the remaining pellet re-suspended in Tris buffer. The re-

suspension was retained as the crude membrane fraction. Protein concentrations 

for all cellular fractions were determined using the Pierce BCA protein 

quantitation assay (Thermo Fisher Scientific, Waltham, MA) per the 

manufacturer’s instructions. 

 

UGT Immunoblot Analysis. Microsomal proteins (20 µg/well) from all samples 

were separated by SDS-polyacrylamide electrophoresis on 7.5% Tris-HCl gels 

and transferred to polyvinylidene difluoride membranes overnight. The following 

rabbit polyclonal antibodies against UGT1A1 and 1A6 were obtained from 

Abcam, Inc. (Cambridge, MA) as well as a mouse monoclonal antibody against 

UGT2B10. A mouse polyclonal antibody was obtained from Abnova (Taipei, 

Taiwan) to detect UGT1A9. Pan-Cadherin was detected using a rabbit polyclonal 

antibody acquired from Abcam, Inc. (Cambridge, MA). Primary antibody 

incubations were performed overnight at 4°C followed by secondary detection the 

next day. Quantification of relative protein expression was determined using 
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image processing and analysis with Image J software (National Institutes of 

Health, Bethesda, MD) and normalized to pan-Cadherin. 

 

SULT Immunoblot Analysis. Cytosolic proteins (20 µg/well) from all samples were 

separated by SDS-polyacrylamide electrophoresis on 7.5% Tris-HCl gels and 

transferred to polyvinylidene difluoride membranes overnight. SULT1A1 was 

detected using a mouse monoclonal antibody from Abcam, Inc. (Cambridge, 

MA). SULT1C4 and 2A1 were detected using rabbit polyclonal antibodies 

obtained from Abnova (Taipei, Taiwan) and Santa Cruz Biotechnology (Santa 

Cruz, CA), respectively. Goat polyclonal antibodies against ERK 1 (sc-93) and 

ERK 2 (sc-154) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA) 

and used to detect Total ERK. Primary antibody incubations were performed 

overnight at 4°C followed by secondary antibody detection the following day. 

Quantification of relative protein expression was determined using image 

processing and analysis with ImageJ software (National Institutes of Health, 

Bethesda, MD) and normalized to Total ERK. 

 

Analysis of UGT and SULT Activity Using Acetaminophen as a Probe Substrate. 

Hepatic glucuronidation and sulfation of acetaminophen (APAP) was performed 

as previously described (Manautou et al., 1996;Reisman et al., 2009) with slight 

modifications. Glucuronidation was assessed by adding 50 µl of 0.05% Brij58 

(polyethylene glycol hexadecyl ether polyoxyethylene (20) cetyl ether) to 250 µg 
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of hepatic crude membrane protein in glass test tubes. Solutions of 25 mM 

uridine 5’-diphosphoglucuronic acid (UDP-GlcUA) and 50 mM MgCl2 in 0.1 M 

sodium phosphate buffer (pH 7.8) were added to the samples and then pre-

incubated at room temperature for 10 minutes. Upon addition of APAP, tubes 

were incubated in a 37°C water bath for 60 minutes. The final 500 µl reaction 

volume contained 0.5 mg/ml crude membrane protein, 10 mM MgCl2, 5 mM 

APAP and 4 mM UDP-GlcUA in 0.1 M sodium phosphate buffer. Reactions were 

stopped by addition of 50 µl of 6% perchloric acid. Samples were chilled on ice 

and centrifuged at 3000 x g for 10 minutes at 4°C. 50 µl of collected supernatants 

were injected onto the HPLC for analysis. APAP-glucuronide (APAP-GLUC) 

formation was confirmed by conducting control incubations lacking APAP, crude 

membrane proteins, or UDP-GlcUA in which no APAP-GLUC metabolite was 

formed. Quantification of the APAP-GLUC peak was achieved by comparing 

peak areas of APAP-GLUC metabolite with an authentic APAP-GLUC standard 

(McNeil-PPC, Inc, Fort Washington, PA) and expressed as nmol APAP-

GLUC/min/mg protein. 

 Sulfonation of APAP was performed by adding 125 µl 3’-

phosphoadenosine 5’-phosphosulfate (PAPS) and 50 µl of dithiothreitol (DTT) 

containing 0.5% bovine serum albumin (BSA) in 0.1 M sodium phosphate buffer 

(w/v, pH 7.8)  to empty borosilicate glass test tubes. 250 µg of cytosolic protein 

was added to each tube and diluted with 0.1 M sodium phosphate buffer to a 

total volume of 350 µl. Samples were placed in a 37°C water bath and 50 µl of 
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APAP solution was added and mixed gently. Total reaction volume (400 µl final 

volume) contained 0.625 mg/ml cytosolic protein, 1 mM APAP, 8 mM DTT, 

0.0625% BSA, and 0.1 mM PAPS. Reactions were stopped after 120 minutes by 

adding 400 µl of ice cold methanol. Samples were then centrifuged at 3000 x g 

for 10 minutes at 4°C and 50 µl of collected supernatant was analyzed by HPLC. 

APAP-sulfate (APAP-SULF) formation was confirmed by conducting control 

incubations lacking either APAP, cytosolic proteins, or PAPS in which no APAP-

SULF metabolite was formed. Quantification of the APAP-SULF peak was 

achieved by comparing peak areas of APAP-SULF metabolite with an authentic 

APAP-SULF standard (McNeil-PPC, Inc, Fort Washington, PA) and expressed as 

pmol APAP-SULF/min/mg protein.  

 

 All HPLC analyses were performed using a Shimadzu LC-6AD pump with 

a SPD-20A UV-Vis detector (Shimadzu Scientific Instruments, Inc, Columbia, 

MD) at 254nm. A 250 x 4.6mm Ultrasphere C18 column with 5 µm particle size 

(Beckman, Brea, CA) was used. The flow of mobile phase (12.5% methanol: 1% 

acetic acid in water) was maintained at a rate of 1.2 mL/min.  

 

Microarray Expression Analysis of Sulfur Activation Genes. Individual Affymetrix 

GeneChip Human 1.0 ST Arrays (Affymetrix, La Jolla, CA) were generated from 

purified mRNA for each liver sample as previously described (Lake et al., 2011). 

The expression of 33,252 annotated and unannotated genes among three 
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diagnosis groups (normal, steatosis, and NASH) is available in the array data set 

which is accessible at the ArrayExpress public repository for microarray data 

(accession number E-MEXP-3291) (http://www.webcitation.org/5zyojNu7T).  

NASH (fatty) and NASH (not fatty) tissue categories were combined into one 

category for analysis designated as NASH due to the lack of mechanistic gene 

expression changes between the two diagnosis groups as demonstrated 

previously (Lake et al., 2011). 

 

Statistical Analysis. Gene expression data was normalized to the housekeeping 

gene, GAPDH. To achieve normality of the data following GAPDH normalization, 

all data were log transformed. To determine significant changes in individual 

gene expression, the log transformed mRNA data were analyzed by ANOVA 

followed by the Tukey Honest Significant Difference (HSD) test. A Pearson 

correlation analysis was performed on the log transformed mRNA data to 

determine significant correlations in gene expression changes. Relative protein 

levels and enzyme activity data were not transformed; however all data were 

analyzed by an ANOVA followed by the Tukey HSD. Microarray gene expression 

data were log2 transformed as previously described (Lake et al., 2011). 

Microarray expression data was normalized to the median of the normal group, 

and analyzed by ANOVA followed by the Tukey HSD. A significance level of p ≤ 

0.05 was used for all statistical analyses. 

 

http://www.webcitation.org/5zyojNu7T
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Results 

Gene Expression of UGT and SULT Isoforms during Progression of Human 

NAFLD. The mRNA expression of several UGT and SULT isoforms was 

determined by an Affymetrix Plex 2.0 Assay in normal, steatosis, NASH (fatty) 

and NASH (not fatty) human samples and expressed in Figures 1 and 2, 

respectively. UGT isoforms investigated included 1A1, 1A3, 1A4, 1A6, 1A9, 2A3, 

2B4, 2B7, 2B10, 2B15, 2B17, 2B28, 3A1, and 3A2. Overall, expression of many 

UGT genes tended to decrease in steatosis though these changes were not 

significant. UGT1A1 and 2B28 were significantly up-regulated in NASH (not fatty) 

samples compared to steatosis, whereas UGT1A9 and 2B10 were elevated in 

both stages of NASH compared to normal and steatosis. UGT3A1 gene 

expression was increased in both stages of NASH compared to steatosis. 

UGT2A3 expression was increased in NASH (not fatty) samples compared to 

normal; however, 2B15 was elevated in NASH (not fatty) compared to both 

normal and steatosis.  

 

SULT and related genes investigated included 1A1, 1A2, 1B1, 1C2, 1C4, 1E1, 

2A1, 2B1, 4A1, the pseudogene 1D1P, PAPSS1, and PAPSS2. Few gene 

expression changes were observed in the SULT family of enzymes, and no 

overarching trends were apparent; however, changes in specific SULT genes 

were noted. In particular, SULT1A1 and 4A1 were up-regulated in NASH (not 

fatty) samples compared to all other groups (normal, steatosis, and NASH fatty), 
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while SULT1C4 expression was increased in both stages of NASH compared to 

both normal and steatosis. SULT2B1 was elevated in end-stage NASH (not fatty) 

samples compared to both normal and steatosis. Upon examination of the PAPS-

forming enzymes, up-regulation of PAPSS1 was noted in NASH (not fatty) 

samples compared to steatosis and PAPSS2 was decreased in steatosis 

compared to normal.  

 

A Pearson correlation analysis was performed to determine significant 

correlations in gene expression changes amongst the UGT and SULT genes. 

The correlation results for UGT and SULT genes are shown in Tables 1 and 2, 

respectively. Almost all UGT genes exhibited significant positive correlations with 

one another. Similarly, SULT genes exhibited an overwhelming number of 

significant positive correlations with one another, with the exception of SULT1A2 

and 1B1 which exhibited a slight negative correlation (not significant).  

 

Protein Levels of Specific UGT and SULT Isoforms in Human NAFLD. Relative 

protein levels of UGT1A1, 1A6, 1A9, and 2B10 were determined by immunoblot 

and densitometric analysis. The densitometric results of all samples in the study 

are shown in Figure 3 with representative immunoblots depicting four samples 

from each disease category. No alterations in UGT1A1 and 2B10 protein levels 

were observed throughout progression of NAFLD. UGT1A6 protein levels were 

measure due to its ability to glucuronidate APAP. NASH (fatty) samples exhibited 
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a significant downregulation of UGT1A6 protein compared to steatosis. UGT1A6 

protein was also decreased in NASH (not fatty) samples compared to both 

normal and steatosis. UGT1A9 protein levels were decreased in NASH (not fatty) 

samples compared to steatosis.  

 

Relative protein levels of SULT1A1, 1C4, and 2A1 were determined by 

immunoblot and densitometric analysis. The densitometric results of all samples 

in the study are shown in Figure 4 with representative immunoblots depicting 

three samples from each disease category. SULT1A1 protein was elevated in 

steatosis compared to normal, but decreased in both stages of NASH compared 

to steatosis. SULT1C4 protein levels were significantly increased in both stages 

of NASH compared to both normal and steatosis. Though SULT2A1 protein 

levels appeared to increase in steatosis, these findings were not statistically 

significant; however, SULT2A1 protein was significantly decreased in NASH (not 

fatty) samples compared to steatosis. 

 

Effect of Human NAFLD on the Glucuronidation and Sulfonation of 

Acetaminophen (APAP). UGT activity was determined by reaction of human liver 

microsomes with acetaminophen (APAP) and measurement of APAP-

glucuronide (APAP-GLUC) by HPLC analysis. The results, expressed as nmol 

APAP-GLUC formed per minute per mg protein, are shown in Figure 5. No 

alterations in the ability of UGT enzymes to glucuronidate APAP were observed 
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in any stage of NAFLD. SULT activity was determined by incubation of human 

liver cytosol preparations with APAP and measurement of APAP-sulfate (APAP-

SULF) by HPLC analysis. The results are shown in Figure 5, and expressed as 

pmol APAP-SULF formed per minute per mg protein. APAP-SULF formation was 

significantly increased in steatotic samples compared to normal. In contrast, both 

stages of NASH exhibited a significant decrease in the ability to sulfonate APAP 

as compared to steatotic samples.  

 

Gene Expression of Key Players in Sulfur Activation and Utilization. The ex vivo 

enzyme activity analysis shown in Figure 5 demonstrates an alteration in the 

basal activity of SULTs in human NAFLD even though under these conditions the 

reaction is supplemented with an excess of PAPS. To further determine the 

potential for altered SULT activity in vivo we utilized results from a previously 

validated and published microarray experiment in these same human samples to 

determine the expression of key players in the sulfur activation and utilization 

pathway which is shown in Figure 7 (Lake et al., 2011). Results of the gene 

expression analysis are shown in Figure 6. Sulfur may enter the cell through the 

SLC26A1 (SAT-1) or SLC26A2 (DTDST) transporters residing on the plasma 

membrane (Venkatachalam, 2003;Ohana et al., 2012;Markovich, 2001;Schnedler 

et al., 2011;Galante et al., 2007;Regeer et al., 2003). Expression of SLC26A1 

was significantly reduced in NASH compared to normal; however, expression of 

SLC26A2 was unchanged. Sulfur may also be liberated from cysteine pools in 
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the cell through the action of cysteine dioxygenase type 1 (CDO1) resulting in 

sulfite which is then converted to sulfate by sulfite oxidase (SUOX) (Wilkinson et 

al., 2002;Dominy, Jr. et al., 2007;Markovich, 2001). CDO1 and SUOX were also 

significantly downregulated in NASH samples compared to normal. PAPSS1 and 

2 then catalyze the conversion of sulfate to 3’-adenosine-phosphosulfate (APS) 

and subsequently 3’-phosphoadenosine-5’-phosphosulfate (PAPS), which is 

used as the cofactor in SULT reactions (Venkatachalam, 2003;Klaassen et al., 

1997). PAPS is utilized in the cytosol by drug metabolizing SULTs resulting in a 

sulfonated substrate and the by-product 3’-phosphoadenosine-5’-phosphate 

(PAP), but may also be transported into the Golgi lumen via the SLC35B2 and 

35B3 (PAPST1 and 2) transporters for use in sulfonating cellular 

macromolecules largely mediated by the chondroitin and carbohydrate 

sulfotransfersases (CHSTs) (Kamiyama et al., 2006;Nishimura et al., 

2009;Ozeran et al., 1996b;Ozeran et al., 1996a;Patel et al., 2002). SLC35B3, but 

not 35B2, was found to be reduced in NASH samples compared to both normal 

and steatosis. BPNT1 (3’(2’), 5’-bisphosphate nucleotidase 1) in the cytosol and 

IMPAD1 (inositol monophosphatase domain containing 1) in the Golgi then 

remove the by-product PAP by conversion to adenosine monophosphate (AMP) 

(Vissers et al., 2011;Patel et al., 2002;Spiegelberg et al., 2005;Frederick et al., 

2008;Yenush et al., 2000;Agam et al., 2003). Both BPNT1 and IMPAD1 were 

significantly decreased in NASH samples compared to both normal and 

steatosis. 
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Discussion 

Phase II conjugation enzymes are critically important in the management of 

several xenobiotics due to their ability to significantly increase the mass and 

hydrophilicity of a substrate (Zamek-Gliszczynski et al., 2006). The UGTs and 

SULTs represent two prominent classes of Phase II enzymes as they transform a 

large proportion of drugs and endogenous molecules including bilirubin, steroid 

hormones, bile acids, eicosanoids, and neurotransmitters (Jancova et al., 

2010;Zamek-Gliszczynski et al., 2006;Bock, 2010;Gamage et al., 2006). 

Conjugation via UGTs can result in inactivation, formation of pharmacologically 

active metabolites, or generation of acyl glucuronides with significant potential for 

toxicity (Zamek-Gliszczynski et al., 2006;Bock, 2010). Cytosolic SULTs are 

responsible for the metabolism of small, endogenous molecules  and drugs, 

while the carbohydrate and chondroitin SULTs (CHSTs) in the Golgi apparatus 

are important in maintaining cellular homeostasis through sulfonation of 

macromolecules including lipids, proteins and glycosaminoglycans (Gamage et 

al., 2006). Similar to the UGTs, SULT reactions can lead to detoxication as well 

as bioactivation (Gamage et al., 2006). The SULTs are credited with coordination 

of high-affinity reactions that dominate at low concentrations, whereas the UGTs 

prevail at high substrate concentrations (Zamek-Gliszczynski et al., 2006). This is 

primarily due to the limited stores of the SULT cofactor PAPS, synthesized by 

PAPSS1 and 2, and largely dependent on the availability of sulfate (Zamek-
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Gliszczynski et al., 2006). Stores of hepatic UDP-GlcUA which is the cofactor for 

most UGT enzymes are much higher than that of PAPS, thus allowing for high-

capacity metabolism (Meech et al., 2010;Mackenzie et al., 2011;Zamek-

Gliszczynski et al., 2006). UGT1A1, 1A3, 1A4, 1A6, 1A9, 2B7, and 2B15 and 

SULT1A1, 1B1, 1E1, and 2A1 are considered most important for drug 

metabolism; however, perturbations in the expression or function of any isoform 

can result in significant consequences not just for drug metabolism but also 

cellular homeostasis (Riches et al., 2009;Miners et al., 2010). 

 

Liver disease has generally been associated with decreased elimination of drugs; 

however, even in patients with cirrhosis, glucuronidation appears to be 

maintained while the traditional downregulation of CYP activity seen with high 

levels of inflammation is readily apparent (Debinski et al., 1995). While no studies 

have investigated the direct effect of human NAFLD progression on UGT 

expression and function, some studies have indicated a decrease in mRNA of 

specific isoforms with increasing levels of inflammation including 1A4, 2B4, and 

2B7 (Aitken et al., 2006;Congiu et al., 2002). Investigation of human NAFLD 

progression on SULT expression and function are also lacking. However, studies 

in hepatocellular carcinoma (HCC) and cirrhosis patients, both of which can arise 

from NAFLD, have indicated a decreased ratio of APAP-GLUC to APAP-SULF in 

HCC patients and only a slight decrease in those with cirrhosis which the authors 

attributed to increased SULT1A1 activity (Wang et al., 2010). Others have 
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utilized a proteomics approach and identified a reduction in SULT1A1 protein in 

HCC which was verified by immunoblot analysis and measurement of activity 

using p-nitrophenol (Yeo et al., 2010). The current study indicates an increase in 

multiple UGT and SULT isoforms in the more severe, inflammatory stage of 

NASH, but an overall lack of changes in UGT and SULT mRNA expression at the 

earlier stage of steatosis. 

 

Currently, we identified an increase in UGT1A9 mRNA in both stages of NASH. 

UGT1A9 is known for metabolism of bulky phenols while also being infamous for 

conversion of carboxylic acids to acyl-O-glucuronides which readily form protein 

adducts (King et al., 2000;Ritter, 2000). This enzyme has been shown to 

conjugate several xenobiotic carboxylic acids including APAP, naproxen, 

furosemide, fenoprofen, and ibuprofen (Ritter, 2000;Bock, 2010). Upregulation of 

UGT1A9 mRNA in NASH creates potential for enhanced formation of acyl-O-

glucuronides, but is dependent on subsequent upregulation of protein and 

activity. UGT1A1, another important enzyme in drug metabolism, is also 

responsible for metabolism of endogenous molecules such as estradiol, 

catecholestrogens, polyunsaturated fatty acids, all-trans retinoic acid, and 

arachidonic acid (Bock, 2010;Ritter, 2000;Miners et al., 2010). Perhaps most 

importantly, UGT1A1 is the sole enzyme responsible for metabolism of bilirubin, 

a product of heme degradation, and lack of functional 1A1 protein can result in 

moderate to severe hyperbilirubinemias (Bock, 2010). Like UGT1A9, 1A1 is able 



144 
 

to metabolize APAP as well as buprenorphine and etoposide (Miners et al., 

2010;King et al., 2000). We identified an increase in UGT1A1 mRNA above 

normal, steatosis, and NASH (fatty) samples in the NASH (not fatty/cirrhosis) 

group indicating the potential for increased metabolism via 1A1. However, we 

found very little changes in either UGT1A9 or 1A1 protein levels. Furthermore, 

investigation of mRNA levels of UGT1A6, which is also capable of metabolizing 

APAP, revealed no alterations in transcriptional regulation due to NAFLD, but a 

decrease in protein levels in both stages of NASH. Collectively, these changes 

resulted in no alteration to glucuronidation activity toward APAP at any stage of 

NAFLD as revealed by ex vivo enzyme activity analysis. 

 

Investigation of the various SULTs revealed alterations in two unlikely isoforms: 

1C4 and 4A1. The SULT1C family has traditionally been considered fetal 

enzymes, but has recently been shown to be important for estradiol and 

catecholestrogen metabolism (Lindsay et al., 2008;Hui et al., 2008;Adjei et al., 

2002). Moreover, they are believed to be involved in thyroid hormone regulation, 

and have a role in the metabolism of oral contraceptives (Lindsay et al., 

2008;Yasuda et al., 2005). SULT1C4 mRNA and protein levels were elevated in 

both stages of NASH. However, the transcriptional regulation and pathological 

importance of 1C4 in liver disease are largely unknown, and its role in NASH 

warrants further investigation. Another interesting and perplexing discovery was 

the upregulation of SULT4A1 mRNA in NASH (not fatty/cirrhosis). SULT4A1 is 
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almost exclusively expressed in brain, and is very highly conserved amongst 

species though it has no known endogenous ligand (Gamage et al., 

2006;Minchin et al., 2008). One study has shown an elevation in hepatic 

SULT4A1 expression following ventromedial hypothalamic lesions which are 

known to cause significant disruptions in metabolic homeostasis manifesting as 

obesity and hyperinsulinemia similar to that seen in metabolic syndrome, an 

accompanying feature of NAFLD (Kiba et al., 2009;King, 2006;McCullough, 

2011). Expression of hepatic SULT4A1 during metabolic syndrome and currently 

in NASH is a novel discovery, and its function in the context of disease is 

potentially an exciting new avenue of investigation. 

 

There were only a few critical changes observed in the major drug metabolizing 

SULTs in the current study. We identified no alteration in SULT2A1 at the 

transcriptional level, but found a reduction in protein in NASH (not fatty/cirrhosis). 

In contrast, SULT1A1 mRNA, the most dominant isoform found in the liver 

(Gamage et al., 2006), was significantly elevated in end-stage, NASH (not 

fatty/cirrhosis) samples; however, SULT1A1 protein was elevated in steatosis, 

but decreased in both stages of NASH. The influence of SULT1A1 on the 

metabolism of APAP cannot be understated and is reflected in the current study. 

SULT activity in NAFLD directly mirrored the observed changes in SULT1A1 

protein resulting in increased metabolism in steatosis and diminished capacity of 

APAP sulfonation in NASH. These findings are complementary to our studies in a 
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rodent model of NASH in which the excretion of APAP-SULF into both plasma 

and bile was decreased, suggesting a reduction in sulfonation (Lickteig et al., 

2007). Currently we have identified a reduction in APAP-SULF formation in 

human NASH samples (see Figure 5) via an ex vivo activity analysis despite 

ample supplementation of the cofactor PAPS, which indicates alterations in basal 

function of the enzymes. To provide further insight to the ability of human NASH 

patients to sulfonate APAP in vivo we utilized data from a previous microarray 

experiment (Lake et al., 2011). The pathway of sulfur activation and utilization, 

shown in Figure 6, is wrought with several potential points of regulation. The 

main mechanism of sulfate acquisition by the cell is presumed to occur through 

cellular uptake from the blood via transporters and we have found a reduction in 

one such transporter, SLC26A1 in NASH (Zamek-Gliszczynski et al., 2006). 

Furthermore, the compensatory pathway of sulfate acquisition which liberates 

sulfur from cellular cysteine pools via CDO1 and SUOX is also decreased in 

NASH (Wilkinson et al., 2002;Markovich, 2001). These alterations set the stage 

for significant reductions in overall in vivo SULT function as sulfate is the critical 

precursor for PAPS synthesis (Venkatachalam, 2003). We have also identified a 

reduction in SLC35B3 expression in NASH. This transporter is responsible for 

shuttling PAPS into the lumen of the Golgi apparatus for use in sulfonation of 

cellular macromolecules such as proteins and glycosaminoglyans. Reduction of 

SLC35B3 potentially limits the amount of PAPS available for these reactions and 

may have serious implications for cellular homeostasis. Additional concern for in 
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vivo SULT function arises from the discovery of a significant reduction in both 

BPNT1 and IMPAD1 expression in NASH. Accumulation of the by-product PAP 

has been shown to inhibit sulfotransferases; however, its inhibitory effects are 

extinguished via the actions of BPNT1 and IMPAD1 in the cytosol and Golgi 

apparatus, respectively (Klaassen et al., 1997;Lopez-Coronado et al., 1999;Patel 

et al., 2002;Yenush et al., 2000;Spiegelberg et al., 2005;Vissers et al., 2011). 

The observed reduction of BPNT1 and IMPAD1 in NASH has significant potential 

to reduce the enzymatic activity of both drug-metabolizing and carbohydrate 

SULTs through by-product inhibition. 

 

This is the first study to investigate and identify alterations in the expression and 

function of multiple UGT and SULT isoforms in the progressive stages of human 

NAFLD. Overall, we have found minimal alterations in individual UGTs and their 

activity during human NAFLD progression; however, several changes in SULT 

enzyme expression and function as well as sulfur activation suggest significant 

perturbations in NASH. 
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Figures 

Figure 1. Log-Transformed Relative mRNA Expression of UGT Isoforms in 

Human NAFLD. Relative mRNA levels of UGT1A1, 1A3, 1A4, 1A6, 1A9, 2A3, 

2B4, 2B7, 2B10, 2B15, 2B17, 2B28, 3A1, and 3A2 in human liver samples 

diagnosed as normal, steatotic, NASH (fatty), and NASH (not fatty) are shown. 

Total RNA was isolated and measured by the Quantigene 2.0 Assay for RNA 

analysis. Data were normalized to GAPDH and presented as log transformed 

relative mRNA expression. Asterisk (*) indicates significant difference from 

normal and dagger (†) indicates significance from steatosis (p ≤ 0.05). 
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Figure 2. Log-Transformed Relative mRNA Expression of SULT Isoforms in 

Human NAFLD. Relative mRNA levels of SULT1A1, 1A2, 1B1, 1C2, 1C4, 1D1P, 

1E1, 2A1, 2B1, 4A1, and PAPSS1 and PAPSS2 in human liver samples 

diagnosed as normal, steatotic, NASH (fatty), and NASH (not fatty) are shown. 

Total RNA was isolated and measured by the Quantigene 2.0 Assay for RNA 

analysis. Data were normalized to GAPDH and presented as log transformed 

relative mRNA expression. Asterisk (*) indicates a significant difference from 

normal, dagger (†) indicates significance from steatosis, and double dagger (‡) 

indicates significance from NASH (fatty) with a significance level of p ≤ 0.05. 
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Figure 3. Relative Protein Levels of UGT1A1, 1A6, 1A9, and 2B10 in Human 

NAFLD. Representative immunoblots of hepatic UGT1A1, 1A6, 1A9, and 2B10 

protein levels are shown with pan-Cadherin as control and 4 samples from each 

diagnostic category as follows: normal, steatosis, NASH (fatty), and NASH (not 

fatty). Protein levels were determined by densitometric analysis and expressed 

as relative to pan-Cadherin. Asterisk (*) indicates a significant difference from 

normal and dagger (†) indicates significance from steatosis (p ≤ 0.05). 
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Figure 4. Relative Protein Levels of SULT1A1, 1C4, and 2A1 in Human NAFLD. 

Representative immunoblots of hepatic SULT1A1, 1C4, and 2A1 protein levels 

are shown with Total ERK as control and 4 samples from each diagnostic 

category as follows: normal, steatosis, NASH (fatty), and NASH (not fatty). 

Protein levels were determined by densitometric analysis and expressed as 

relative to Total ERK. Asterisk (*) indicates a significant difference from normal 

and dagger (†) indicates significance from steatosis (p ≤ 0.05). 
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Figure 5. Enzymatic Activity of Multiple UGT and SULT Isoforms Against the 

Substrate, Acetaminophen (APAP). Activity of pan-UGT isoforms was performed 

in human liver microsomes against APAP and expressed as nmol APAP-

GLUC/min/mg protein. Activity of multiple SULT isoforms was determined in 

human liver cytosol preparations against APAP and expressed as pmol APAP-

SULF/min/mg protein. Asterisk (*) indicates a significant difference from normal 

and dagger (†) indicates a significant difference from steatosis (p ≤ 0.05). 
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Figure 6. Normalized Gene Expression of Sulfur Activation and Utilization 

Pathways. Hepatic gene expression of enzymes and transporters involved in the 

activation and utilization of sulfur are shown in human liver samples diagnosed 

as normal, steatotic, and NASH. Gene expression data was mined from a 

previously validated and published microarray experiment performed in a subset 

of aforementioned human liver samples (Lake et al., 2011). Data was normalized 

to the median of the normal diagnostic category and presented as normalized 

gene expression. Asterisk (*) indicates a significant difference from normal and 

dagger (†) indicates significance from steatosis (p ≤ 0.05).   
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Figure 7. Sulfur Activation and Utilization Pathways. A schematic of enzymes and 

transporters involved in the activation and utilization of sulfur to form PAPS and 

dispose of the inhibitory by-product PAP is shown. 
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Tables 

Table 1. Correlations of UGT Enzyme Expression Changes in Human NAFLD. 

Gene expression changes were analyzed by Pearson correlation to determine 

any significant correlations in gene expression changes. Pearson correlation 

values are shown for each gene comparison. Asterisk (*) indicates a significant 

correlation (p ≤ 0.05). 

 

UGT 
 

1A1 1A3 1A4 1A6 1A9 2A3 2B4 2B7 2B10 2B15 2B17 2B28 3A1 

1A3 0.52 
* 

            

1A4 0.69 
* 

0.55 
* 

           

1A6 0.39 
* 

0.35 
* 

0.56 
* 

          

1A9 0.55 
* 

0.29 
* 

0.57 
* 

0.54 
* 

         

2A3 0.75 
* 

0.33 
* 

0.59 
* 

0.52 
* 

0.72 
* 

        

2B4 0.63 
* 

0.38 
* 

0.69 
* 

0.52 
* 

0.38 
* 

0.6 
* 

       

2B7 0.47 
* 

0.38 
* 

0.56 
* 

0.53 
* 

0.74 
* 

0.57 
* 

0.47 
* 

      

2B10 0.67 
* 

0.31 
* 

0.65 
* 

0.28 
* 

0.74 
* 

0.68 
* 

0.53 
* 

0.61 
* 

     

2B15 0.72 
* 

0.36 
* 

0.66 
* 

0.42 
* 

0.68 
* 

0.72 
* 

0.63 
* 

0.66 
* 

0.77 
* 

    

2B17 0.29 
* 

0.44 
* 

0.47 
* 

0.22 0.21 0.18 0.35 
* 

0.38 
* 

0.2 0.18    

2B28 0.5 
* 

0.59 
* 

0.66 
* 

0.33 
* 

0.4 
* 

0.43 
* 

0.45 
* 

0.34 
* 

0.48 
* 

0.48 
* 

0.42 
* 

  

3A1 0.55 
* 

0.38 
* 

0.41 
* 

0.22 0.34 
* 

0.59 
* 

0.47 
* 

0.22 0.54 
* 

0.5 
* 

0.14 0.35 
* 

 

3A2 0.52 
* 

0.6 
* 

0.68 
* 

0.52 
* 

0.47 
* 

0.5 
* 

0.49 
* 

0.36 
* 

0.42 
* 

0.51 
* 

0.44 
* 

0.79 
* 

0.43 
* 
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Table 2. Correlations of SULT Enzyme Expression Changes in Human NAFLD. 

Gene expression changes were analyzed by Pearson correlation to determine 

any significant correlations in gene expression changes. Pearson correlation 

values are shown for each gene comparison. Asterisk (*) indicates a significant 

correlation (p ≤ 0.05). 

SULT 
 

1A1 1A2 1B1 1C2 1C4 1D1P 1E1 2A1 2B1 4A1 PAPSS1 

1A2 0.57 
* 

          

1B1 0.29 
* 

-0.03          

1C2 0.62 
* 

0.44 
* 

0.45 
* 

        

1C4 0.61 
* 

0.31 
* 

0.08 0.45 
* 

       

1D1P 0.5 
* 

0.31 
* 

0.34 
* 

0.62 
* 

0.41 
* 

      

1E1 0.66 
* 

0.38 
* 

0.3 
* 

0.53 
* 

0.42 
* 

0.48 
* 

     

2A1 0.48 
* 

0.39 
* 

0.5 
* 

0.49 
* 

0.13 0.48 
* 

0.69 
* 

    

2B1 0.65 
* 

0.36 
* 

0.35 
* 

0.75 
* 

0.69 
* 

0.75 
* 

0.63 
* 

0.39 
* 

   

4A1 0.59 
* 

0.43 
* 

0.44 
* 

0.64 
* 

0.57 
* 

0.72 
* 

0.46 
* 

0.41 
* 

0.8 
* 

  

PAPSS1 0.62 
* 

0.34 
* 

0.4 
* 

0.7 
* 

0.51 
* 

0.67 
* 

0.52 
* 

0.46 
* 

0.79 
* 

0.69 
* 

 

PAPSS2 0.5 
* 

0.23 0.7 
* 

0.58 
* 

0.29 
* 

0.48 
* 

0.57 
* 

0.58 
* 

0.61 
* 

0.53 
* 

0.57 
* 
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Supplemental Data 

Supplemental Data Table 1. 

Liver tissue donor information. 

Sample Number Patient ID Sex Age Diagnosis 

56 D472 N/A N/A NASH (fatty) 

57 UMN1271 F 62 NASH (not fatty) 

58 UMN1305 F 48 NASH (not fatty) 

59 UMN1325 F 61 NASH (not fatty) 

60 UMN1338 M 64 NASH (not fatty) 

61 UMN1343 F 60 NASH (not fatty) 

62 D830 F 58 NASH (fatty) 

63 D852 M 51 NASH (fatty) 

64 D867 F 67 NASH (fatty) 

65 D746 M 62 NASH (not fatty) 

66 D729 M 52 NASH (not fatty) 

67 D719 F 54 NASH (not fatty) 

82 D887 F 61 NASH (not fatty) 

83 D885 F 63 NASH (not fatty) 
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University of Arizona, Department of Pharmacology and Toxicology, Tucson, AZ, 
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The information contained within Appendix C was adapted from the following 

publication: Drug Metabolism and Disposition, December 2011, 39:2395-2402. It 

has been reprinted with permission of the American Society for Pharmacology 

and Experimental Therapeutics. All rights reserved. 

 

Abbreviations 

NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; 

ABC, ATP-binding cassette; MRP, multi-drug resistance associated protein; P-

gp, p-glycoprotein; BCRP, breast cancer resistance protein; PPAR, peroxisome 

proliferator-activated receptor; CAR, constitutive androstane receptor; PXR, 

pregnane X receptor; Nrf2, NF-E2-related factor 2 
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Abstract 

Transporters located on the sinusoidal and canalicular membranes of 

hepatocytes regulate the efflux of drugs and metabolites into blood and bile, 

respectively. Changes in the expression or function of these transporters during 

liver disease may lead to a greater risk of adverse drug reactions. Nonalcoholic 

fatty liver disease (NAFLD) is a progressive condition encompassing the 

relatively benign steatosis and the more severe, inflammatory state of 

nonalcoholic steatohepatitis (NASH). Here, we present an analysis of the effect 

of NAFLD progression on the major ATP-binding cassette efflux transport 

proteins ABCC1-6, ABCB1, and ABCG2. Human liver samples diagnosed as 

normal, steatotic, NASH (fatty), and NASH (not fatty) were analyzed. Increasing 

trends in mRNA expression of ABCC1, 4-5, ABCB1, and ABCG2 were found with 

NAFLD progression, while protein levels of all transporters exhibited increasing 

trends with disease progression. Immunohistochemical staining of ABCC3, 

ABCB1, and ABCG2 revealed no alterations in cellular localization during NAFLD 

progression. ABCC2 staining revealed an alternative mechanism of regulation in 

NASH where the transporter appears to be internalized away from the canalicular 
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membrane. This correlated to a preferential shift in the molecular weight of 

ABCC2 from 200kDa to 180kDa in NASH, which has been shown to be 

associated with a loss of glycosylation and internalization of the protein. These 

data demonstrate increased expression of multiple efflux transporters, as well as 

altered cellular localization of ABCC2 in NASH which may have profound effects 

on the ability of patients with NASH to eliminate drugs in an appropriate manner. 

 

Introduction 

Non-alcoholic fatty liver disease (NAFLD) encompasses various stages of 

hepatocellular damage ranging from steatosis (simple fatty liver) to non-alcoholic 

steatohepatitis (NASH), which may then progress to cirrhosis and end-stage liver 

failure (Ali et al., 2009). NAFLD is reported to affect approximately 17-40% of the 

U.S. population (McCullough, 2006;Ali et al., 2009) while NASH itself is present 

in 5.7-17% (McCullough, 2006), making each a serious concern among 

healthcare professionals. Patients with NAFLD typically exhibit one or more 

symptoms of the metabolic syndrome such as hypertriglyceridemia, dyslipidemia, 

insulin resistance, obesity, or hypertension with each often necessitating 

separate and sometimes multiple medications (Angulo, 2002). Furthermore, the 

severity of NAFLD has been shown to correlate with the number of components 

of the metabolic syndrome diagnosed in the patient (McCullough, 2006). More 

alarming is the estimate that 30-50% of obese individuals may actually have the 

more severe form of the disease, NASH (Cheung et al., 2009).  The strong 
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association of NAFLD with type II diabetes mellitus and obesity, all of which are 

steadily increasing within the population, has begun to make each of these 

diseases a considerable clinical burden.  

 

NAFLD initially develops as simple steatosis, which is an accumulation of 

triglycerides primarily within zone 3 hepatocytes termed microvesicular steatosis 

(Clark et al., 2002). This is considered the first insult in NAFLD pathogenesis, 

and is believed to be relatively benign (Clark et al., 2002). The progression from 

steatosis to NASH has been the subject of extensive investigation and is 

postulated to result from a second insult mediated by one, or a combination of 

the following: oxidative stress, pro-inflammatory cytokine induction, lipid 

peroxidation, or Fas ligand activation (Angulo, 2002). NASH is characterized by 

macrovesicular steatosis, which as opposed to that seen in the steatotic stage, 

consists of enlarged lipid vesicles that may encompass the majority of the 

hepatocyte cytoplasm (Marra et al., 2008). In addition to macrovesicular 

steatosis, the progression from steatosis to NASH is characterized by 

inflammation, oxidative damage, fibrosis, and more widespread zonal damage 

than that seen in steatosis (Marra et al., 2008). The significance of the 

progression to NASH is exacerbated by the propensity for NASH to further 

progress to cirrhosis and liver failure in 15-25% of patients (McCullough, 2006). 
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Due to the significant transformations in liver pathology and function occurring 

with the progression of NAFLD, as well as the likelihood of NAFLD patients to be 

medicated for one or more symptoms of the metabolic syndrome, it is reasonable 

to question the ability of these patients to manage the elimination of xenobiotics. 

Extrusion of compounds from the hepatocyte is mediated largely by the ATP-

binding cassette (ABC) family of membrane transporters (Klaassen et al., 2010).  

The ABC family of transporters consist of a wide variety of proteins that 

hydrolyze ATP in order to actively transport xenobiotic, endobiotic, and 

conjugates across cellular membranes (Klaassen et al., 2010); and include such 

members as the ABCC subfamily also known as multi-drug resistance associated 

proteins (MRPs), ABCB1 or P-glycoprotein (P-gp), and ABCG2 or breast cancer 

resistance protein (BCRP). Collectively, ABC transporters are large proteins 

possessing anywhere from 12-17 membrane spanning regions, with the 

exception of ABCG2 (BCRP) which is considered a half-transporter (Klaassen et 

al., 2010;Gu et al., 2010).  These efflux transporters reside on the sinusoidal and 

canalicular membranes of hepatocytes and are responsible for substrate 

transport into the blood and bile, respectively (Klaassen et al., 2010). Due to their 

pivotal arrangement within hepatocytes, efflux transporters have considerable 

influence on overall drug exposure and elimination. Disruption of the expression 

or function of membrane transporters has the potential to significantly alter 

patient drug management. The purpose of the current study was to investigate 
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the effect of the progression of human NAFLD on efflux drug transporter 

expression. 

 

Materials and Methods 

Materials. Tris-HCL, EDTA, NaCl, glycerol, and nonidet P-40 were obtained from 

Sigma-Aldrich (St. Louis, MO). 

 

Human Liver Samples and Tissue Preparations. Frozen and formalin-fixed, 

paraffin-embedded adult human liver tissue was obtained from the Liver Tissue 

Cell Distribution System (LTCDS) coordinated through the University of 

Minnesota, Virginia Commonwealth University and the University of Pittsburgh. 

All samples were scored and categorized by a medical pathologist within the 

Liver Tissue Cell Distribution System. Scoring was performed according to the 

NAFLD Activity Score system developed by Kleiner, et al., followed by 

confirmation via histological examination at the University of Arizona (Kleiner et 

al., 2005). Donor information, including age and gender, has been published 

previously (Fisher et al., 2009). The samples were diagnosed as either normal 

(n=20), steatotic (n=12), NASH with fatty liver (NASH fatty, n=11), and NASH 

without fatty liver (NASH not fatty/cirrhosis, n=11). Those samples exhibiting 

>10% fatty infiltration of hepatocytes were staged as steatotic. Samples were 

diagnosed as NASH (fatty) when >5% fatty infiltration of hepatocytes occurred 

with significant inflammation and fibrosis. NASH (not fatty) samples were 
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diagnosed based on a reduction in fatty deposits within the hepatocytes to <5% 

with more marked inflammation and fibrotic branching. Total RNA was isolated 

from human liver tissue using RNAzol B reagent (Tel-Test Inc., Friendswood, TX) 

per the manufacturer’s protocol. RNA concentrations were determined by UV 

spectrophotometry, and the integrity of the RNA confirmed by ethidium bromide 

staining following agarose gel electrophoresis. Whole cell lysate preparations of 

human liver tissue were prepared from tissue homogenized in NP-40 buffer (20 

mM Tris HCl, 137 mM NaCl, 10% glycerol, 1% nonidet P-40, and 2 mM EDTA 

with 1 Protease Inhibitor Cocktail Tablet (Roche, Indianapolis, IN) per 25mL) at 

4°C. Homogenized tissue was then agitated at 4°C for 2 hours, centrifuged at 

10,000 x g for 30 minutes, and the supernatant transferred to a clean collection 

tube. Protein concentrations were determined using the Pierce BCA Protein 

Quantitation Assay (Thermo Scientific, Rockford, IL) per the manufacturer’s 

recommendations.  

 

Branched DNA Assay. Specific oligonucleotide probes for ABCC1-6, ABCB1, 

and ABCG2 (see Supplemental Data Table 1) were diluted in lysis buffer 

supplied by the Quantigene™ HV Signal Amplification Kit (Genospectra, 

Fremont, CA). Substrate solution, lysis buffer, capture hybridization buffer, 

amplifier and label probe buffer used in the analysis were all obtained from the 

Quantigene Discovery Kit (Genospectra, Fremont, CA). The assay was 

performed in 96-well format with 10 µg total RNA added to the capture 
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hybridization buffer and 50 µl of the diluted probe set. The total RNA was then 

allowed to hybridize to the probe set overnight at 53°C. Hybridization steps were 

performed per the manufacturer’s protocol the following day. Luminescence of 

the samples was measured with a Quantiplex™ 320 bDNA luminometer 

interfaced with Quantiplex™ Data Management Software Version 5.02.  

 

Immunoblot Protein Analysis. Whole cell lysate proteins (50 µg/well) were 

prepared in Laemmli Sample Buffer (Bio-Rad Laboratories, Hercules, CA) 

without β-mercaptoethanol or boiling and separated by SDS-PAGE using either 

Mini-PROTEAN TGX 4-15% gradient gels (ABCC2, Bio-Rad Laboratories, 

Hercules, CA) or 7.5% Tris-Glycine gels (ABCC1, 3-6, ABCB1, and ABCG2), 

followed by overnight transfer to PVDF membranes. The following mouse 

monoclonal antibodies were obtained from Abcam, Inc. (Cambridge, MA) and 

used to determine relative protein levels: ABCC1 (MRPm5, 1:5000), ABCC3 

(M3II-9, 1:7000) and ABCB1 (C219, 1:15,000). ABCC2 (M2III-5, 1:2000) and 

ABCG2 (BXP-21, 1:1000) protein levels were determined using mouse 

monoclonal antibodies obtained from Kamiya Biomedical Company (Seattle, 

WA). Protein levels of ABCC4 (M4I-10, 1:2000) and ABCC6 (M6II-68, 1:10,000) 

were analyzed with rat monoclonal antibodies generated by George L. Scheffer 

(Amsterdam, The Netherlands). ABCC5 (M5I-1, 1:1000) protein levels were 

determined using rat monoclonal antibodies obtained from Abcam, Inc. 

(Cambridge, MA). Quantification of relative protein expression was determined 
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using image processing and analysis with Image J software (NIH, Bethesda, MD) 

and normalized to total pan-Cadherin (1:7000, Abcam, Inc., Cambridge, MA). 

 

Immunohistochemistry. Immunohistochemical staining for all proteins was 

performed on formalin-fixed, paraffin-embedded (FFPE) human liver samples. 

Briefly, tissue sections were de-paraffinized in xylene and re-hydrated in ethanol, 

followed by antigen retrieval in citrate buffer (pH 6.0, ABCC2, ABCB1, and 

ABCG2) or Tris-EDTA buffer (pH 9.0, ABCC3). Endogenous peroxidase activity 

was blocked with 0.3% (v/v) H2O2 in methanol for 20 minutes. 

Immunohistochemical staining for ABCC2, ABCB1, and ABCG2 was performed 

with the MACH3 staining kit (Biocare Medical, Concord, CA) per the 

manufacturer’s protocol. Samples were incubated in a primary antibody solution 

overnight at 4°C. ABCC2 (M2III-5, 1:20) mouse monoclonal antibody was 

obtained from Kamiya Biomedical Company (Seattle, WA). ABCB1 (C-219, 1:40) 

and ABCG2 (BXP-21, 1:50) mouse monoclonal antibodies were acquired through 

Abcam, Inc. (Cambridge, MA). Immunohistochemical staining for ABCC3 was 

performed with the MACH4 staining kit (Biocare Medical, Concord, CA) per the 

manufacturer’s recommendations. Samples were incubated in an ABCC3 

antibody solution (M3II-9, 1:500, Abcam, Inc., Cambridge, MA) for 2 hours at 

room temperature. All slides were counterstained with hematoxylin (Sigma 

Aldrich, St. Louis, MO) following color development with Betazoid DAB (Biocare 
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Medical, Concord, CA). All slides were imaged with a Nikon Eclipse E4000 

microscope and a Sony Exwave DXC-390 camera.  

 

Statistical Analysis. All human liver samples used in the study were categorized 

and ordered by disease progression: normal < steatosis < NASH (fatty) < NASH 

(not fatty). The data obtained from this study exhibited continuous outcomes with 

skewed distributions. The data were presented as box-and whisker plots and 

median values compared. Data were analyzed by a non-parametric trend 

analysis with a significance level of p ≤ 0.05 thus allowing for the determination of 

significant increases or decreases with disease progression. All analyses were 

performed with Stata9 software (Stata, College Station, TX). 

 

Results 

Human NAFLD Histology. Liver samples stained with hematoxylin and eosin 

(H&E) are shown in Figure 1. Representative images are shown at 20X 

magnification. Steatosis was diagnosed when samples possessed >10% fatty 

infiltration of hepatocytes, while a diagnosis of NASH (fatty) was made when 

samples possessed >5% fatty infiltration of hepatocytes accompanied by 

significant inflammation and fibrosis. NASH (not fatty) was differentiated from 

NASH (fatty) when samples presented with a reduction in fatty deposits to <5% 

accompanied by increased inflammation and branching fibrosis.  Microvesicular 

lipid deposits within hepatocytes, indicated by a black arrow, are clearly visible in 
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steatotic samples; whereas macrovesicular deposits, indicated by a white arrow, 

are apparent throughout NASH (fatty) samples. In addition to macrovesicular 

deposits, the NASH (fatty) stage is further characterized by the infiltration of 

inflammatory cells within the liver and fibrosis. The progression from NASH (fatty) 

to NASH (not fatty) involves a reduction in fatty deposition within hepatocytes 

accompanied by an increase in inflammation. Furthermore, fibrosis (indicated by 

an asterisk) in the NASH (not fatty) stage is much more prevalent and often 

presents as branching fibrosis which significantly disrupts the hepatic 

architecture and segregates hepatocytes into small populations. 

 

ATP-Binding Cassette Transporter Expression in Human NAFLD. mRNA levels 

of ABCC1-6, ABCB1, and ABCG2 transporters were assessed by the branched 

DNA method of mRNA quantification and the results are shown in Figure 2. 

There was a significant increasing trend in mRNA expression of the sinusoidal 

transporters ABCC1 (p < 0.001), ABCC4 (p < 0.001), and ABCC5 (p < 0.001) 

with progression of NAFLD. We observed an increase in ABCC3 (p = 0.066) and 

a decrease in ABCC6 (p = 0.084) mRNA levels; however, these trends were not 

statistically significant. The biliary transporters ABCB1 and ABCG2 were also 

significantly up-regulated with disease progression (p = 0.033 and 0.003, 

respectively). mRNA levels of ABCC2 remained unchanged throughout 

progression of NAFLD. 
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Protein Expression of ATP-Binding Cassette Transporters in Human NAFLD. 

Protein levels of ABCC1, 3-6, ABCB1, and ABCG2 were assessed by 

immunoblot analysis in human liver whole cell lysate preparations and 

normalized to the control protein, pan-Cadherin (protein levels of ABCC2 will be 

discussed later). Representative immunoblots of the transporters depicting four 

samples in each diagnostic category are shown in Figure 3 with pan-Cadherin. 

The relative protein expression of each transporter was determined by 

densitometric analysis in all 54 human liver samples within the study. 

Densitometric results are shown in Figure 4. There were significant increasing 

trends in relative protein expression for all efflux transporters currently examined:  

ABCC1 (p < 0.001), ABCC3 (p < 0.001), ABCC4 (p < 0.001), ABCC5 (p < 0.001), 

ABCC6 (p < 0.001), ABCB1 (p < 0.001), and ABCG2 (p < 0.001). 

 

Immunohistochemical Staining of ATP-Binding Cassette Transporters in FFPE 

Human Liver Samples. IHC staining for ABCC2, ABCC3, ABCB1, and ABCG2 

was performed on FFPE human liver samples and is shown in Figure 5 at 40X 

magnification; while staining for ABCC2 is shown in Figure 6 (40X magnification). 

Minimal staining of ABCC3 was observed in normal and steatotic samples. 

However, staining became more prominent in both stages of NASH and was 

localized primarily to fibrotic areas (indicated by an asterisk). ABCB1 staining 

appeared to be more prominent in NASH (fatty) and NASH (not fatty) samples; 

however, no significant changes to cellular localization were observed. Similarly, 
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staining for ABCG2 appeared most prominent in NASH (not fatty) samples; 

however, the cellular localization of ABCG2 did not appear to be significantly 

altered. In end-stage NASH (not fatty) samples it appears that ABCC2 may be 

internalized into intracellular vesicles away from the biliary membrane (circled in 

red). This phenomenon was observed only in the end-stage NASH samples and 

was not present in normal or steatotic human livers.  

 

Protein Expression and Glycosylation Status of ABCC2 in Human NAFLD. 

Protein levels of ABCC2 were assessed by immunoblot analysis utilizing 4-15% 

gradient gels for separation of proteins followed by normalization to the control 

protein, pan-Cadherin. The use of gradient gels to aid in the separation of the 

high (200kDa) and low (180kDa) molecular weight forms of ABCC2 was 

previously developed by Zhang and colleagues (Zhang et al., 2005). The shift in 

molecular weight from 200kDa to 180kDa was identified in sandwich-cultured 

hepatocytes as a loss of glycosylation by a treatment regimen utilizing a 

glycosylation inhibitor (Zhang et al., 2005). Additionally, the loss of glycosylation 

was positively associated with internalization of ABCC2 in sandwich-cultured 

hepatocytes (Zhang et al., 2005). Densitometric analysis of ABCC2 for all 

samples within the current study, along with representative immunoblots 

depicting two samples within each diagnostic category are shown in Figure 7. 

The fully-glycosylated high, and lesser-glycosylated low molecular weight forms 

of ABCC2 were significantly increased with progression of NAFLD (p = 0.009 and 
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< 0.001, respectively). However, the low molecular weight, 180kDa form of 

ABCC2 was rarely detected in normal and steatotic samples, but was readily 

apparent in all NASH (fatty) and NASH (not fatty) samples. 

 

Discussion 

Adverse drug reactions (ADRs) have gained increasingly greater attention over 

the last several years. Defined by the World Health Organization as an 

unintentional, harmful reaction to an administered medication, ADRs remain a 

significant contributor to causes of death in several countries (Wooten, 

2010;WHO, 2008). Type B ADRs are those that are unpredictable and thus 

considered idiosyncratic (Wooten, 2010). Due to their unpredictability and often 

unknown etiology, Type B ADRs pose a formidable threat to patient medication 

management. Conversely, Type A ADRs are typically predictable based upon the 

known pharmacokinetic and pharmacodynamic profile of the drug (Wooten, 

2010). Predictions of drug disposition can be made based upon the identification 

of a drug as a substrate for specific transporters. However, this predictability may 

prove useless for a patient population or disease demographic in which basic 

drug metabolism and disposition data is unavailable. Thus, for diseases that alter 

drug metabolizing enzyme and transporter expression and function, predictability 

of Type A ADRs fails. This leads to an inability to identify a particular 

demographic as an at risk population for ADRs. Given that NAFLD is becoming 

an increasingly prevalent disease, understanding the capacity for hepatic drug 
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metabolism and disposition in each stage of the disease is necessary to reduce 

the risk of ADRs in this patient population. 

 

Our laboratory has previously investigated the effect of human NAFLD on 

Cytochrome P450 (CYP) and glutathione S-transferase enzyme expression and 

functionality (Fisher et al., 2009;Hardwick et al., 2010). However, minimal 

information is available on the expression or functionality of the ABC transporters 

in human NAFLD. These patients represent a population that is very likely to be 

prescribed a variety of pharmaceuticals to treat symptoms of the metabolic 

syndrome, yet little is understood about the ability of these patients to manage 

the metabolism and elimination of xenobiotics. To date, animal models have 

been employed to gain an understanding of the effects of NAFLD upon 

transporter expression, and subsequent drug disposition. The current data 

provide new insight to the effect of NAFLD on the regulation of efflux transporter 

expression in human patients which could, in turn, enable better prediction of 

pharmacokinetics in these patients thereby leading to a more positive therapeutic 

outcome. 

 

Previous studies within our laboratory utilizing diet-induced rodent models of 

NAFLD have shown that disease progression leads to significant induction of 

Abcc3, Abcc4, and Abcg2 mRNA in NASH, but not steatosis (Lickteig et al., 

2007). Similarly, protein levels of Abcc2-4 and Abcg2 were induced in NASH 
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rodents (Lickteig et al., 2007). These expression changes in hepatic ABC 

transporters were found to result in functional alterations of drug metabolite 

disposition. Upon administration of acetaminophen, NASH rodents exhibited a 

significant reduction in the biliary excretion of glucuronide-, sulfate-, and 

glutathione-acetaminophen conjugates with a concomitant shift to sinusoidal 

excretion (Lickteig et al., 2007). The link between altered efflux transporter 

expression and changes in drug disposition is clearly demonstrated in this rodent 

model of NASH; however until now, similar studies in human patients have been 

severely lacking. 

 

The data presented in the current study provide a generous foundation for further 

investigation into drug disposition outcomes during NAFLD progression. Similar 

to rodent NAFLD models, ABCC4 and ABCG2 gene induction was observed in 

human NASH patients (Figure 2). Additional transporters, including ABCC1, 5, 

and ABCB1, were also found to be induced with disease progression (Figure 2). 

In general, most transporters of the ABC family followed an increasing trend in 

mRNA expression as the disease progressed from steatosis to end-stage NASH 

(not fatty). CAR and PXR are known to induce ABCC2, 3, ABCB1, and ABCG2 in 

humans (Klaassen et al., 2010). We have previously identified induction of the 

CAR target gene CYP2B6 and the PXR target genes CYP2A6 and GSTA1 in this 

same set of human samples (Fisher et al., 2009;Hardwick et al., 2010). Nuclear 

translocation of CAR and induction of CAR target genes has been shown to 
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worsen histological features of NASH in a rodent model of the disease, and 

possibly play a role in the transition from steatosis to NASH (Yamazaki et al., 

2007). The current study has demonstrated induction of the CAR target genes 

ABCB1 and ABCG2, as well as a modest increase in ABCC3 mRNA. 

Additionally, Nrf2, in response to oxidative stress conditions, is believed to induce 

human ABCC2, 3, ABCB1, and ABCG2 (Klaassen et al., 2010). We have 

previously shown activation of Nrf2 and several of its downstream target genes in 

this same set of NAFLD samples (Hardwick et al., 2010). Here we have identified 

induction of several transporters that have been identified as Nrf2 target genes 

including ABCB1 and ABCG2. Additionally, though not significant (p = 0.066), 

ABCC3 exhibited a noticeable increasing trend in mRNA expression similar to 

ABCB1 and ABCG2. The observed induction of ABC transporter genes may be 

due to initiators of the second hit, mediating the transition from steatosis to NASH 

through activation of various nuclear receptors and transcription factors.  

 

Here, we have identified an overarching increase in ABC transporter protein 

levels with progression of NAFLD. ABCC1-6, ABCB1, and ABCG2 protein all 

exhibited significant increasing trends (Figures 3 and 4) with disease 

progression. A noticeable elevation in protein levels of ABCC1, 3-6, and ABCG2 

was observed between steatosis and NASH samples (Figure 3). The increase in 

protein levels of numerous efflux transporters suggests an heightened ability for 

NASH patients to excrete drugs and drug conjugates out of hepatocytes. 
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However, due to the overlapping substrate specificity, yet differing affinity for 

substrates of several of these transporters, these effects could have a variety of 

implications upon the hepatic elimination of xenobiotics. 

 

Of particular note in this study is the potential altered regulation of ABCC2 in 

NASH (not fatty) patients. Internalization of Abcc2 to intracellular vesicles has 

been extensively studied in rodents, and linked to oxidative stress and cholestatic 

conditions. In particular, vesicular retrieval of Abcc2 has been demonstrated 

during estradiol-17β-glucuronide (E217-G)-induced cholestasis (Mottino et al., 

2002), lipopolysaccharide-induced oxidative stress (Saeki et al., 2011), bile duct 

ligation (Kojima et al., 2008b), and following ethacrynic acid treatment (Ji et al., 

2004). ABCC2 internalization has also been identified in several forms of human 

liver injury including drug-induced liver injury, obstructive jaundice, autoimmune 

hepatitis, primary sclerosing cholangitis, and primary biliary cirrhosis (Kojima et 

al., 2008a;Kojima et al., 2003). Here, we provide the first evidence that ABCC2 

may be internalized in the later stages of NAFLD. Previous studies have shown 

that internalization of hepatic Abcc2 is correlated to glutathione (GSH) depletion 

in vivo (Sekine et al., 2008). We have previously shown in these same NAFLD 

samples that disease progression leads to significant depletion of hepatic GSH 

stores (Hardwick et al., 2010). It is likely that GSH depletion in these samples is 

the mechanism responsible for the proposed internalization of ABCC2 observed 
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in the current study; however, further analyses are needed to identify the specific 

mechanism underlying this alternative method of ABCC2 regulation. 

  

Recently, Zhang and colleagues have identified a role for glycosylation in the 

regulation of Abcc2 cellular localization (Zhang et al., 2005). Rat hepatocytes 

were isolated and placed in a sandwich-culture system. At Day 0 of culture, 

hepatocytes expressed a 180-190kDa form of Abcc2, but by Day 4 the molecular 

weight of Abcc2 had increased to 200kDa (Zhang et al., 2005). It was discovered 

that glycosylation status determined the molecular weight shift of Abcc2, and that 

the fully-glycosylated, 200kDa, form was properly localized to the canalicular 

membrane (Zhang et al., 2005). In contrast, the low molecular weight, 180-

190kDa, lesser-glycosylated form was not localized in the canalicular membrane 

(Zhang et al., 2005). To further test our hypothesis of ABCC2 internalization in 

NASH, we investigated the protein expression of these two glycosylation states 

of ABCC2. Normal and steatotic human samples solely exhibited the high 

molecular weight, 200kDa form of ABCC2, indicative of membrane localization. 

We have identified the appearance of an 180kDa band of ABCC2 protein that is 

preferentially expressed in NASH samples (Figure 7) which correlates with the 

observation of ABCC2 internalization identified by immunohistochemical staining.  

This suggests that there is a portion of ABCC2 protein in NASH samples that is 

not fully glycosylated and not properly localized in the canalicular membrane. 
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The functional consequence of this method of ABCC2 regulation is extremely 

important in drug disposition. In conjunction with their studies identifying the 

association between glycosylation status and cellular localization, Zhang and 

colleagues determined that the loss of glycosylation of ABCC2 protein results in 

diminished transport function due to improper localization (Zhang et al., 2005). 

The biliary excretion of 5-(6)-carboxy-2’,7’-dichlorofluorescein was reduced when 

Abcc2 was internalized (Zhang et al., 2005). However, when the fully 

glycosylated, high molecular weight form was expressed in sandwich-cultured rat 

hepatocytes, the Abcc2 was properly localized to the canalicular membrane and 

able to excrete substrates into the canalicular space (Zhang et al., 2005). The 

disruption of Abcc2 cellular localization and its effect on transport function has 

been demonstrated in vivo in E217-G-induced cholestasis. Upon administration of 

E217-G, Abcc2 was retrieved to pericanalicular vesicles and the biliary excretion 

of dinitophenyl-S-glutathione was diminished (Mottino et al., 2002). These 

studies indicate that the internalization of ABCC2 observed in our NASH samples 

may limit these patients’ ability to excrete ABCC2 substrates into bile.  

 

In conclusion, we have observed a general increase in the mRNA and protein 

expression of numerous ABC transporters following the transition from steatosis 

to NASH in human NAFLD samples. However, internalization of ABCC2 in end-

stage NASH could lead to a reduction in functionality, and ultimately elicit 

alterations in the hepatic elimination of xenobiotics. Considering NAFLD patients 
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are frequently medicated for symptoms of the metabolic syndrome, such as 

hypertension, dyslipidemia, and insulin resistance, these patients could be at 

increased risk for ADRs. In spite of greater recognition of this disease, the field of 

NAFLD research is in great need of further studies on the ability of these patients 

to metabolize and eliminate various pharmaceutical agents in order to ensure 

safety and improve therapeutic outcome. 
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Figures 

Figure 1. Histology of Human NAFLD. Hematoxylin and eosin staining of 

formalin-fixed paraffin-embedded human liver samples diagnosed as normal, 

steatotic, NASH (fatty), and NASH (not fatty) are shown at 20X magnification. 

Steatosis was diagnosed as >10% fatty infiltration of hepatocytes with 

microvesicular steatosis (black arrow). NASH (fatty) was staged as >5% fatty 

infiltration with macrovesicular steatosis (white arrow), inflammation and fibrosis. 

NASH (not fatty) was diagnosed as <5% fatty infiltration with more significant 

inflammation and fibrosis (asterisk, *). 
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Figure 2. mRNA Expression of ABC-Transporters in Human NAFLD. Messenger 

RNA levels of ABCC1-6, ABCB1, and ABCG2 in human liver samples staged as 

normal, steatotic, NASH (fatty), and NASH (not fatty) are shown. mRNA levels 

were measured by the branched DNA assay and expressed as relative light units 

(RLU) per 10 µg total RNA. Arrows indicate an increasing or decreasing trend 

with NAFLD progression. Significant trends (p ≤ 0.05) are indicated by an 

asterisk (*). 
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Figure 3. Representative Protein Expression of ABC-Transporters in Human 

NAFLD. Immunoblot analysis of ABC-transporters was performed with 50 µg 

whole cell lysate protein obtained from human liver samples staged as normal, 

steatotic, NASH (fatty), and NASH (not fatty). Representative immunoblots are 

shown for each transporter (ABCC1, 3-6, ABCB1, and ABCG2) and the control 

protein pan-Cadherin, with four samples from each diagnostic category. 
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Figure 4. Relative Protein Expression of ABC-Transporters in Human NAFLD. 

Relative protein levels of ABCC1, 3-6, ABCB1, and ABCG2 in human liver whole 

cell lysate preparations staged as normal, steatotic, NASH (fatty), and NASH (not 

fatty) were determined by densitometric analysis of all samples and expressed as 

relative to control protein (pan-Cadherin). Arrows indicate an increasing or 

decreasing trend with NAFLD progression. Significant trends (p ≤ 0.05) are 

indicated by an asterisk (*). 
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Figure 5. Immunohistochemical Staining of ABC-Transporters in FFPE Human 

NAFLD Samples. IHC staining of ABCC3, ABCB1, and ABCG2 in formalin-fixed 

paraffin-embedded human liver samples staged as normal, steatotic, NASH 

(fatty), and NASH (not fatty) is shown at 40X magnification. Antibody binding was 

detected by either the MACH3 (ABCB1 and ABCG2) or MACH4 (ABCC3) 

method (Biocare Medical, Concord, CA). Color development was performed 

using Betazoid DAB (Biocare Medical, Concord, CA). Asterisk (*) indicates 

fibrosis in ABCC3 staining. 
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Figure 6. Immunohistochemical Staining of ABCC2 in FFPE Human NAFLD 

Samples. IHC staining of ABCC2 in formalin-fixed paraffin-embedded human 

liver samples staged as normal, steatotic, NASH (fatty), and NASH (not fatty) is 

shown at 40X magnification. Antibody binding was detected by the MACH3 

method (Biocare Medical, Concord, CA). Color development was performed 

using Betazoid DAB (Biocare Medical, Concord, CA). 

 

  

 



204 
 

Figure 7.  Representative and Relative Protein Expression of the High and Low 

Molecular Weight Forms of ABCC2 in Human NAFLD. (A) Immunoblot analysis 

and relative protein expression of ABCC2 in human liver samples staged as 

normal, steatotic, NASH (fatty), and NASH (not fatty). Separation of whole cell 

lysate proteins was performed on 4-15% gradient gels, which allows for 

separation of the high (~200kDa) and low (~180kDa) molecular weight forms of 

ABCC2. (B) Representative blots are shown for ABCC2 and control protein, pan-

Cadherin, with two samples from each diagnostic category. Relative protein 

levels were determined by densitometric analysis of all samples and expressed 

as relative to control protein. Arrows indicate an increasing or decreasing trend 

with NAFLD progression. Significant trends (p ≤ 0.05) are indicated by an 

asterisk (*).   
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Supplemental Data 

Supplemental Data Table 1. 

 

Human Oligonucleotide Probe Sets. 

 

Gene  Function Probe Sequence_________________________________ 

ABCC1  CE  ttgcttccttccctggaccTTTTTctcttggaaagaaagt 

(MRP1) CE  tgcagttctgcggtgctgtTTTTTctcttggaaagaaagt 

  CE  ccttcttggcctcagctttcTTTTTctcttggaaagaaagt 

  CE  cggaaagcttgacctgccctTTTTTctcttggaaagaaagt 

  CE  gctgagccaatagttggaagcTTTTTctcttggaaagaaagt 

  LE  cgttctcctctgcatcctgcTTTTTaggcataggacccgtgtct 

  LE  gctgacgcccgtgacccTTTTTaggcataggacccgtgtct 

  LE  gcatgccattctccatttgctTTTTTaggcataggacccgtgtct 

  LE  ccactataggaggaggagctgctTTTTTaggcataggacccgtgtct 

  LE  tgtggtgcctgctgatgtccTTTTTaggcataggacccgtgtct 

  LE  ccatcagcttccaggtctcctTTTTTaggcataggacccgtgtct 

  LE  gtctgcgccttgtcagcctTTTTTaggcataggacccgtgtct 

  LE  ggccttcatgtagtcccagtacaTTTTTaggcataggacccgtgtct 

  LE  cagcgcggacacatggttTTTTTaggcataggacccgtgtct 

  LE  cgatggggtcatcagtccagagTTTTTaggcataggacccgtgtct 

  LE  gtgctcctgagtcccgttgaTTTTTaggcataggacccgtgtct 

  BL  cctgcactgtccgtcacca 

  BL  gagctgtctctgcagttgcttc 



207 
 

  BL  ggaaggagatgaagagtccgat 

  BL  acacatgaaaaggaagatgctga 

 

ABCC2 CE  cagctctctcttcatgtgcgtttTTTTTctcttggaaagaaagt   

(MRP2) CE  ttctcctgccgtctctggagtTTTTTctcttggaaagaaagt 

  CE  ggctttgactctgattcttgttcaTTTTTctcttggaaagaaagt 

  CE  caatttcagcagctgaggactcTTTTTctcttggaaagaaagt 

  CE  cagaaagactgaatgagagccgTTTTTctcttggaaagaaagt 

  LE  gcccgcctggctttctgTTTTTaggcataggacccgtgtct 

  LE  ccagagttctgctgggagctcTTTTTaggcataggacccgtgtct 

  LE  agccaggcagcctggctTTTTTaggcataggacccgtgtct 

  LE  ttccaggacagggcatcttTTTTTaggcataggacccgtgtct 

  LE  gacttctttttttcttttcaacatcTTTTTaggcataggacccgtgtct 

  LE  agccttcatcaaccaggattttTTTTTaggcataggaccgtgtct 

  LE  gcttcagtaggaatgatttcaggaTTTTTaggcataggacccgtgtct 

  LE  gatatccaatccacaaatatgtgtcaTTTTTaggcataggacccgtgtct 

  BL  ggaacatcttttttggtcca 

  BL  gcaccatgtagaaagttttgaacag 

  BL  acaaacgtgaagatctcattcacta 

  BL  cggtcacttgcaaaggagatcag 

  BL  cagtgaataagaggattgcacaga 

 

ABCC3 CE  cctccaggtgcccttggtTTTTTctcttggaaagaaagt 

(MRP3) CE  gcctccttatcctctgcaccttTTTTTctcttggaaagaaagt 
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  CE  ctcagctgtctcataaactgcttctTTTTTctcttggaaagaaagt 

  CE  gccaatggctgctttctcctTTTTTctcttggaaagaaagt 

  CE  cgcccagcctcagggaagTTTTTctcttggaaagaaagt 

  CE  gaagaaggaattgagcagcatgTTTTTctcttggaaagaaagt 

  LE  ccaacgcggtccagctgtTTTTTaggcataggacccgtgtct 

  LE  tgtctgtcagatccgtgtggttTTTTTaggcataggacccgtgtct 

  LE  cccatctgaggacagggcaTTTTTaggcataggacccgtgtct 

  LE  ggccgaccctgtccctcTTTTTaggcataggacccgtgtct 

  LE  tgccttcgcctctgtcaccTTTTTaggcataggacccgtgtct 

  LE  cagaacacactgagctccacagtTTTTTaggcataggacccgtgtct 

  LE  ccagcgtggtacagagcccTTTTTaggcataggacccgtgtct 

  LE  cccacatacaggagacagatggTTTTTaggcataggacccgtgtct 

  LE  atggcagccgcactttgaTTTTTaggcataggacccgtgtct 

  LE  tgagccacacattggctccaTTTTTaggcataggacccgtgtct 

  LE  ggcatcatttgtccaggcacTTTTTaggcataggacccgtgtct 

  LE  tgttgttctgtctactgtctgccatTTTTTaggcataggacccgtgtct 

  LE  ccagcatcaccaagaacccttTTTTTaggcataggacccgtgtct 

  LE  ggtgcaacacacgggcagTTTTTaggcataggacccgtgtct 

  LE  aaggactgtggcgagcgtatTTTTTaggcataggacccgtgtct 

  LE  gcctgatggtgtggtgtcaaagTTTTTaggcataggacccgtgtct 

  LE  cctcatcaacgacatagatgtccttTTTTTaggcataggacccgtgtct 

  BL  gctgagtgtgtcttcaatcagcagt 

  BL  ggaccacataggtgactggatcat 

  BL  aggtgcctccggggtaca 
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  BL  tgcaccttctctgatggaccc 

  BL  cctgggtcagtgccccatc 

  BL  cacggccttggcataatcc 

  BL  gcagaattcctaaagcagcataga 

  BL  tgccatggccatggctg 

  BL  cctggatgccacccgc 

  BL  cttgttgtgcagcagtgcct 

  BL  ggagaagcagttcaggatgcg 

  BL  aggatgacaggggccagaa 

 

ABCC4  CE  ggtgggcgtttctgatattccTTTTTctcttggaaagaaagt 

(MRP4) CE  ccttttcttgtgatttaatgagtgcTTTTTctcttggaaagaaagt 

  CE  gagggaactttttccagctccTTTTTctcttggaaagaaagt 

  CE  tccaaattttaccttcgggttcTTTTTctcttggaaagaaagt 

  CE  acaggttcctgaggtatgattgacTTTTTctcttggaaagaaagt 

  CE  ctcattaaagggatccaggttttTTTTTctcttggaaagaaagt 

  LE  tgtgtattcaatgaccctttctactgTTTTTaggcataggacccgtgtct 

  LE  caaggtgcttctttttcaaggtcTTTTTaggcataggacccgtgtct 

  LE  tgtcagatgcttcagtaccagaggTTTTTaggcataggacccgtgtct 

  LE  ggttcttcccacaatgccaaTTTTTaggcataggacccgtgtct 

  LE  tgacaatctaaaaagggctgagaTTTTTTaggcataggacccgtgtct 

  LE  caatttcagttgtcaagatcttatcaaTTTTTaggcataggacccgtgtct 

  LE  ccacagttcctcatccgtgtgTTTTTaggcataggacccgtgtct 

  BL  catggggccaggctggt 
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  BL  cacattgtcaaagattatcactcctt 

  BL  cccacctggactgtacatgaagtt 

  BL  attttcttccttaaatcgtgaagtc 

  BL  tcctcattgttccagtgaacaaa 

 

ABCC5 CE  cggctcgggctgctgttTTTTTctcttggaaagaaagt 

(MRP5) CE  ttctgagctgagaatgcatggaTTTTTctcttggaaagaaagt 

  CE  ggatgggcttcagagcactcaTTTTTctcttggaaagaaagt 

  CE  caggaggaggtggcctttctTTTTTctcttggaaagaaagt 

  CE  ctccagatcgatgctgtcaTTTTTctcttggaaagaaagt 

  CE  atgaggattgtccttcatgctgTTTTTctcttggaaagaaagt 

  CE  tgactgccatggagagggcTTTTTctcttggaaagaaagt 

  LE  ggcatcaagagagaggcccTTTTTTaggcataggacccgtgtct 

  LE  gggatgctcctcatccaggaTTTTTaggcataggacccgtgtct 

  LE  agccatgatggtactttcccttTTTTTaggcataggacccgtgtct 

  LE  gctctgccagcaccgctTTTTTaggcataggacccgtgtct 

  LE  gggccgctcgtcactgtcTTTTTaggcataggacccgtgtct 

  LE  ggcccaggtggatgtgcttTTTTTaggcataggacccgtgtct 

  LE  gtgtcctctgtaagcgcaggtTTTTTaggcataggacccgtgtct 

  LE  tcactcaccgaggtctcgttcTTTTTaggcataggacccgtgtct 

  LE  gtagatgctggcatagtactgcatTTTTTaggcataggacccgtgtct 

  LE  gaatggctttcaggatcagcaTTTTTaggcataggacccgtgtct 

 

ABCC6 CE  gttggattttccaaagagcgaTTTTTctcttggaaagaaagt 
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(MRP6) CE  ggactccctttttcctctcggTTTTTctcttggaaagaaagt 

  CE  ggtcgctctggaagcccgTTTTTctcttggaaagaaagt 

  CE  ggttgatccgccaggcaTTTTTctcttggaaagaaagt 

  LE  caggactatgagggcgaatccTTTTTaggcataggacccgtgtct 

  LE  cagccacgctggaggtacaTTTTTaggcataggacccgtgtct 

  LE  ggcctcaggcgttccctTTTTTaggcataggacccgtgtct 

  LE  gctcatcgtggtgagccacacTTTTTaggcataggacccgtgtct 

  LE  ccaaacagcactccagatgactTTTTTaggcataggacccgtgtct 

  LE  gcagcgttggtagctggcTTTTTaggcataggacccgtgtct 

  LE  tggacaggtggcggacagTTTTTaggcataggacccgtgtct 

  LE  caccagagacaggcataggtaggTTTTTaggcataggacccgtgtct 

  LE  ggacagcacaaactgtgccacTTTTTaggcataggacccgtgtct 

  BL  agtaggatgaatgaggaattctgg 

  BL  tgtgaatcaggaacactgcgaa 

  BL  aagacaaagcagagaagccagtaa 

  BL  tccggaggcctgctgg 

 

ABCB1 CE  tgtaatagctttctttatcccaattcTTTTTctcttggaaagaaagt 

(P-gp)  CE  gcagcacctatagaaatattggcTTTTTctcttggaaagaaagt 

  CE  tcataagctgctcctcttgcatTTTTTctcttggaaagaaagt 

  CE  ttcttttcgagatgggtaactgaTTTTTctcttggaaagaaagt 

  LE  ttttagcttcttctaaatttttgttgtaTTTTTaggcataggacccgtgtct 

  LE  ctgagaggaccaaggtggtccTTTTTaggcataggacccgtgtct 

  LE  gagatgcctgtccaacactaaaagTTTTTaggcataggacccgtgtct 
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  LE  ttgcaaatgcttcaatgcttgTTTTTaggcataggacccgtgtct 

  LE  tcccttaatattatctggtttgtgcTTTTTaggcataggacccgtgtct 

  LE  ggttcagacccttcaagatcttaacTTTTTaggcataggacccgtgtct 

  LE  tgcccactctgcaccttcaTTTTTaggcataggacccgtgtct 

  LE  ccaaccagggccaccgtcTTTTTaggcataggacccgtgtct 

  BL  aagatgcatagatcagcaggaaa 

  BL  cataccagaaggccagagcat 

  BL  tgagtacttgtccaatagaatattccc 

  BL  ccccaattaatacagaaaagaatacag 

  BL  tggcttattatcaattatcttgaagatt 

  BL  ccactcttcgaatagctgtcaatact 

  BL  agtgaacatttctgaattccaaatt 

 

ABCG2 

(BCRP) CE  gcctccttgccgcgtctTTTTTctcttggaaagaaagt 

  CE  acggtgcgttcctaaatcctaTTTTTctcttggaaagaaagt 

  CE  caggatgcgtgcgctcgTTTTTctcttggaaagaaagt 

  CE  tcttttcagcttaatagagctcggTTTTTctcttggaaagaaagt 

  CE  caggtttcatgatcccattgataTTTTTctcttggaaagaaagt 

  LE  cccagttcctccacaggctTTTTTaggcataggacccgtgtct 

  LE  acaagaccaccaagcatgtgcTTTTTaggcataggacccgtgtct 

  LE  gaggcagcgctttaacaattaaTTTTTaggcataggacccgtgtct 

  LE  cactgggataaaaacttcgacattaTTTTTaggcataggacccgtgtct 

  LE  cagtaaatgccttcaggtcattgTTTTTaggcataggacccgtgtct 
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  LE  ttcgataatatttctttctcaactggTTTTTaggcataggacccgtgtct 

  LE  cccaggatggcgttgagacTTTTTaggcataggacccgtgtct 

  BL  ctcaatctcagtgggagtggc 

  BL  ctctaaagcagcagtttccactta 

  BL  cccggaccttccaaacaaa 

  BL  ggatgtaaatgttgggatgagtca 

  BL  tcttaaccaaaggctcaggatct 

  BL  ctggaagacatctggagagttttta 

  BL  gccattggtgtttccttgtga 

  BL  gaagctgtcgcggggaa 

  BL  gttatgaaaacttaacacagctcctt 

  BL  ctcttcagttttactcgatagcagat 

  BL  ttttcgacaaggtagaaagcca 

  BL  tttgcctccacctgtgggt 
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Abstract 

Ezetimibe (EZE) lowers serum lipid levels by blocking cholesterol uptake in the 

intestine. Disposition of EZE and its pharmacologically active glucuronide 

metabolite (EZE-GLUC) to the intestine is dependent on hepatobiliary efflux.  

Previous studies suggest that hepatic transporter expression and function may 

be altered during non-alcoholic steatohepatitis (NASH). The purpose of the 

current study was to determine whether NASH-induced changes in the 

expression and function of hepatic transporters result in altered disposition of 

EZE and EZE-GLUC. Rats fed a methionine-choline deficient (MCD) diet for 8 

weeks were administered 10mg/kg EZE either by intravenous bolus or oral 

gavage. Plasma and bile samples were collected over 2 hours followed by 

terminal urine and tissue collection. EZE and EZE-GLUC concentrations were 

determined by LC-MS/MS. The sinusoidal transporter Abcc3 was induced in 

MCD rats which correlated with increased plasma concentrations of EZE-GLUC, 

regardless of dosing method. Hepatic expression of the biliary transporters 

Abcc2 and Abcb1 were also increased in MCD animals, but the biliary efflux of 

EZE-GLUC was slightly diminished while biliary bile acid concentrations were 

unaltered. The cellular localization of Abcc2 and Abcb1 appeared to be 

internalized away from the canalicular membrane in MCD livers, providing a 

mechanism for the shift to plasma drug efflux. The combination of induced 

expression and altered localization of efflux transporters in NASH shifts the 
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disposition profile of EZE-GLUC toward plasma retention away from the site of 

action.  This increased plasma retention of drugs in NASH may have implications 

on the pharmacologic effect and safety of numerous drugs. 

 

Introduction 

Non-alcoholic fatty liver disease (NAFLD), which is believed to be the most 

common liver disease in western society (Marra et al., 2008), is a complex multi-

faceted malady which originates as simple steatosis and may progress to the 

more severe non-alcoholic steatohepatitis (NASH). Recent estimates indicate 

that NAFLD affects 17-40% of adults with 40% of those patients often 

unknowingly afflicted by the more severe form, NASH (Ali et al., 

2009;McCullough, 2006). NAFLD is regarded as the hepatic component of the 

multi-symptom metabolic syndrome (Fan, 2008), of which 90% of NAFLD 

patients exhibit at least one clinical feature (Adams et al., 2005). The presence of 

multiple features of the metabolic syndrome in NAFLD patients correlates with 

hepatic histological severity, with NASH patients exhibiting numerous symptoms 

(McCullough, 2006;Fan, 2008;Marchesini et al., 2003). Due to the prevalence of 

metabolic syndrome in NAFLD patients and the multiplicity of symptoms 

(dyslipidemia, hyperinsulinemia, central adiposity, and hypertension), NAFLD 

patients may often be medicated for several symptoms. We have previously 

investigated the effect of NAFLD upon the disposition of acetaminophen (Lickteig 

et al., 2007) and the function of uptake transporters (Fisher et al., 2009a) in 



217 
 

rodent models of simple steatosis and NASH. These studies have led us to 

hypothesize that NASH, in particular, causes significant disruption in hepatic 

metabolism and disposition of administered pharmaceuticals due to alterations in 

hepatic drug transporters. However, the precise mechanisms underlying these 

dispositional alterations in rodents and their manifestation in human NAFLD 

remain elusive. 

 

Ezetimibe (EZE) is an orally administered cholesterol absorption inhibitor that 

acts primarily via inhibition of Niemann-Pick C1-like 1 (NPC1L1) at the villus tip of 

enterocytes of the small intestine (Garcia-Calvo et al., 2005;Kosoglou et al., 

2005). EZE is quickly metabolized (~80%) to a glucuronide metabolite (EZE-

GLUC) within enterocytes, followed by delivery of parent drug and metabolite, via 

the portal vein, to the liver where additional EZE glucuronidation occurs 

(Kosoglou et al., 2005). EZE and EZE-GLUC is then excreted into bile and 

returned to the small intestinal lumen for inhibition of NPC1L1 (Kosoglou et al., 

2005). Enterohepatic recycling of EZE and EZE-GLUC is thought to be an 

important determinant of the long half-life and efficacy of EZE as both parent and 

metabolite are pharmacologically active; however, EZE-GLUC is believed to be a 

more potent inhibitor of NPC1L1 and accounts for the vast majority of drug (80-

90%) measured in biological compartments (Kosoglou et al., 2005). 
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Studies in knockout animals have demonstrated the importance of several efflux 

drug transporters in the disposition of EZE and EZE-GLUC. In particular, Abcc2 

and Abcb1 have been implicated as having a major role in the biliary excretion of 

EZE-GLUC (Oswald et al., 2007;Oswald et al., 2010;Oswald et al., 2006b), while 

Abcc3 mediates sinusoidal efflux (de Waart et al., 2009). Under normal 

physiologic conditions, EZE is eliminated primarily via feces in unconjugated 

form, which may be due to hydrolysis of the EZE-GLUC secreted into bile 

(Kosoglou et al., 2005). However, in the absence of Abcc2, EZE disposition into 

the blood from the liver increases and leads to an increase in urinary excretion of 

EZE and EZE-GLUC (Oswald et al., 2006b). Diminished biliary excretion of EZE-

GLUC and concomitant increased urinary excretion may have an effect upon 

drug half-life and overall systemic exposure, necessitating the need for dosage 

adjustments. In the present study, we examined the effect of NASH on the 

disposition of EZE and its major glucuronide metabolite. EZE is administered 

orally to humans; however, the expression profile of drug transporters in the 

MCD has not been characterized. We therefore chose to dose both orally and 

intravenously to discern the hepatic contribution to EZE disposition in NASH. 

Additionally, we have conducted expression and localization analyses of major 

hepatic efflux drug transporters involved in the disposition of EZE and EZE-

GLUC in the methionine-choline deficient (MCD) diet rodent model of NASH to 

more clearly understand the potential effects of NAFLD upon clinical drug 

disposition. 
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Materials and Methods 

Materials. Ezetimibe (EZE- E975000) was obtained from Toronto Research 

Chemicals (Ontario, Canada) and was determined to 99.8% pure. Urethane, 

carboxymethylcellulose, ethanol, propylene glycol, polyethylene glycol (PEG), 

HPLC-grade methanol, HPLC-grade methyl tert-butyl ether, and β-glucuronidase 

(>5000 U) were obtained from Sigma-Aldrich (St. Louis, MO). Neutral-buffered 

formalin (10%) and HPLC-grade H2O were acquired through Fisher Scientific 

(Pittsburgh, PA). 

 

Animals. Male Sprague Dawley rats weighing 200-250 g were obtained from 

Harlan (Indianapolis, IN). All animals were acclimated in 12 hour light and 12 

hour 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 NIH 

guidelines for the care and use of experimental animals. Rats were fed a control, 

methionine-choline-deficient diet with methionine and choline re-supplemented 

(#518754) or a methionine-choline-deficient (MCD) diet (#518810) (Dyets Inc., 

Bethlehem, PA) for eight weeks. At the conclusion of eight weeks and prior to 

initiation of EZE experiments, control animals weighed an average of 400.006 

±6.895 g and MCD/NASH animals weighed an average of 194.36 ±2.283 g. 
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Weight loss in the MCD model is a common and well-documented side effect 

(Schattenberg et al., 2010;Fan et al., 2009). 

 

Ezetimibe Disposition Experiments. Following eight weeks of respective diet 

treatment, animals were administered a bolus dose of urethane (1.2g/kg w/v, 

i.p.). The femoral artery and vein were cannulated with PE-50 polyethylene 

tubing (Braintree Scientific, Braintree, MA), and the common bile duct was 

cannulated with PE-10 polyethylene tubing (Braintree Scientific, Braintree, MA) 

distal to the bile duct bifurcation. Animal core temperature was maintained 

throughout collection of bile with a TCAT-2V temperature monitor and heat pad 

(Physitemp Instruments Inc, Clifton, NJ). Animals were administered a 10 mg/kg 

dose (5 mL/kg) of EZE either orally (n=3-5, prepared in 0.25% 

carboxymethylcellulose) or intravenously through the femoral vein cannula (n=3-

5, prepared in 10% ethanol, 40% propylene glycol, 30% PEG 400, and 20% 

sterile H2O). Blood samples (100 µL) were drawn from the femoral artery cannula 

at 0, 2, 10, 20, 40, 60, 90, and 120 minutes. Bile samples were collected in 

chilled tubes at 15 minute intervals for 120 minutes following EZE administration. 

Terminal urine samples were collected via bladder puncture and collected in pre-

weighed tubes. All samples were stored at -80°C until use. Following sample 

collections, animals were euthanized while still under anesthesia. After 

euthanasia, histological liver slices were collected and placed in 10% neutral-

buffered formalin for 24 hours followed by 70% ethanol until paraffin embedding 
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was performed by the University of Arizona Histology Service Laboratory. The 

remaining liver tissue was snap frozen in liquid nitrogen and stored at -80°C until 

further use. Small intestines were sectioned by forming a “Z” with the full length 

of the organ, differentiating the duodenum, jejunum, and ileum in order. Tissue 

samples for the duodenum and ileum were taken from the middle of the first and 

third arms of the “Z”, flushed with sterile H2O, snap frozen in liquid nitrogen, and 

stored at -80°C until use.  

 

Sample Preparation. All reagents used were of HPLC-grade quality. Sample 

preparations were performed according to the methods of Oswald (Oswald et al., 

2006a;Oswald et al., 2007) with slight modifications for smaller volumes. For 

determination of EZE, 25 µL plasma, urine, or bile was mixed with 2 µL 

hydroxychalcone internal standard solution. The mixture was then diluted with 

0.4 mL H2O. Samples were then extracted with 0.8 mL methyl tert-butyl ether for 

15 minutes followed by centrifugation at 4000 rpm for 2 minutes. The organic 

layer was transferred to a clean tube. The extraction was then repeated and the 

resulting combined organic layers were evaporated under a gentle stream of N2 

at 50°C. The residue was then dissolved in 77.8% aqueous methanol. For 

determination of Total EZE (parent plus conjugated EZE), prior to the above 

described protocol, 90 µL H2O and 10 µL β-glucuronidase (>5000 U) were added 

to 25 µL sample and incubated at 50°C for 60 minutes. After cooling, the above 

described protocol was resumed with dilution of the sample in 0.3 mL H2O. For 
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determination of EZE in liver tissue, 500 mg tissue was homogenized in 2.5 mL 

H2O. Then, 0.1 mL homogenate was mixed with 0.2 mL H2O and 2 µL internal 

standard solution. The protocol was then continued as described above for 

plasma, urine, and bile. To determine Total EZE in liver tissue, 0.1 mL of the 

prepared tissue homogenate was combined with 90 µL H2O and 10 µL β-

glucuronidase. The mixture was incubated for 60 minutes at 50°C. Then sample 

was the allowed to cool and diluted with 0.2 mL H2O and 2 µL internal standard 

solution. Extractions were performed as described above. 

 

Determination of Total EZE, EZE, and EZE-GLUC Concentrations. LC-MS/MS 

detection of Total EZE, EZE, and EZE-GLUC was conducted based upon the 

method of Oswald (Oswald et al., 2006a) in the Arizona Laboratory for Emerging 

Contaminants. The LC-MS/MS system was composed of a Waters-Micromass 

Quattro Premier XE tandem mass spectrometer (Waters Corporation, Milford, 

MA) and an Acquity Ultra Performance LC with auto-sampler (Waters 

Corporation, Milford, MA) equipped with MassLynx 4.1 software (Waters 

Corporation, Milford, MA). The chromatography was performed with a gradient 

beginning at 20/80 (v/v) acetonitrile/water and ending at 80/20 (v/v) 

acetonitrile/water for 7 minutes with a flow rate of 0.25 mL/minute on an Acquity 

UPLC BH C18 1.7 µM (2.1 X 50 mm) column (Waters Corporation, Milford, MA). 

The mass spectrometer was used in multiple reaction monitoring mode (MRM) 

and equipped with an electrospray ionization source (ESI) in the negative mode. 
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The m/z transitions monitored were as follows: EZE – 408 to 271 and internal 

standard – 223 to 117. Concentration of EZE was determined for all samples 

submitted. EZE-GLUC concentrations were calculated as the difference between 

Total EZE and EZE measurements. 

 

Total RNA Preparations. Total RNA was isolated from rodent liver and intestinal 

tissue using RNAzol B reagent (Tel-Test Inc., Friendswood, TX) per the 

manufacturer’s recommendations. RNA concentrations were determined by UV 

spectrophotometry, and the integrity of the RNA confirmed by ethidium bromide 

staining following agarose gel electrophoresis. 

 

Protein Preparations. Whole cell lysate preparations of rodent liver and intestinal 

tissue were prepared from ~300mg tissue homogenized in NP-40 buffer (20 mM 

Tris HCl, 137 mM NaCl, 10% glycerol, 1% nonidet P-40, and 2 mM EDTA with 1 

Protease Inhibitor Cocktail Tablet (Roche, Indianapolis, IN) per 25mL) at 4°C. 

Homogenized tissue was then agitated at 4°C for 2 hours, centrifuged at 10,000 

x g for 30 minutes, and the supernatant transferred to a clean collection tube. 

Protein concentrations were determined using the Pierce BCA Protein 

Quantitation Assay (Thermo Scientific, Rockford, IL) per the manufacturer’s 

recommendations. 
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Branched DNA Assay. Specific oligonucleotide probes for Abcc2, 3, Mdr1a,1b 

(Brady et al., 2002;Cherrington et al., 2002), and Ugt1a1 (Vansell et al., 2002) 

were diluted in lysis buffer supplied by the Quantigene™ HV Signal Amplification 

Kit (Genospectra, Fremont, CA). Substrate solution, lysis buffer, capture 

hybridization buffer, amplifier and label probe buffer used in the analysis were all 

obtained from the Quantigene Discovery Kit (Genospectra, Fremont, CA). The 

assay was performed in 96-well format with 10 µg (liver) or 5 µg (intestine) total 

RNA added to the capture hybridization buffer and 50 µl of the diluted probe set. 

The total RNA was then allowed to hybridize to the probe set overnight at 53°C. 

Hybridization steps were performed per the manufacturer’s protocol the following 

day. Luminescence of the samples was measured with a Quantiplex™ 320 

bDNA luminometer interfaced with Quantiplex™ Data Management Software 

Version 5.02. 

 

Immunoblot Protein Analysis. Whole cell lystate proteins (80 µg/well, liver and 40 

µg/well, intestine) were separated by SDS-PAGE on 10% gels and transferred to 

PVDF membranes overnight. The following mouse monoclonal antibodies were 

obtained from Abcam, Inc. (Cambridge, MA) and used to determine relative 

protein levels: Abcc3 (M3II-9) and Abcb1 (C219). Abcc2 (M2III-5) protein levels 

were determined using a mouse monoclonal antibody obtained from Kamiya 

Biomedical Company (Seattle, WA). Protein levels of Ugt1a1 were determined 

using a rabbit polyclonal antibody (Abcam, Inc. Camridge, MA). Quantification of 
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relative protein expression was determined using image processing and analysis 

with Image J software (NIH, Bethesda, MD) and normalized to total ERK (C-16 

and C-14, Santa Cruz, CA). 

 

Bile Acid Concentrations. Bile acids were measured in rodent bile samples at 

time = 0 of disposition studies. Bile samples were diluted 1 µL in 49 µL sterile-

filtered saline. The Diazyme Total Bile Acids Assay Kit (Diazyme Laboratories, 

Poway, CA) was used to determine total bile acid concentrations 

spectrophotometrically over a 1 minute interval at 405nm, per the manufacturer’s 

instructions. The assay was calibrated using a manufacturer-provided standard 

50 µmol/L bile acid calibrator solution. 

 

Immunohistochemistry. Immunohistochemical staining for all proteins was 

performed on formalin-fixed, paraffin-embedded (FFPE) samples. Briefly, tissue 

sections were de-paraffinized in xylene and re-hydrated in ethanol, followed by 

antigen retrieval in citrate buffer (pH 6.0, Abcb1) or Tris-EDTA buffer (pH 9.0, 

Abcc2). Endogenous peroxidase activity was blocked with 0.3% (v/v) H2O2 in 

methanol for 20 minutes. Immunohistochemical staining for Abcb1 was 

performed with the MACH3 staining kit (Biocare Medical, Concord, CA) per the 

manufacturer’s protocol. Samples were incubated in a primary antibody 

(antibodies described above) solution overnight at 4°C. Immunohistochemical 

staining for Abcc2 was performed with the MACH4 staining kit (Biocare Medical, 
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Concord, CA) per the manufacturer’s recommendations. Abcc2 antibody 

incubation was performed overnight at 4°C. All slides were imaged with a Nikon 

Eclipse E4000 microscope and a Sony Exwave DXC-390 camera. 

 

Statistical Analysis. For disposition studies, a Student’s t-test was used to 

determine significant differences between diet groups at all time points. All 

subsequent data was analyzed by the student’s t-test to determine significant 

differences between diet groups. All analyses were performed with Stata10 

software (Stata, College Station, TX), and a significance level of p ≤ 0.05 was 

used for all data analyses. 

 

Results 

Hepatic Gene and Protein Expression in Diet-Induced NASH. mRNA levels of 

Abcc2, 3, Abcb1a, Abcb1b, and Ugt1a1 were determined by the branched DNA 

method of RNA quantification in Control and MCD rat livers, and the results 

shown in Figure 1. In MCD livers, Abcc3 mRNA levels were significantly 

increased (44.8 fold) from control. Additionally, Abcb1a and Abcb1b mRNA levels 

were both significantly elevated in MCD livers (3.8 and 17.3 fold, respectively). 

Abcc2 and Ugt1a1 were not altered at the transcriptional level. 

 

Figure 2 shows relative protein levels of Abcc2, 3, Abcb1, and Ugt1a1 in control 

and MCD rat livers as determined by immunoblot analysis. Abcc2, 3, and Abcb1 
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efflux drug transporters were significantly elevated in MCD livers (2,2, 2.5, and 

2.4 fold, respectively); however, no significant alterations in Ugt1a1 protein levels 

were observed. 

 

EZE and EZE-GLUC Disposition in Diet-Induced NASH. EZE is clinically 

administered as a 10 mg oral dose; however, since the expression of drug 

transporters important to the disposition of EZE have not yet been evaluated in 

the MCD diet rodent model of NASH, we chose to dose EZE both orally and 

intravenously. This allowed for the separate determination of both the hepatic 

and intestinal contribution to EZE disposition in NASH. Figure 3 shows plasma 

concentrations of EZE, EZE-GLUC, and Total EZE following either oral or 

intravenous dosing over a 120 minute period. Total EZE and EZE-GLUC plasma 

concentrations were significantly elevated above control beginning at 40 minutes 

following oral dosing of EZE. This elevation above control persisted until 

conclusion of the experiment at 120 minutes. Following intravenous dosing of 

EZE, MCD animals exhibited significantly higher plasma concentrations of Total 

EZE throughout the study. Similarly, plasma concentrations of EZE-GLUC were 

significantly elevated in MCD animals beginning at 10 minutes and continuing 

throughout the study. No significant changes in the sinusoidal efflux of EZE were 

observed between diet groups regardless of dosing method. 
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Biliary concentrations of EZE, EZE-GLUC, and Total EZE are shown in Figure 4. 

Total EZE and EZE-GLUC concentrations in MCD rodent bile were decreased 

from control in orally dosed animals; however, these results were not significant. 

Similarly, EZE-GLUC biliary concentrations were consistently lower in 

intravenously dosed MCD animals, but not to a significant extent. EZE biliary 

concentrations in intravenously dosed MCD animals were significantly decreased 

from control beginning at 30 minutes and continuing until 90 minutes. 

 

Urinary samples were collected by bladder puncture at the conclusion of the 120 

minute experiment. Urinary concentrations of EZE, EZE-GLUC, and Total EZE in 

control and MCD animals are shown in Figure 5. Total EZE and EZE 

concentrations were significantly higher in orally dosed MCD animals compared 

to control. Analysis of intravenously dosed animals revealed a significant 

increase in EZE, EZE-GLUC, and Total EZE urinary concentrations in MCD 

animals. 

 

Hepatic tissue concentrations of EZE, EZE-GLUC, and Total EZE are shown in 

Figure 6. No significant alterations in tissue retention of Total EZE, EZE, or EZE-

GLUC were observed for either oral or intravenously dosed animals. 

 

Effect of Diet-Induced NASH on Bile Flow and Biliary Bile Acid Concentrations. 

Bile volume and flow rate throughout the 120 minute experiment was calculated 
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assuming a specific gravity of 1.0, results are shown in Figure 7. Regardless of 

dosing, bile volume was unaltered in MCD animals. The bile flow rate, as 

normalized to body weight was elevated in MCD animals. Bile acids 

concentration in bile samples of control and MCD diet-fed rats were determined 

spectrophotometrically by the enzyme cycling method using the Diazyme Total 

Bile Acids Kit (Diazyme Laboratories, Poway, CA). This analysis was performed 

in order to determine the functionality of bile acid excretion processes in the liver. 

Regardless of dosing method, total bile acid levels in bile were unaltered 

between diet groups. 

 

Effect of Diet-Induced NASH on Intestinal Ugt1a1 Expression. mRNA expression 

of Ugt1a1 in control and MCD duodenum and ileum are shown in Figure 8. This 

analysis was conducted to determine if disruption of EZE metabolism in the gut 

of orally dosed animals underlies the effect of NASH on EZE disposition. 

However, no significant alterations in Ugt1a1 transcriptional regulation were 

detected in rodent intestine. Immunoblots and densitometric results of relative 

Ugt1a1 protein levels are shown in Figure 8. Similar to Ugt1a1 mRNA, no 

significant alterations between control and MCD were observed in Ugt1a1 

protein. 

 

Efflux Drug Transporter Localization in Diet-Induced NASH. 

Immunohistochemical staining of Abcc2 and Abcb1 in Control and MCD FFPE 
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liver samples is shown in Figure 9 at 40X magnification. Staining of both Abcc2 

and Abcb1 in MCD livers appears to be pulling away from the canalicular 

membrane (circled in red), suggesting that the transporters may be internalized 

in diet-induced NASH. Staining for both transporters appeared to be properly 

localized along the canalicular membrane in control livers. 

 

Discussion 

Despite the current prevalence and projected continuation in the growth of 

NAFLD, little information is available concerning the expression or function of 

drug metabolizing enzymes and transporters in human NAFLD patients. Recent 

studies within our laboratory have investigated drug metabolizing enzymes and 

transporters in both human samples and rodent models. These studies have 

included the identification of perturbations in cytochrome P450 (Fisher et al., 

2009b) and glutathione S-transferase (Hardwick et al., 2010) enzyme expression 

and functionality in a population of human steatosis and NASH samples. 

Additionally, alterations in the efflux of APAP (Lickteig et al., 2007) and uptake of 

bromosulfophthalein (Fisher et al., 2009a) have been investigated in rodent 

models of NAFLD. However, information concerning the mechanisms behind 

these alterations in drug disposition and more importantly, how they may 

manifest clinically in the human disease is lacking. Nonetheless, it can be 

hypothesized that NAFLD has significant potential to alter the absorption, 

distribution, metabolism and elimination (ADME) of several pharmaceutical 
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agents. Due to the pervasiveness of NAFLD within the general population and 

the propensity for these patients to be medicated for multiple symptoms of the 

metabolic syndrome, knowledge of the effect of NAFLD on ADME could be 

valuable in identifying patients at risk for ADRs.  

 

In the current study, we have demonstrated that the MCD diet rodent model of 

NASH causes a significant increase in the amount of the pharmacologically 

active metabolite EZE-GLUC excreted into sinusoidal blood and away from its 

target site. However, due to inherent characteristics of the MCD model, NASH 

rodents presented with significantly lower total body weights prior to the initiation 

of disposition experiments. Due to the reduction in total body weight 

characteristic of the model, animals were dosed based upon body weight. Upon 

examination of the parent drug, EZE in the plasma of i.v. dosed animals, it 

appears that overall drug exposure is not significantly different between control 

and NASH rodents leading us to conclude that the observed changes in body 

weight most likely have little effect upon the observed alterations in drug 

disposition. In contrast, specific alterations in exposure to the metabolite, EZE-

GLUC, were observed in NASH rodents and we have proposed a possible 

mechanism for this observation. Generally, elevated plasma efflux of a drug 

results in increased systemic exposure to the drug in the form of retention within 

the systemic circulation. This could have profound effects upon toxicity in 

extrahepatic tissues such as the kidney. However, in the case of EZE increased 
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efflux of EZE-GLUC into sinusoidal blood, as seen in NASH rodents, and 

diminished efflux into bile would mean that less drug is being delivered to the site 

of action in the small intestine. This could have implications for EZE efficacy and 

could possibly play a role in selecting the most appropriate therapeutic option for 

patients with NASH. 

 

The plasma efflux of EZE-GLUC is similar to that of acetaminophen-glucuronide 

(APAP-GLUC) in MCD animals as demonstrated by Lickteig, et al. In particular, 

APAP-GLUC excretion into bile was diminished in MCD animals and plasma 

efflux was significantly increased. Evidence from Lickteig, et al., and the current 

study suggest that changes in disposition of glucuronide metabolites of additional 

pharmaceutical agents is likely to occur in NASH patients. The conclusion made 

by Lickteig et al., that increased plasma efflux of drug in the MCD model could be 

due to the combination of increased expression and affinity for Abcc3 (Lickteig et 

al., 2007) is certainly plausible in the current study. de Waart and colleagues 

conducted inhibition experiments in membrane vesicles containing either Abcc3 

or Abcc2 and discovered that EZE-GLUC is able to inhibit the transport of 

estradiol-17β-glucuronide more efficiently for Abcc3 in comparison to Abcc2 (de 

Waart et al., 2009). Furthermore, studies have shown that Abcc3 preferentially 

transports glucuronide metabolites and there is evidence for higher affinity over 

Abcc2. Chu and colleagues have identified ethinylestradiol glucuronide as a 

higher affinity substrate for ABCC3 versus ABCC2 (Chu et al., 2004). Further 
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evidence implicating Abcc3 as the major transporter of glucuronide conjugates 

stems from studies in Abcc3 knockout mice which exhibit significant hepatic 

retention of acetaminophen-glucuronide in comparison to wild-type animals 

without alterations to Abcc2 protein levels (Manautou et al., 2005). Thus, the 

increased expression of Abcc3 in MCD rodents and preferential affinity for Abcc3 

may help to explain, at least in part, the elevation in plasma efflux of EZE-GLUC.  

 

Further evidence supporting the conclusion that NASH may cause a shift in the 

disposition profile of clinically relevant drugs is seen in the urinary excretion of 

Total EZE and EZE. Under normal physiological conditions, the majority of EZE 

is excreted via feces as parent drug due to hydrolysis of EZE-GLUC following 

excretion into bile (Kosoglou et al., 2005). MCD animals exhibited higher 

concentrations of both Total EZE and EZE in the urine compared to controls. 

This finding is similar to results shown in Abcc2-deficient rats in which increased 

serum concentrations of EZE-GLUC resulted in increased renal excretion and 

decreased fecal excretion of EZE and EZE-GLUC (Oswald et al., 2006b), 

indicating that the shift in the hepatic elimination of EZE from bile to plasma can 

have a significant influence on drug efficacy. 

 

It is interesting to note that in the current study, diminished biliary concentrations 

of Total EZE and EZE-GLUC were observed in MCD animals. However, these 

results did not reach significance. Analysis of bile volume revealed no significant 
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differences between control and MCD animals. However, the bile flow rate, which 

is a calculation of bile volume normalized to body weight, was elevated in MCD 

animals. This elevation in bile flow is reflective of the well-documented reduction 

in body weight that occurs due to the MCD diet (Fan et al., 2009;Schattenberg et 

al., 2010). Additionally, bile acid concentrations in the bile were not altered. 

These data suggest that diminishment of biliary drug excretion is not simply due 

to cholestatic conditions, and that instead, a more specific mechanism may be 

responsible. Immunohistochemical staining of Abcc2 and Abcb1, both of which 

play a major role in the biliary excretion of EZE-GLUC and its repeated delivery 

to the site of action, revealed a unique mechanism of transport regulation. In the 

livers of MCD rodents, cellular localization of both Abcc2 and Abcb1 may be 

internalized away from the canalicular membrane, while localization of Abcg2 (an 

additional biliary transporter) remains unchanged, data not shown. Disrupted 

localization of specific transporters would make them unavailable for successful 

transport of drugs and their metabolites into bile, despite an induction of protein 

levels. Blocking of biliary transport by way of altered localization of efflux drug 

transporters could, in conjunction with increased expression of Abcc3 on the 

sinusoidal membrane, drive the shift from biliary to plasma efflux. Similarly, 

Mottino et al., have shown that altered localization of Abcc2 during estradiol-17β-

glucuronide-induced cholestasis results in reduction of the biliary concentration of 

Abcc2 substrates (Mottino et al., 2005;Mottino et al., 2002). Zhang and 

colleagues observed a similar phenomenon in sandwich-cultured rat 



235 
 

hepatocytes. The biliary excretion of 5-(6)-carboxy-2’,7’-dichlorofluorescein was 

diminished when Abcc2 was internalized (Zhang et al., 2005). Of particular 

importance in the current study, is the possible internalization of not just one, but 

two efflux drug transporters on the canalicular membrane. While brightfield 

immunohistochemical staining suggests that localization of these transporters 

indeed appears to be disrupted in MCD livers, further investigation by confocal 

microscopy has been limited due to severe autofluorescence in the livers of MCD 

animals. However, several experiments have shown that internalization of Abcc2 

alone can significantly disrupt biliary drug efflux, altered cellular localization of 

both Abcc2 and Abcb1 could have confounding effects upon biliary excretion in 

NASH. Additionally, the level of bile acids observed in the bile of control and 

MCD rodents indicates that bile acid secretion is intact in this disease model. 

This finding supports the conclusion that the alterations we have discovered in 

EZE disposition are likely due to expression and localization changes in specific 

transporters responsible for EZE disposition, rather than a general cholestatic 

phenomenon.  

 

An additional explanation of the observed results of biliary excretion of EZE in 

MCD animals arises from studies in knockout animals. de Waart and colleagues 

have revealed a very complex interplay of efflux transporters in the disposition of 

EZE. Biliary excretion of EZE in Abcg2 (Bcrp) knockout mice revealed no 

significant alterations compared to wild-type 2 hours after dosing (de Waart et al., 
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2009). Alternatively, Abcc2 knockout and Abcc2/Abcg2 double knockout mice 

exhibited a reduction in biliary excretion of EZE to 56% and 2.5% of controls, 

respectively (de Waart et al., 2009). This indicates that though Abcg2 is not a 

major transporter of EZE-GLUC under normal circumstances, it may be capable 

of partially compensating for the loss of Abcc2, and as observed in the current 

study, Abcb1, as well. Though expression of Abcg2 was not evaluated in the 

current study, Lickteig et al., found an elevation of Abcg2 protein in the MCD diet 

rodent model of NASH (Lickteig et al., 2007) thus lending support to our 

observations that the discrepancy of EZE biliary excretion in NASH may be due 

to multiple overlapping substrate specificities, as well as, disruption in cellular 

localization of Abcc2 and Abcb1. 

 

To further demonstrate the role of hepatic transporters and rule out a change in 

metabolism in the disposition of EZE, we examined expression of Ugt1a1 in the 

intestine and liver. Potential alterations of metabolism in the gut of orally-dosed 

animals could confound the disposition results acquired in the study. Similarly, 

changes in hepatic metabolism of intravenously dosed animals would diminish 

our ability to determine the effect of the liver on alterations of disposition in 

NASH. However, no significant alterations to Ugt1a1 at the mRNA or protein 

level were observed in the liver or intestine of MCD animals indicating that the 

alterations in EZE-GLUC plasma levels in MCD animals is not due to 

metabolism. As well, previous studies within our laboratory identified a reduction 
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in uptake transport function in MCD animals (Fisher et al., 2009a).  We 

determined concentrations of EZE, EZE-GLUC, and Total EZE in hepatic tissue 

of control and MCD animals to identify whether NASH affects uptake of EZE into 

hepatocytes. No significant changes in drug concentration within the hepatic 

tissue of MCD animals was observed, indicating that entry of drug into 

hepatocytes was not a confounding factor in the measured elevations of plasma 

drug concentrations in NASH. 

 

In conclusion, the combination of altered cellular localization of the biliary efflux 

drug transporters Abcc2 and Abcb1, and the induction of the higher affinity 

sinusoidal efflux drug transporter, Abcc3, in rodent NASH drives a shift from 

primarily biliary efflux of EZE-GLUC to increased plasma concentrations and 

elevated urinary excretion. This plasma retention of drugs may have an 

implication on therapeutic efficacy and the potential risk of adverse drug 

reactions for many pharmaceuticals administered to patients with NASH. 
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Figures 

Figure 1. Hepatic mRNA Expression in Diet-Induced NASH. mRNA levels in rats 

fed either a control or MCD diet for 8 weeks. mRNA levels were measured by the 

branched DNA assay and expressed as relative lights units (RLU) per 10 µg total 

RNA. The data are presented as mean ± SEM. Asterisk (*) indicate a significant 

difference from control with a significance level of p ≤ 0.05. 
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Figure 2. Hepatic Protein Expression in Diet-Induced NASH. Protein levels in rats 

fed either a control or MCD diet for 8 weeks. (A) Immunoblots are shown with 

Total ERK as control protein. (B) Relative protein levels were determine by 

densitometric analysis and expressed as relative to Total ERK. The data are 

presented as mean ± SEM. Asterisks (*) indicate a significant difference from 

control with a significance level of p ≤ 0.05. 
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Figure 3. Effect of Diet-Induced NASH on Plasma EZE, EZE-GLUC and Total 

EZE Concentrations. Following 8 weeks of control (▲) and MCD (□) diet feeding, 

EZE disposition experiments were conducted. Femoral artery and vein and bile 

duct cannulations were performed, and animals were administered either an oral 

or intravenous dose of 10 mg/kg EZE. Plasma samples were collected beginning 

2 minutes after dose until 120 minutes. Concentrations of Total EZE and EZE 

were determined by LC-MS/MS, EZE-GLUC concentrations were calculated as 

the difference between Total EZE and EZE. The data are presented as mean ± 

SEM. Asterisks (*) indicate a significant difference from control for each time 

point with a significance level of p ≤ 0.05. 
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Figure 4. Effect of Diet-Induced NASH on Biliary Concentrations of EZE, EZE-

GLUC, and Total EZE.  The experimental and analytical conditions were the 

same as described for Figure 3. Bile concentrations of EZE, EZE-GLUC, and 

Total EZE are shown in control (▲) and MCD (□) rodents. Following EZE dosing, 

bile was collected at 15 minute intervals over a 120 minute period. The data are 

presented as mean ± SEM. Asterisks (*) indicate a significant difference from 

control for each time point with a significance level of p ≤ 0.05. 
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Figure 5. Effect of Diet-Induced NASH on Urinary Total EZE, EZE, and EZE-

GLUC Concentrations. The experimental and analytical conditions were the 

same as described for Figure 3. Terminal urine was collected by bladder 

puncture 120 minutes after dosing. The data are presented as mean ± SEM. 

Asterisks (*) indicate a significant difference from control for each time point with 

a significance level of p ≤ 0.05. 
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Figure 6. Hepatic Tissue Retention of Total EZE, EZE, and EZE-GLUC in Rodent 

NASH. The experimental and analytical conditions were the same as described 

for Figure 3. Liver tissue was snap frozen 120 minutes after dosing. Total EZE, 

EZE, and EZE-GLUC concentrations in liver tissue are shown. The data are 

presented as mean ± SEM. Asterisks (*) indicate a significant difference from 

control for each time point with a significance level of p ≤ 0.05. 
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Figure 7. Effect of Experimental NASH on Bile Volume, Bile Flow and Bile Acid 

Excretion. The experimental and analytical conditions were the same as 

described for Figure 3. Bile volume, bile flow, and biliary bile acid concentrations 

are shown. Following EZE dosing, bile was collected at 15 minute intervals over 

a 120 minute period. Bile volume and bile flow was calculated assuming a 

specific gravity of 1.0, and the data expressed as µL/min and µL/min/kg, 

respectively, in control (▲) and MCD (□) rodents. Bile acid concentrations were 

determined spectrophotometrically by the Diazyme Total Bile Acids Assay Kit 

(Diazyme Laboratories, Poway, CA) and expressed as µmol/L. The data are 

presented as mean ± SEM. Asterisks (*) indicate a significant difference from 

control for each time point with a significance level of p ≤ 0.05. 
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Figure 8. Intestinal Ugt1a1 Expression in Rodent NASH. mRNA and relative 

protein levels of Ugt1a1 in rats fed either a control or MCD diet for 8 weeks. 

mRNA levels were measured by the branched DNA assay and expressed as 

relative light units (RLU) per 5 µg total RNA. Immunoblots are shown with Total 

ERK as control protein. Relative protein levels were determined by densitometric 

analysis and expressed as relative to Total ERK. The data are presented as 

mean ± SEM. Asterisks (*) indicate a significant difference from control with a 

significance level of p ≤ 0.05. 
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Figure 9. Immunohistochemical Staining of Efflux Drug Transporters in Diet-

Induced NASH. IHC staining of ABCC2 and ABCB1 in formalin-fixed paraffin-

embedded control and MCD rodent liver samples is shown at 40X magnification. 

Antibody binding was detected by either the MACH 3 (Abcb1) or the MACH 4 

method (Abcc2, Biocare Medical, Concord, CA). Color development was 

performed using Betazoid DAB (Biocare Medical, Concord, CA). 

 

 

 

 



256 
 

 

APPENDIX E: INCREASED SUSCEPTIBILITY TO DRUG-INDUCED TOXICITY 

IN NONALCOHOLIC STEATOHEPATITIS 

Rhiannon N. Hardwick, April D. Lake, Mark J. Canet, John D. Clarke, Matthew D. 

Merrell, Nathan J. Cherrington 

 

University of Arizona, Department of Pharmacology and Toxicology, Tucson, AZ 

 

Abbreviations 

NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; 

MTX, methotrexate; 7-OHMTX, 7-hydroxymethotrexate; MCD, methionine-

choline deficient; PCNA, proliferating cell nuclear antigen; FFPE, formalin-fixed, 

paraffin-embedded; ALL, acute lymphoblastic leukemia 

 

Financial Support 

This work was supported by National Institutes of Health grants [DK068039], 

[HD062489], and [ES006694].   

 

Abstract 

Adverse drug reactions (ADRs) often arise from interindividual variation in 

metabolism and disposition. Hepatic drug metabolizing enzymes and 

transporters play a crucial role in determining the fate of most drugs, and any 

alterations in this vital organ can place individuals at greater risk for ADRs. We 
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have shown that the highly prevalent liver disease known as nonalcoholic 

steatohepatitis (NASH) leads to alterations in the expression and cellular 

localization of several enzymes and transporters. Hepatic transporters are 

responsible for the disposition of numerous drugs associated with ADRs, such as 

methotrexate (MTX). The purpose of the current study was to determine the 

effect of NASH on the disposition and the potential for MTX-induced toxicity. 

Sprague-Dawley rats were fed either a control or methionine-choline deficient 

diet for 8 weeks to induce NASH, then administered a single i.p. dose of vehicle, 

10, 40, or 100mg/kg MTX followed by blood, urine, and fecal collection for 96 

hours with terminal tissue collection. At the onset of MTX dosing, Abcc1-4, 

Abcb1, and Abcg2 were elevated in NASH livers, whereas Abcc2 and Abcb1 

were internalized and thus nonfunctional. Control livers did not exhibit significant 

hepatocellular damage at any MTX dose. NASH rodents exhibited hepatocellular 

damage followed by initiation of repair in the 40 and 100mg/kg MTX groups. 

Intestinal toxicity in NASH animals tended to be less severe than controls, 

possibly due to altered transporter function resulting in decreased MTX biliary 

excretion. In normal patients, MTX-induced renal, hepatic, and gastrointestinal 

toxicity limits the dose escalation necessary for cancer remission. These data 

suggest that the hepatobiliary disposition of MTX, governed by expression and 

localization of efflux transporters, may be altered in NASH increasing the risk for 

overt systemic exposure and multi-organ toxicity. 
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Introduction 

Adverse drug reactions (ADRs) are defined as an unintended, harmful reaction to 

a medication at recommended doses (Wilke et al., 2007). Recording of such 

events in the US is maintained by the Food and Drug Administration through the 

Adverse Events Reporting System. In 2010, the USFDA documented 471,291 

serious outcomes causing death, hospitalization,  or disability as the result of an 

administered medication (USFDA, 2010). Of these serious events, 82,724 

resulted in death. The substantial incidence of ADRs in the population warrants 

investigation of mechanisms underlying these interindividual variations in 

response to a drug. Hepatic drug metabolizing enzymes and transporters are 

often the central focus of ADR investigations. Perturbations in the expression or 

function of enzymes and transporters can significantly affect exposure to and 

elimination of a drug. While polymorphisms may account for a proportion of 

ADRs in the population, the effects of underlying metabolic diseases such as 

nonalcoholic fatty liver disease (NAFLD) and obesity were often 

underappreciated until recently. 

 

NAFLD presents initially in the form of simple steatosis which is the accumulation 

of lipids within hepatocytes (Marra et al., 2008). Though steatosis is largely 

considered benign, patients become susceptible to further damage in the form of 

oxidative stress, inflammation, increasing lipid accumulation and fibrosis, all of 

which are part of the progression to the more severe nonalcoholic steatohepatitis 
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(NASH) (Marra et al., 2008). NAFLD and NASH are estimated to affect 17-33% 

and 5.7-17% of the adult US population, respectively (McCullough, 2011). 

NAFLD and NASH are co-morbidities with obesity and type 2 diabetes mellitus 

and are estimated to be even more prevalent in these sub-populations (Anstee et 

al., 2011). NAFLD has been recognized as a worldwide problem with recent 

estimates in European populations reporting NAFLD in 94% of obese and 67% of 

overweight individuals (Anstee et al., 2011). Likewise, estimates of NAFLD in 

type 2 diabetic patients range from 40-70% (Anstee et al., 2011). Similar 

estimates have been reported in the US in which it is believed that 30-50% of 

obese adults may have the more severe form of NASH (Cheung and Sanyal, 

2009). Even more alarming is the increasing prevalence of NAFLD and NASH in 

the pediatric population. Approximately 5% of normal to overweight and 38% of 

obese children are believed to have some form of NAFLD (Mencin and Lavine, 

2011). Concomitant with the increasing prevalence of obesity, NAFLD is 

expected to rise within the coming years. Due to its already substantial 

prevalence in the general population, patients with NAFLD and particularly NASH 

may be at significant risk for ADRs. 

 

Our laboratory has previously demonstrated the effects of NASH on specific drug 

metabolizing enzymes and transporters in both rodent models of the disease and 

in humans. Progression of human NAFLD to the more severe stage of NASH 

leads to alterations in the expression and activity of specific cytrochrome P450 
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enzymes and decreased function of glutathione S-transferases (Fisher et al., 

2009b;Hardwick et al., 2010). We have also identified decreased expression and 

function of hepatic uptake transporters in both human samples and rodent 

models  while efflux transporters are globally upregulated (Fisher et al., 

2009a;Lake et al., 2011;Hardwick et al., 2011;Hardwick et al., 2012;Lickteig et 

al., 2007). More specifically, NASH results in altered localization and dysfunction 

of the canalicular transporter ABCC2/Abcc2 and upregulation of the sinusoidal 

transporter ABCC3/Abcc3 which we have shown leads to increased plasma 

retention of acetaminophen and ezetimibe (Hardwick et al., 2011;Lickteig et al., 

2007;Hardwick et al., 2012). However, it remains unclear if increased systemic 

exposure to drugs in NASH renders individuals susceptible to multiple-organ 

toxicity. 

 

In the current study we determined the effect of NASH on the systemic exposure 

and multiple-organ toxicity of MTX. MTX is an anti-proliferative agent used at low 

and high doses to treat rheumatoid arthritis and various cancers such as acute 

lymphoblastic leukemia (ALL), respectively. MTX has a well-documented dose-

limiting toxicity profile and is a substrate for multiple transporters. We 

hypothesized that because of the altered localization and expression of hepatic 

transporters, NASH would result in increased exposure to MTX and toxicity. We 

have determined the disease-dependent expression and localization of hepatic 

and renal transporters in NASH in addition to the disease-dependent, drug-
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induced effects of NASH and escalating doses of MTX on liver, kidney and 

intestinal histology. We present novel evidence of altered disposition of MTX in 

NASH resulting in a preferential shift from gastrointestinal toxicity in control 

rodents to primarily hepatic and renal toxicity in NASH. 

 

Materials and Methods 

Materials. Methotrexate (MTX) was purchased from Toronto Research 

Chemicals (Ontario, Canada) and determined to be 98% pure. Sodium 

bicarbonate, acetic acid, ethylenediaminetetraacetic acid, and ethylene glycol-

bis(2-aminoehtylether)-N,N,N’,N’-tetraacetic acid were purchased from Sigma-

Aldrich (St. Louis, MO). Ethanol was purchased from Deacon Labs (King of 

Prussia, PA). Protocol 10% neutral buffered formalin and sodium chloride was 

purchased through Fisher Scientific (Kalamazoo, MI). Ultra pure grade Tris was 

purchased from Amresco (Solon, OH). 

 

Animals. Male Sprague Dawley rats weighing 200-250 g were obtained from 

Harlan Laboratories (Indianapolis, IN), and acclimated in 12 hour light and dark 

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

prior to experiments. Rats were fed a control diet or a methionine-choline-

deficient (MCD) diet (Dyets Inc., Bethlehem, PA) ad libitum for eight weeks prior 

to MTX dosing. Housing and experimental procedures were in accordance with 

NIH guidelines for the care and use of experimental animals.  
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MTX Dose Administration. MTX was dissolved in 0.3M sodium bicarbonate (pH 

8.0). Control and MCD animals were administered a single intraperitoneal dose 

of vehicle (sodium bicarbonate), 10, 40, or 100 mg/kg MTX.  

 

Sample Collection. All experiments were performed on rodents in groups of 8 

with mixed dosing (i.e. 2-vehicle, 2-10 m/kg MTX, etc.). Animals were placed in 

Nalgene metabolism cages after dosing with access to water and respective 

diets (powdered) ad libitum. Blood samples were obtained at -6 hours before 

dosing and at 2, 4, 6, 12, 24, 48, and 96 hours post-dose via tail vein into pre-

heparinized tubes. Samples were centrifuged at 10,000g for 2 minutes and the 

resulting plasma layer transferred to clean collection tubes. Urine and fecal 

samples were collected at -6 and 0 hours before dosing and at 6, 12, 18, 24, 36, 

48, 60, 72, 84, and 96 hours post-dose into metabolism cage collection tubes. 

After each collection, cages were rinsed with 30 mL 100% ethanol followed by 30 

mL deionized water. Cages were then dried and clean collection tubes attached. 

All samples were stored at -80°C for future analyses. At the completion of the 

experiment, 96 hours post-dose, all rodents were euthanized via CO2 

asphyxiation followed by decapitation. Histological liver and kidney slices were 

placed in 10% neutral-buffered formalin for 24 hours followed by 70% ethanol 

until paraffin embedding was performed by the University of Arizona Histology 

Service Laboratory. The remaining liver and kidney tissue was snap frozen in 
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liquid nitrogen and stored at -80°C. Small intestines of vehicle and 100 mg/kg 

MTX rodents were sectioned by forming a “Z” with the full length of the organ, 

differentiating the duodenum, jejunum, and ileum, respectively. Histological 

tissue samples were taken from the middle of the first, second, and third arms of 

the “Z”, flushed with sterile saline and fixed as described for liver and kidney. 

Colon samples were prepared my dividing the colon into two approximately equal 

sections designated proximal and distal just below the cecum and above the 

rectum, respectively. Samples were fixed as described above. Hematoxylin and 

eosin stained section of all tissues was performed in the University of Arizona 

Histology Service Laboratory. 

 

Protein Preparations. Whole cell lysate preparations of rodent liver and kidney 

tissue were prepared as described previously (Hardwick et al., 2012). Protein 

concentrations were determined using the Pierce BCA Protein Quantitation 

Assay (Thermo Scientific, Rockford, IL) per the manufacturer’s 

recommendations. 

 

Immunoblot Protein Analysis. Whole cell lysate proteins (80 µg/well) were 

separated by SDS-PAGE on 7.5% gels and transferred to PVDF membranes 

overnight. The following mouse monoclonal antibodies were obtained from 

Abcam, Inc. (Cambridge, MA) and used to determine relative protein levels: 

Abcc1 (MRPm5), Abcc3 (M3II-9), Abcb1 (JSB-1), and Abcc4. Abcc2 (M2III-5) and 
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Abcg2 (BXP-21) protein levels were determined using mouse monoclonal 

antibodies obtained from Kamiya Biomedical Company (Seattle, WA). 

Quantification of relative protein expression was determined using image 

processing and analysis with Image J software (NIH, Bethesda, MD) and 

normalized to total ERK (C-16 and C-14, Santa Cruz Biotechnology, Inc., Santa 

Cruz, CA). 

 

Efflux Transporter Immunohistochemistry. Immunohistochemical staining for all 

proteins was performed on formalin-fixed, paraffin-embedded (FFPE) liver 

samples as described previously (Hardwick et al., 2012). All slides were imaged 

with a Leica DM4000B microscope, a DFC450 Camera, and Leica Application 

Suite software (Leica Microsystems, Wetzlar, Germany). 

 

Masson Trichrome Staining. Masson Trichrome staining was performed on FFPE 

liver sections using the Masson Trichrome Kit from Sigma Aldrich (St. Louis, MO) 

according to the manufacturer’s instructions. At the completion of the procedure, 

samples were rinsed in water, dehydrated in an ethanol gradient, cleared in 

xylene, and mounted with Cytoseal XYL (Thermo Scientific, Kalamazoo, MI). All 

slides were imaged as described above. 

 

Proliferating Cell Nuclear Antigen (PCNA) Immunohistochemistry. 

Immunohistochemical staining for PCNA was performed on formalin-fixed, 
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paraffin-embedded (FFPE) rodent liver samples which were de-paraffinized in 

xylene and re-hydrated in an ethanol gradient. Antigen retrieval was performed in 

the microwave in Tris-EGTA buffer (pH 9.0) followed by blocking of endogenous 

peroxidase activity via 0.3% (v/v) H2O2 in methanol. Staining was performed via 

the MACH4 method (Biocare Medical, Concord, CA) per the manufacturer’s 

instructions. Samples were incubated in a rabbit polyclonal antibody (Abcam, 

Inc., Cambridge, MA) overnight at 4°C. Color development was performed with 

Romulin AEC chromogen (Biocare Medical, Concord, CA). All slides were 

imaged as described above. 

 

Statistical Analysis. The data within this study exhibited continuous outcomes, 

but did not conform to a normal distribution as determined by the Kurtosis test 

and the Shapiro-Wilk test. Therefore, data were analyzed by Wilcoxon Rank Sum 

and presented as mean ± S.E.M. Asterisks (*) represent the effect of the 

administered diet and indicate a significant difference from control diet group 

counterparts within the same treatment group (i.e., vehicle or MTX dose). 

Daggers (†) represent the effect of MTX treatment and indicate a significant 

difference from vehicle within the same diet group (i.e., control or MCD). All 

analyses were performed with Stata9 software with a significance level of p ≤ 

0.05 (Stata Corporation, College Station, TX).  

 

Results 
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For the duration of the study, rodent treatment groups will be referred to as 

follows: control diet with vehicle treatment—C0; control diet with 10 mg/kg 

MTX—C10; control diet with 40 mg/kg MTX—C40; control diet with 100 mg/kg 

MTX—C100; MCD diet with vehicle treatment—M0; MCD diet with 10 mg/kg 

MTX—M10; MCD diet with 40 mg/kg MTX—M40; and MCD diet with 100 mg/kg 

MTX—M100. 

 

Hepatic Efflux Transporter Expression. Protein levels of Abcc1-4, Abcb1, and 

Abcg2 were assessed by immunoblot analysis in liver whole cell lysates of 

control diet and MCD diet (NASH) rodents 96 hours after vehicle, 10 mg/kg MTX, 

40 mg/kg MTX, or 100 mg/kg MTX treatment. The results, expressed as relative 

to the control protein Total ERK, are shown in Figure 1 with representative 

immunoblots depicting two samples from each group (A) and relative protein 

levels of all rodents in the study (B). Each of these transporters has been 

implicated in the efflux of MTX though Abcc2 is believed to be dominant in this 

function, whereas Abcc3 compensates in the absence of Abcc2 (Vlaming et al., 

2008;Vlaming et al., 2009b). Efflux transporter expression at baseline before 

rodents are exposed to drug is synonymous with vehicle treatment (C0 and M0 

groups). M0 rodents exhibited significantly higher levels of the sinusoidal 

transporters Abcc1, 3, and 4, as well as the canalicular transporters Abcc2, 

Abcb1, and Abcg2, indicating a disease effect on expression. MTX induced a 

significant reduction in Abcc1-3 and Abcb1 protein levels in C100 rodents. C10, 
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C40, and C100 rodents exhibited significantly higher levels of Abcc4 protein 

compared to C0. Though MCD animals exhibit significantly higher levels of 

hepatic efflux transporter proteins at baseline, by 96 hours post-dose MTX 

caused a significant reduction in Abcc1-3, Abcb1, and Abcg2 protein levels that 

was comparable to that of control counterparts in all dosage groups (M10, M40, 

and M100). 

 

Cellular Localization of Hepatic Efflux Transporters. IHC staining for the 

canalicular transporters Abcc2 and Abcb1 was performed on FFPE rodent liver 

samples and is shown in Figure 1C and D, respectively. Staining of Abcc2 in 

control rodents diminished with increasing dose of MTX, but was properly 

localized to the canalicular membrane in all treatment groups. In MCD rodents, 

staining of Abcc2 exhibited an irregular pattern suggestive of internalization of 

the protein (see arrows, Figure 1C). This altered staining pattern persisted 

throughout the dosing regimen. A similar staining pattern was observed for 

Abcb1 in which positive staining appeared properly localized to the canalicular 

membrane in control rodents regardless of MTX dose received (see Figure 1D). 

The irregular staining pattern in MCD rodents was much more pronounced for 

Abcb1 than Abcc2. A substantial proportion of the protein appeared to be altered 

in MCD rodents (see arrows, Figure 1D) suggestive of internalization of the 

transporter. This aberrant staining pattern persisted in MCD rodents throughout 

MTX dosing. 
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MTX-Induced Hepatocellular Damage. H&E-stained FFPE liver samples were 

evaluated by an independent pathologist to assess three parameters: diet-

induced changes, MTX-induced changes, and diet-dependent drug-induced 

changes. The tabulated results are shown in Table 1 with representative 

histology images in Figure 2A.  At baseline, which is synonymous with vehicle 

treatment, M0 rodents exhibited increased inflammation, lipid accumulation, and 

single cell necrosis compared to C0, which is the expected result of the MCD 

diet. C10 rodents exhibited a slight increase in inflammation compared to C0, 

while C40 and C100 rodents presented with slightly more single cell necrosis. 

Overall, control rodents exhibited no overt hepatic pathological damage as a 

result of MTX treatment. There was a slight attenuation in inflammation, lipid 

accumulation and single cell necrosis in the M10 and M40 rodent groups 

compared to M0. This attenuation was reversed to some extent in the M100 

group. Additionally, it appeared as though the M40 and M100 groups incurred 

more hepatic damage as a result of MTX treatment; however, due to 

experimental design the livers had sufficient time after the single injection of MTX 

to begin reparative mechanisms. M100 rodents incurred much more severe 

pathological damage compared to C100 as well as M10 and M40 rodents in the 

form of fibrosis and biliary hyperplasia.  

 



269 
 

 

Hepatic Regeneration Following MTX-Induced Damage in NASH Rodents. The 

most significant hurdle in understanding the effect of MTX on control and MCD 

rodent organ pathology was that all rodents were euthanized 96 hours following a 

single dose of MTX, thus allowing time for initiation of reparative mechanisms 

following drug-induced damage. Pathological analysis of the liver revealed 

damage in the M40 and M100 groups substantial enough to initiate a 

regenerative response. To further assess this conclusion, FFPE liver samples 

were stained for proliferating cell nuclear antigen (PCNA). Representative 

images are shown in Figure 2B with arrows denoting nuclei positive for PCNA. 

Coinciding with the pathological analysis, nuclei positive for PCNA were 

observed only in the M40 and M100 treatment groups. No positive PCNA 

staining was observed in any control groups. 

 

MTX-Induced Hepatic Fibrosis in NASH Rodents. To further characterize the 

hepatic fibrosis revealed in the pathological analysis of M100 rodents, a Masson 

Trichrome stain, which produces positive staining only around blood vessels in 

normal liver, was performed on FFPE liver samples. Representative images are 

shown in Figure 2C. All stained samples were examined for positive staining that 

had migrated away from blood vessels into the tissue parenchyma, indicative of 

branching fibrosis. No aberrant staining was observed in control samples at any 

dose, indicating no evidence of overt fibrosis upon MTX treatment. However, 

positive fibrotic staining increased in MCD rodents with increasing MTX dose. In 
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M100 samples, significant branching fibrosis was observed (see Figure 2B, 

arrows), indicating greater drug-induced damage in the liver. No branching 

fibrosis was observed in other treatment groups. 

 

Renal Efflux Transporter Expression. Protein levels of Abcc2, 4, and Abcg2 in 

kidney whole cell lysates of control and MCD rodents 96 hours after treatment 

with vehicle, 10 mg/kg MTX, 40 mg/kg MTX, or 100 mg/kg MTX were determined 

by immunoblot analysis and expressed as relative to the control protein, Total 

ERK. Representative immunoblots with two samples from each group are shown 

in Figure 3A and relative protein levels of all rodents in the study in 3B. MTX 

induced a reduction in Abcc2 protein levels from C0 rodents in the C10, C40, and 

C100 treatment groups. Similarly, MTX reduced renal Abcc2 protein levels in the 

M10 and M100 treatment groups compared to M0. M10 rodents exhibited 

significantly lower levels of renal Abcc2 protein compared to C10. No significant 

alterations in renal Abcc4 protein levels between diet groups or between 

treatment groups were observed. C100 Abcg2 protein levels were significantly 

reduced from C0. No other alterations in Abcg2 protein levels were observed. 

 

MTX-Induced Effects on Renal Histology. H&E-stained FFPE kidney samples 

were evaluated by an independent pathologist to assess diet-induced and MTX-

induced changes. The tabulated results are shown in Table 2 with representative 

histology images in Figure 3C. Both control and MCD rodents exhibited dose-
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dependent increases in nephropathy, tubular degeneration, necrosis, and cellular 

regeneration; however, rodents treated with 100 mg/kg MTX tended to exhibit 

less severe cellular damage at 96 hours post-dose, but increased regeneration. 

In C100 and M100 rodents, evaluation of the kidney 96 hours post-dose 

appeared to be after an acute necrotic event, following transition to a subacute 

period in which regeneration and dilated tubules are more common. Protein cast 

formation was observed solely in the C100 and M100 groups, with greater cast 

formation in M100 (see Figure 3C, arrows) suggesting increased renal damage. 

In the 10 and 40 mg/kg MTX treatment groups, control rodents tended to exhibit 

slightly more cellular damage. In the high dose MTX groups, M100 rodents 

exhibited greater tubular degeneration and cellular necrosis along with a 

reduction in regeneration, suggesting greater overall damage in M100 rodents 

compared to C100, accompanied by a reduced capacity for repair. 

 

High Dose MTX-Induced Intestinal Damage in Control Rodents. During sample 

collection it was noticed that the first group of C100 rodents exhibited diarrhea, 

the classic manifestation of MTX-induced gastrointestinal toxicity, much sooner 

and more severely than M100 rodents. On average, C100 rodents presented with 

severe diarrhea beginning between 60 and 72 hours post-dose, while M100 

rodents presented with diarrhea roughly 12 hours later than C100 rodents, if at 

all. Following this initial observation, duodenum, jejunum, ileum, proximal colon, 

and distal colon samples were collected from the remaining C100 and M100 
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rodents and prepared for a qualitative histological analysis. Representative 

hematoxylin and eosin stained images of the duodenum, jejunum, and ileum in 

C0, M0, C100, and M100 rodents are shown in Figure 4A with images of the 

proximal and distal colon in Figure 4B. C100 rodents tended to exhibit increased 

villous atrophy and fusion, inflammation, and mucosal collapse in the duodenum 

compared to M100. Though damage to the jejunum tended to be somewhat 

comparable between C100 and M100 rodents, C100 rodents presented with 

more villous fusion and erosion. In the ileum, C100 rodents appeared to exhibit 

increased villous atrophy and fusion, and dilated crypts. MTX-induced damage in 

control rodents tended to be more pronounced in the colon. C100 rodents 

appeared to incur greater epithelial loss, inflammation, vacuolization, and erosion 

in both the proximal and distal colon. This preliminary analysis suggests greater 

gastrointestinal damage in control rodents as a result of high dose (100 mg/kg) 

MTX treatment. 

 

Discussion 

At low doses, MTX is frequently used to treat inflammatory conditions such as 

rheumatoid arthritis, even though the exact mechanism of action with regard to 

its anti-inflammatory capabilities is unknown (Widemann and Adamson, 

2006;Warren and Griffiths, 2008). High dose MTX administration (>0.5-1 g/m2) is 

reserved for the treatment of several types of cancers including acute 

lymphoblastic leukemia (ALL), osteosarcoma, primary central nervous system 
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(CNS) lymphoma, and head and neck cancer (Cole and Kamen, 2000;Widemann 

and Adamson, 2006). The use of MTX is a cornerstone of many multi-drug 

chemotherapeutic treatment regimens (Schmiegelow, 2009). Use of MTX often 

requires gradual dose escalation to achieve disease remission (Schmiegelow, 

2009). However, MTX incurs severe dose-limiting toxicity that restricts further 

dose escalation in the clinic, and is believed to be the result of delayed clearance 

and increased exposure (Schmiegelow, 2009;Shibayama et al., 2006). MTX side 

effects include myelosuppression, gastrointestinal toxicity presenting as delayed-

onset diarrhea, hepatotoxicity resulting in fibrosis and cirrhosis, nephrotoxicity, 

CNS toxicity, and pulmonary fibrosis; thus necessitating concomitant 

administration of leucovorin with high dose MTX so as to limit life-threatening 

toxicities (Kato et al., 2009;Schmiegelow, 2009;Warren and Griffiths, 2008). MTX 

is primarily eliminated unchanged via urinary excretion; however, severe 

gastrointestinal toxicity is believed to be the result of enterohepatic recycling 

(Kato et al., 2009;Kitamura et al., 2008;Schmiegelow, 2009). Despite extensive 

knowledge of MTX toxicity and employment of leucovorin rescue therapies in 

high dose MTX treatment, both low and high dose MTX can have significant and 

often unpredictable interindividual variations in pharmacokinetics and resulting 

toxicities (Schmiegelow, 2009). 

 

Although leucovorin rescue has been successful in preventing the occurrence of 

life-threatening toxicity due to high dose MTX treatment in most patients, fatal 
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toxicity occurs in approximately 5% as a result of increased systemic exposure 

and failure of leucovorin rescue (Schmiegelow, 2009;Widemann and Adamson, 

2006). In general, it is thought that high doses of MTX can be tolerated for a 

short time and resulting toxicities are reversible; however, low chronic exposure 

to MTX may result in irreversible damage (Widemann and Adamson, 2006). 

Unfortunately, this general consensus concerning MTX toxicity often fails to be 

predictable.  

 

In the current study, we evaluated the toxic response of rats with NASH to 

increasing doses of MTX. Rodents were given a single i.p. injection of MTX and 

samples were collected for 96 hours. The extended collection period was chosen 

so as to allow for analysis of toxicity and drug disposition over several half-lives. 

Previous studies in our laboratory have suggested disruption of the hepatobiliary 

axis in NASH where internalization of Abcc2 may limit biliary excretion and 

exposure to intestines, whereas increased expression of Abcc3 facilitates drug 

retention in the systemic circulation (Hardwick et al., 2011;Hardwick et al., 2012). 

We hypothesized that rodents with NASH would develop greater MTX-induced 

hepatic, renal, and other toxicities due to internalization and upregulation of 

canalicular and sinusoidal transporters, respectively, which increase plasma 

retention. 
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We have identified specific NASH-dependent drug-induced toxicities in these 

animals. At low-doses, it was evident that the anti-inflammatory properties of 

MTX had an effect upon the rodent model of NASH as evidenced by decreased 

inflammation in addition to reductions in hepatic lipid accumulation and single cell 

necrosis. Higher doses of MTX resulted in significant damage compared to 

vehicle-treated controls. MTX induced a dose-dependent increase in hepatic 

fibrosis that was readily apparent in M100 rodents as branching fibrosis. 

Additional evidence demonstrating increased hepatocellular damage exclusive to 

NASH livers was seen following immunohistochemical staining for PCNA. M40 

and M100 rodents exhibited positive nuclear staining for PCNA at 96 hours post-

dose, while no PCNA staining was observed in controls at any dose. This finding 

indicates that at the moderate and high doses of MTX, NASH rodents incurred 

more hepatocellular damage than their control counterparts and had begun 

repair of that damage. The current data suggest that NASH patients may be 

susceptible to increased hepatotoxicity even after only a single, acute dose of 

MTX. 

 

The transport of MTX has been shown to be dominated by Abcc2 and Abcc3, 

and to a lesser extent Abcg2; although  Abcc1, 4, and Abcb1 can also participate 

(Chen et al., 2002;Kato et al., 2009;Vlaming et al., 2008;Vlaming et al., 

2009b;Wang et al., 2011;Warren and Griffiths, 2008). Abcc2 and Abcg2 knockout 

rodents exhibit a significant increase in plasma MTX levels following i.v. 
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administration, which is potentiated when both transporters are absent (Vlaming 

et al., 2009a). Although Abcc2 is able to adequately compensate for the loss of 

Abcg2, Abcg2 can only partly mediate biliary elimination of MTX when Abcc2 is 

absent, suggesting dominance of Abcc2 in the biliary elimination of MTX 

(Vlaming et al., 2009a). Furthermore, Abcc3 facilitates the increase in plasma 

MTX levels when Abcc2 is absent (Vlaming et al., 2009b;Vlaming et al., 2011). 

Here, the dominant transporters in MTX efflux, Abcc2 and Abcc3, were 

significantly upregulated in vehicle-treated NASH rodents which is synonymous 

with the expression profile when animals were first exposed to drug. Additionally, 

transporters thought to be compensatory pathways were upregulated in NASH 

including Abcc1 and 4 on the sinusoidal membrane as well as Abcb1 and Abcg2 

on the canalicular membrane. It might appear as though increased biliary 

transporter expression would be protective against MTX-induced toxicity and 

overt exposure, but internalization of not just Abcc2 but also Abcb1 could lead to 

decreased biliary excretion. Disrupted localization of two canalicular transporters 

and concomitant upregulation of several sinusoidal transporters suggests that 

NASH rodents may have greater systemic exposure to MTX. We have shown 

identical localization and expression changes in human NASH livers (Hardwick et 

al., 2011). Previous studies have demonstrated the altered localized of ABCC2 in 

human NASH and increased expression of ABCC3 as well as ABCC1, 3, and 4 

(Hardwick et al., 2011). The current findings in the rodent model of NASH 
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indicate that NASH patients may be a greater risk for increased systemic 

exposure to MTX following just a single dose. 

 

Over the four days following the single administration of MTX, several drug-

induced effects on transporter expression developed. Studies in Wistar rats have 

revealed a dose-dependent decrease in hepatic Abcc2 and Abcb1 which could 

be only partially rescued by leucovorin (Shibayama et al., 2006). Our rodent 

model of NASH utilizes a Sprague-Dawley background and an MCD diet; 

however, we have identified similar reductions in transporter expression. Both 

control and NASH rodents exhibited reduced expression of hepatic Abcc1-3 and 

Abcb1, while NASH rodents additionally presented with reduced Abcg2 at 96 

hours post-dose. In contrast, we identified an increase in hepatic Abcc4 

expression in control rodents. Further analysis is necessary to understand the 

mechanism behind the observed MTX-induced expression changes. However, it 

is clear that long after the initial exposure to MTX, hepatic efflux transporter 

expression may be reduced which could then create serious problems for chronic 

MTX dosing. In spite of these observed reductions in hepatic transporters due to 

MTX, altered localization of Abcc2 and Abcb1 persists regardless of MTX dose. 

The combination of drug-induced reductions in transporter expression along with 

persistent disease-induced disrupted localization of canalicular transporters could 

lead to increased systemic retention of MTX and pose a serious concern for 

chronic MTX treatment. 
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The current study has also identified a difference in the targeted organs of MTX-

induced toxicity between control and NASH rodents. Generally, the 100 mg/kg 

MTX dose resulted in increased hepatotoxicity and renal damage in NASH rats, 

while control rodents tended to exhibit greater gastrointestinal toxicity. Control 

rats presented with some renal damage, but also exhibited increased 

regeneration, whereas NASH rodents tended to exhibit slightly more renal 

damage that was unaccompanied by regeneration. Interestingly, these 

differences in renal toxicity between control and NASH rodents could not be 

explained by increased renal transporter expression which could lead to 

increased tubular secretion of MTX. There were no significant alterations in 

Abcc2, 4, or Abcg2 renal expression between C0 and M0 rodents. This suggests 

that any increased exposure incurred in the kidneys of NASH rodents is likely the 

result of a shift in the hepatobiliary axis mediated by the localization and 

expression alterations noted in NASH livers. Support of this conclusion was 

found in the preliminary analysis of intestinal tissue in C100 and M100 rodents. 

C100 rodents were particularly susceptible to delayed-onset diarrhea as a result 

of MTX treatment which resulted in increased mucosal damage in the duodenum 

and colon. M100 rodents on the other hand exhibited less intestinal mucosal 

damage, but more hepatic and renal damage. Together, the histopathological 

analyses in the current study suggest that NASH rodents may exhibit disruption 

of the enterohepatic recycling of MTX thereby leading to increased systemic 
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exposure, whereas control rodents exhibit primarily biliary excretion of MTX 

evidenced by severe intestinal damage. This NASH-induced shift in the 

hepatobiliary axis and resulting toxicity pattern is most likely due to disrupted 

localization and upregulation of hepatic canalicular and sinusoidal transporters, 

respectively.  

 

In conclusion, we have demonstrated a differential toxicity pattern between 

control and NASH rodents suggesting increased susceptibility to overt systemic 

exposure, leading to risk of damage in multiple organ systems in NASH. It is 

important to note that retention and increased exposure to MTX results in 

enhanced hepatic and renal toxicity (Schmiegelow, 2009;Widemann and 

Adamson, 2006). Considering the current rates of obesity and NAFLD, 

understanding the effects of NASH on drug disposition and susceptibility to 

multiple-organ toxicity is a serious clinical concern. Furthermore, studies have 

shown that an increasing proportion of cancer patients, including those in the 

pediatric sector, are presenting with obesity at time of diagnosis (Butturini et al., 

2007). It is therefore likely that NAFLD patients, and NASH patients in particular, 

may indeed be treated with MTX and be at greater risk for toxicity. 
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Figures 

Figure 1. Hepatic Transporter Expression and Localization. Relative protein 

levels of hepatic Abcc1, 2, 3, 4, Abcb1, and Abcg2 in control and MCD (NASH) 

rodents 96 hours following a single i.p. injection of vehicle, 10, 40, or 100 mg/kg 

MTX. (A) representative immunoblots with 2 samples from each group and (B) 

relative protein levels of all samples in the study. Immunohistochemical staining 

of Abcc2 (C) and Abcb1 (D) are shown in each group. 100X original 

magnification. 
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Figure 2. MTX-Induced Hepatocellular Damage in NASH. Representative images 

of (A) H&E stained liver, (B) IHC staining of proliferating cell nuclear antigen 

(PCNA), and (C) Masson Trichrome staining of fibrosis are shown for each 

treatment group. Original magnification is as indicated. 

  



289 
 

 

  

 



290 
 

 

  

 



291 
 

 

  

 



292 
 

 

Figure 3. Renal Transporter Expression and MTX-Induced Kidney Damage. 

Relative protein levels of renal Abcc2, 4, and Abcg2 in control and MCD (NASH) 

rodents 96 hours following a single i.p. injection of vehicle, 10, 40, or 100 mg/kg 

MTX. (A) representative immunoblots with 2 samples from each group and (B) 

relative protein levels of all samples in the study. Representative images of H&E-

stained kidney samples are shown (C) for each group. 20X original magnification. 
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Figure 4. MTX-Induced Intestinal Damage in High-Dose Control Rodents. 

Representative images of H&E-stained (A) duodenum, jejunum, and ileum, and 

(B) proximal and distal colon in vehicle- and 100 mg/kg MTX-dose control and 

MCD (NASH) rodents are shown. 20X original magnification. 
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Tables 

Table 1. Hepatic Pathology Results. Hepatic pathology grading (0-5, 5 being 

most severe) of control and MCD (NASH) rodents 96 hours following a single i.p. 

injections of vehicle, 10, 40, or 100 mg/kg MTX. 

Group Inflammation Lipid 
Accumulation 

Single Cell 
Necrosis 

Fibrosis Biliary 
Hyperplasia 

C0 0 0 0 0 0 

C10 0 0 0 0 0 

C40 0.2 0 0.6 0 0 

C100 0 0 0.5 0 0.2 

M0 2.5 4.5 1.4 0 0 

M10 2.1 3.4 1.4 0 0 

M40 1.2 3 1 0 0 

M100 1.67 4.5 1.25 0.75 1.33 

 

Table 2. Renal Pathology Results. Renal pathology grading (0-5, 5 being most 

severe) of control and MCD (NASH) rodents 96 hours following a single i.p. 

injections of vehicle, 10, 40, or 100 mg/kg MTX. 

Group Nephropathy Tubular 
Degeneration 

Necrosis Regeneration Protein 
Casts 

Tubule 
Dilation 

C0 1 0.2 0.2 0.6 0 0 

C10 1 0.5 0.4 1 0 0 

C40 2.2 1.5 0.7 1.9 0 0 

C100 0.8 0 0.8 3.3 0.5 2 

M0 0 0.2 0 0.2 0 0 

M10 0.9 0.2 0.1 0.4 0 0 

M40 1.4 0.7 0.5 1 0 0 

M100 0.67 1.17 1 1.42 0.5 1 
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SUMMARY 

The purpose of the current study was to determine the effects of the different 

stages of NAFLD on hepatic drug metabolizing enzymes and efflux drug 

transporters, and subsequent alterations in drug disposition. I hypothesized that 

NASH, rather than steatosis, would induce significant changes in the expression 

and function of specific drug metabolizing enzymes and transporters which would 

lead to alterations in drug pharmacokinetics with implications for toxicity.  

 

Using a bank of human tissues, I focused primarily on Phase II drug metabolizing 

enzymes and efflux transporters. The studies in Appendix A and B revealed 

several functional alterations in the glutathione S-transferase (GST) and 

sulfotransferase (SULT) enzymes as a result of NAFLD, whereas glucuronidation 

remained largely intact throughout disease progression (see summary Figure 1). 

Additionally in Appendix A, I assessed the expression and function of the Phase I 

enzyme NAD(P)H:quinone oxidoreductase 1 (NQO1) which was previously 

investigated in rodent models of the disease. Lickteig, et al., discovered an 

increase in Nqo1 mRNA and activity in the methionine choline-deficient (MCD) 

diet model of NASH (Lickteig et al., 2007b). The results in Appendix A in human 

NAFLD tissues mirrors the effects demonstrated in the rodent model.  

 

It has been surmised that glucuronidation activity is conserved in liver disease 

(Verbeeck, 2008). Indeed, the results in Appendix B indicate few alterations in 
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the expression of specific UDP-glucuronosyltransferase (UGT) isoforms during 

the progression of NAFLD. Using acetaminophen as a probe drug, an ex vivo 

analysis of UGT activity revealed no changes in glucuronidation at any stage of 

NAFLD. However, investigation of SULT expression revealed unexpected 

results. SULT4A1, which is primarily expressed in the brain, was significantly 

upregulated in NASH (not fatty/cirrhosis) samples. This is a peculiar find as 

hepatic upregulation of Sult4a1 has been shown in rats following ventromedial 

hypothalamic lesions which cause a metabolic syndrome-type response (Kiba et 

al., 2009;King, 2006). Hepatic upregulation of a primarily brain-specific enzyme 

could be related to symptoms of the metabolic syndrome; however, further 

investigation is needed to determine such a relationship. Additionally, the studies 

in Appendix B revealed dysregulation of sulfur activation. Perturbations in sulfur 

metabolism can result in severe dysplasia syndromes characterized by 

malformed joints, cleft palate, and short limb stature (Venkatachalam, 2003). 

Though there are no known associations of dysplasias with NAFLD, improper 

sulfonation of cellular macromolecules such as proteoglycans can lead to 

disruptions in joint structure (Venkatachalam, 2003). The results in Appendix B 

suggest that NASH patients may have a reduced ability to activate sulfur and 

transport the SULT cofactor, PAPS, into the Golgi lumen for use in sulfonation of 

cellular macromolecules. Furthermore, NASH patients appear to have reduced 

capacity for removal of the inhibitory by-product of SULT reactions, PAPS, which 

may in part explain the reduction in SULT activity observed in Appendix B. These 
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findings extend earlier studies in the laboratory in which the MCD diet rodent 

model of NASH exhibited decreased formation of the acetaminophen-sulfonate 

metabolite (Lickteig et al., 2007a). 

 

The studies in Appendix C revealed an overall upregulation in efflux drug 

transporter protein levels with progression of NAFLD. This is in direct opposition 

to the effect of NAFLD on uptake drug transporters. Previous rodent studies in 

the high fat diet (HF) model of steatosis and the MCD diet model of NASH 

revealed an overwhelming decrease in uptake transporter expression and 

function in NASH rats (Fisher et al., 2009). Recent microarray studies by a 

current student in the laboratory using the same bank of human liver tissues also 

found a significant decrease in virtually all SLC transporters in human NASH 

(Lake et al., 2011). The coordinated downregulation of uptake transporters and 

increased expression of efflux transporters suggests a hepatoprotective 

mechanism in rodent and human NASH. Such a combination would result in 

decreased entry of toxicants into the hepatocyte as well as increased excretion of 

potentially harmful compounds out of the hepatocyte which would be a beneficial 

arrangement. However, such an arrangement could also limit access and 

metabolism of potentially useful pharmaceuticals.  

 

Lastly, the combination of the disrupted localization of the canalicular transporter 

ABCC2/Abcc2 in human and rodent NASH and the upregulation of several 
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sinusoidal transporters such as ABCC3/Abcc3 is a novel finding in the current 

dissertation. The results in Appendix C, D, and E demonstrate agreement 

between expression and localization of efflux transporters in rodent and human 

NASH which lends credence to the use of the MCD diet model to study the 

effects of NASH on drug disposition. These data are the first to reveal the altered 

localization of ABCC2/Abcc2 in NASH which has been shown in other 

hepatopathological conditions such as cholestasis, Hepatitis C infection, and 

primary biliary cirrhosis (Mottino et al., 2002;Mottino et al., 2005;Kojima et al., 

2008;Sekine et al., 2010). More importantly, the combination of altered 

localization of ABCC2/Abcc2 and upregulation of ABCC3/Abcc3 results in 

increased sinusoidal efflux of drugs in NASH.  

 

The studies in Appendix D and E demonstrate a shift from biliary efflux to 

sinusoidal efflux as a result of NASH-induced changes in efflux drug transporters. 

With respect to ezetimibe, such a shift in disposition can significantly impact 

pharmaceutical efficacy as it limits the amount of ezetimibe available at its target 

site in the intestinal lumen. Ezetimibe and its pharmacologically active metabolite 

ezetimibe-glucuronide must undergo enterohepatic recycling in order to 

continually block dietary cholesterol uptake in the small intestine; however, the 

studies in Appendix D demonstrate a significant increase in plasma 

concentrations of ezetimibe-glucuronide in NASH rodents following a single pass 

of enterohepatic recycling (see summary Figure 2). This suggests that with 
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continued enterohepatic recycling, ezetimibe-glucuronide delivery to the small 

intestine would be diminished in NASH patients and that its cholesterol-lowering 

effects could be decreased. A recent clinical study in NAFLD patients has 

demonstrated there are no additional benefits in simvastatin/ezetimibe 

combination therapy versus simvastatin monotherapy (Ose et al., 2007). Another 

study has shown only a modest benefit in simastatin/ezetimibe combination 

therapy versus simvastatin alone; however patients were not assessed for liver 

disease status (Lee et al., 2011). Still, others have shown some benefit of 

ezetimibe monotherapy in biopsy-proven NAFLD patients (Park et al., 2011). 

Unfortunately, though these studies differentiated NAFLD patients into “not-

NASH” and “definite NASH” groups, measures of efficacy such as histological 

improvement and cholesterol levels were not assessed by group (Park et al., 

2011). Instead, all patients in the study were assessed as a single group thereby 

limiting any conclusions concerning NASH patients alone.  

 

The shift from biliary to sinusoidal efflux of drugs in NASH as demonstrated in the 

current dissertation also has significant implications for toxicity as increased 

systemic exposure can lead to adverse drug reactions. For instance, the studies 

using methotrexate in Appendix E demonstrate a shift in toxic response where 

control rodents exhibit primarily gastrointestinal toxicity, and NASH rodents 

exhibit hepatic and renal toxicity (see summary Table 1). This suggests 

increased exposure to methotrexate in NASH rodents similar to the results of 
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ezetimibe-glucuronide disposition in Appendix D (see summary Figure 2). 

Plasma and urinary MTX concentrations for the rodents in Appendix E are 

currently under investigation; however, it is clear from the pathological analyses 

that NASH patients may be at significant risk for increased exposure and MTX-

induced multi-organ toxicity. Other pharmaceuticals that are also substrates for 

ABCC2 and ABCC3 have the potential to follow the same distribution pattern in 

NASH patients. The data in the current dissertation provide a mechanism for the 

observed shift in drug disposition in NASH; and demonstrate the likely 

inevitability of adverse drug reactions in NASH patients, and the need for careful 

drug monitoring and possible dosage adjustments. 
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Figures 

Figure 1. Summary of NASH-Induced Alterations in Drug Metabolizing Enzymes 

and Transporters. 
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Figure 2. Summary of the Effect of Rodent NASH on the Hepatobiliary 

Disposition of Ezetimibe-Glucuronide (EZE-GLUC) and Ezetimibe (EZE). 
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Tables 

Table 1. Summary of MTX-Induced Toxicity in Control and NASH Rodents. 

Control MTX-Induced 
Toxicity 

NASH 

 Hepatic  

 Renal  

 Intestinal  

 



310 
 

 

FUTURE STUDIES 

While the work in the current study has resulted in several new discoveries 

concerning the effect of NAFLD on drug metabolism and disposition, there are 

yet many more avenues of investigation available. The following five study 

proposals have been designed to extend the current study either through 

investigations of the mechanisms behind specific discoveries or extension of the 

current findings into the clinical setting. 

 

4-HNE/GST Adduct Formation in NASH 

The studies in Appendix A identified activation of Nrf2 and several of its 

downstream target genes with progression of NAFLD, including multiple 

glutathione S-transferase (GST) isoforms. Similarly, protein levels of the 

predominant GSTA and P families increased, but GSTM protein decreased with 

disease progression. Measurement of GST activity using the ubiquitous substrate 

1-chloro-2,4-dinitrobenzene (CDNB) revealed a significant downregulation in 

enzymatic activity with disease progression. I postulated that the reason for this 

decrease is likely due to 4-hydroxy-nonenal (4-HNE) adduction of specific GST 

isoforms. 4-HNE is a product of lipid peroxidation that occurs during significant 

periods of oxidative stress such as that seen in NASH (Lu, 1999;Balogh and 

Atkins, 2011). Furthermore, 4-HNE has been shown to form adducts with the 

very GST isoforms responsible for its detoxication, ultimately leading to full or 

partial inactivation of the enzymes (Balogh and Atkins, 2011;Shireman et al., 
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2010). Detoxication of 4-HNE primarily occurs through the actions of GSTA4 with 

A1 and P1 providing additional assistance (Balogh and Atkins, 2011;Shireman et 

al., 2010). However, catalytic efficiency of these isoforms towards the universal 

substrate CDNB is largely opposite that towards 4-HNE. Under normal 

conditions, catalytic efficiency towards the substrate CDNB is ranked as: GSTA1 

> GSTP1 > GSTA4 (Shireman et al., 2010). Studies have shown that GSTA4 is 

largely resistant to adduction by 4-HNE, while in contrast, GSTA1 and P1 readily 

form multiple adducts (Shireman et al., 2010). Formation of 4-HNE adducts with 

GSTA1 and P1 resulted in a significant decrease in catalytic efficiency towards 

CDNB while GSTA4 was unaffected (Shireman et al., 2010). It is important to 

note that GSTA1 and P1 have a higher catalytic efficiency towards CDNB as 

compared to GSTA4 (Shireman et al., 2010); therefore it is possible that adducts 

of the two former enzymes is a reasonable explanation for the observed 

decrease in GST activity with progression of NAFLD. I have recently identified an 

increase in 4-HNE protein adducts with NAFLD progression through 

immunohistochemical staining (see Figure 1 below) using an antibody that 

ubiquitously detects 4-HNE protein adducts. These results lay the foundation for 

the following study which has been designed to identify whether specific GST 

isoforms are adducted by 4-HNE in human NAFLD samples. 

 

Study Design: Identify 4-HNE/GST Adducts in Human NAFLD 
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Two dimensional SDS-PAGE can be used to separate proteins by isoelectric 

point and subsequently molecular mass. To identify 4-HNE adducts of GST 

isoforms narrow-range isoelectric focusing strips can be used to separate GST 

enzyme classes overnight by isoelectric point (pH range 6.3-8.3 for GSTA 

isoforms, pH range 4-7 for GSTM and P isoforms). The following day samples 

can then be separated by molecular mass on a standard SDS-PAGE gel. Whole 

cell lysate preparations of human liver samples should be used due to the 

requirement of large protein quantities needed for mass spectrometry 

identification of specific proteins. Each individual human sample should be run on 

two isoelectric focusing strips followed by separation via SDS-PAGE. One gel 

should be stained with Coomassie solution to visualize all proteins in the gel. The 

remaining gel should be transferred to PVDF membrane for later immunoblotting. 

The transferred blot should first be probed for the GST isoform of interest 

followed by stripping and re-probing for 4-HNE adducts using an antibody that is 

able to detect general 4-HNE/protein adducts (kindly donated by Dr. Dennis 

Petersen, University of Colorado Denver). Images of each immunoblot can be 

overlaid using Phoretix 2D software (Nonlinear Dynamics, Ltd., available in the 

Southwest Environmental Health Sciences Center Proteomics Core Facility) to 

identify corresponding GST and 4-HNE protein spots. Corresponding spots can 

then be overlaid with the Coomassie-stained gel. Overlaid Coomassie protein 

spots can be extracted from the gel and analyzed by the Southwest 

Environmental Health Sciences Center Proteomics Core Facility for verification of 
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4-HNE/GST adduct formation. A representative set of samples from each stage 

of NAFLD should be compared to normal samples to determine the occurrence 

of 4-HNE/GST adducts in the disease state and compared to the previous 

analysis of GST activity. 

 

Mixed Enzyme Metabolism in Human NAFLD 

In addition to the Cytochrome P450s, UDP-glucuronosyltransferases, 

sulfotransferases, and glutathione S-transferases there are several Phase I and 

II metabolizing enzymes that typically receive less attention in the field of drug 

metabolism perhaps due to their prominence in the regulation of endogenous 

molecules and the limited number of drugs they are able to metabolize. These 

enzymes include the aldo-keto reductases, alcohol dehydrogenases, aldehyde 

dehydrogenases, and the well-known, N-acetyltransferases. 

 

The aldo-keto reductases (AKRs) are mainly Phase I NAD(P)H oxidoreductases 

that primarily reside in the cytosol (Jin and Penning, 2007;Penning and Drury, 

2007). AKRs catalyze the reduction of aldehydes and ketones to primary and 

secondary alcohols (Penning and Drury, 2007). Utilizing a previously validated 

and published microarray experiment in the bank of human liver tissues 

described in the previous studies (Lake et al., 2011), I analyzed the expression of 

multiple AKR isoforms in the progressive stages of human NAFLD in 

collaboration with Zhenqiang Lu in the University of Arizona Statistical Consulting 
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Laboratory. The gene expression results are shown below in Figure 2, and the 

results of a Pearson correlation analysis of gene expression changes is shown in 

Table 1. The mRNA levels of AKR1A1, 1C1, 1C2, 1C3, and 1CL1 were 

significantly downregulated in NASH, whereas AKR1B1 and 1B10 were 

increased. AKR1C enzymes are important in cellular defense against oxidative 

stress via detoxication of peroxidized lipids, and have been shown to be 

regulated by Nrf2 which, as shown in Appendix A, is activated in human NAFLD 

(Ebert et al., 2011;Penning and Drury, 2007). The expression changes in AKR1C 

enzymes observed currently indicate a repressive effect on gene expression 

irrespective of Nrf2 activation. The AKR1Cs have also been shown to metabolize 

several drugs including daunorubicin, doxorubicin, oracin, befunolol, naltrexone, 

and haloperidol, and may also play a critical role in bile acid homeostasis (Barski 

et al., 2008;Jin and Penning, 2007). Downregulation of these critical AKR 

isoforms has serious implications for the metabolism of drugs and bile acid 

homeostasis. AKR1B1 is constitutively expressed in the liver, but can be induced 

by osmotic stress and may also have a role in hyperglycemic injury (Jin and 

Penning, 2007;Barski et al., 2008). AKR1B1 metabolizes products of lipid 

peroxidation resulting from cellular oxidative stress and several environmental 

pollutants; however, 1B1 protein is sensitive to oxidation of its active site cysteine 

which results in accelerated catalysis of substrates (Barski et al., 2008). 

Increased expression of AKR1B1 in NASH coupled with the known imbalance in 

redox status occurring in this disease sets the stage for a dramatic increase in 
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AKR1B1 function. The Pearson correlation analysis of gene expression changes 

occurring as a result of NAFLD revealed coordinated changes in AKR1A1 and 

the 1C enzymes as well as significant positive correlation in expression changes 

amongst the 1C enzymes themselves. Significant positive correlations in addition 

to the observed alterations in gene expression in NASH suggest coordinated 

regulation of these enzymes. 

 

The aldehyde dehydrogenases (ALDHs) are responsible for the oxidation of 

aldehydes generated during amino acid, neurotransmitter, carbohydrate, and 

lipid metabolism, as well as the actions of other drug metabolizing enzymes 

(Marchitti et al., 2008). Aldehydes are potentially reactive molecules that can 

form adducts with proteins and nucleic acids leading to DNA damage, enzyme 

inactivation, lipid peroxidation, and cell death (Marchitti et al., 2008). Due to their 

localization in mitochondria and the nucleolus as well as the cytosol, detoxication 

of such aldehydes by the ALDHs aids in maintaining several aspects of cellular 

homeostasis (Marchitti et al., 2008;Black et al., 2009). Gene expression of the 

ALDH enzymes in human NAFLD is shown in Figures 3 and 4 below with results 

of the Pearson correlation analysis of gene expression changes shown in Table 

2. Currently, I have identified an upregulation in ALDH1A1, 1A3, and 1L2 

expression in NASH. In contrast, gene expression of ALDH2, 4A1, 8A1, 9A1, 

16A1, and 18A1 was decreased in NASH. Downregulation of ALDH2 and 4A1, 

both of which are mitochondrial matrix proteins, has serious implications for 
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oxidative stress overload in an organelle already at risk for damage during 

chronic oxidative stress situations such as that seen in NASH (Marchitti et al., 

2008). The ALDHs 8A1, 9A1, 16A1, and 18A1 reside in the cytosol and 

mitochondria and are primarily involved in several key cellular biosynthesis 

pathways such as the tricarboxylic acid cycle and retinoic acid synthesis (Black 

et al., 2009). Downregulation of these enzymes in NASH most likely has greater 

implications for cellular homeostasis than drug metabolism.  

 

The alcohol dehydrogenases (ADHs) oxidize short and long chain alcohols to 

aldehydes which are often substrates for ALDHs (Parkinson, 2001). Gene 

expression of ADHs in human NAFLD is shown in Figure 5 below and the results 

of a Pearson correlation analysis of said expression changes are shown in Table 

3. Previous studies have identified a significant upregulation in ADH1A, 1B, 1C, 

4, 5, 6, and 7 in human NASH by microarray analysis (Baker et al., 2010). 

Currently, I have identified very few changes in ADH gene expression as a result 

of steatosis or NASH. Furthermore, the Pearson correlation analysis revealed a 

significant positive correlation amongst almost all ADH genes which is most likely 

an artifact resulting from no overt transcriptional regulation. 

 

The N-acetyltransferases (NATs) are Phase II enzymes responsible for N- and 

O-acetylation of substrates (Makarova, 2008). NAT1 and 2 are the primary 

acetyltransferases responsible for metabolism of drugs including isoniazid, 
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procainaminde, sulfasalazine, sulfonamide, and mesalamine (Makarova, 

2008;Butcher et al., 2008). The remaining NATs acetylate cellular 

macromolecules and are important players in several biosynthetic pathways 

(Veiga-da-Cunha et al., 2010;Shen et al., 2009). Gene expression levels of the 

NATs in human NAFLD are shown in Figure 6 below with the results of a 

Pearson correlation analysis of NAT gene expression changes in Table 4. 

Several NAT genes were downregulated in NASH including NAT2, 10, 12, 13, 

and 15 while NAT8 and 8B were increased. NAT2 is highly polymorphic, and its 

catalytic efficiency is largely dependent on genetic alterations (Makarova, 

2008;Minchin et al., 2007). Altered acetylation of many drugs as a result of NAT2 

polymorphisms can lead to significant drug-induced hepatotoxicity (Makarova, 

2008). The downregulation of NAT2 currently identified in NASH suggests that 

patients may be at severe risk of toxicity due to NAT2 substrates irrespective of 

genetic polymorphisms. Identification of the specific endogenous substrates of 

many of the NATs remains a popular area of investigation. Recently, NAT8 was 

identified an endoplasmic reticulum-bound enzyme with a role in the conversion 

of cysteine S-conjugates to mercapturic acids (Veiga-da-Cunha et al., 2010). The 

observed increase in NAT8 expression in NASH suggests enhanced capability of 

mercapturic acid formation in the disease; however, the magnitude of NAT8 

contribution to this pathway remains to be seen. NAT10, which was found to be 

decreased in NASH was recently identified as playing a role in cytokinesis (Shen 

et al., 2009). Downregulation of NAT10 resulted in defects in nucleolar assembly 
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and decreased acetylation of α-tubulin leading to G2/M cell cycle arrest (Shen et 

al., 2009). The role of this enzyme in the NASH disease state is currently 

unclear. 

 

Though I have currently identified several key changes in AKR, ALDH, and NAT 

gene expression, particularly with respect to NASH, these alterations need 

further verification. The following study design aims to fill some of the gaps in the 

current discoveries.  

 

Study Design: Confirm the Altered Expression of Specific AKR, ALDH, and NAT 

Enzymes in Human NAFLD 

Firstly, verification of mRNA expression of specific enzymes should be performed 

via quantitative RT-PCR. Furthermore, protein levels of AKR1C1, 1C2, 1B1, and 

1B10 should be verified. Additionally, the oxidation state of the active site 

cysteine of AKR1B1 should be determined following immunoprecipitation and 

digestion into small peptides similar to the techniques used in the two 

dimensional SDS-PAGE analysis of 4-HNE adducts described above. Digested 

peptides may then be submitted to the Southwest Environmental Health 

Sciences Center Proteomics Core Facility for determination of the oxidation state 

of the active site cysteine. Protein levels of specific ALDH enzymes should also 

be determined to identify any differences in transcriptional and translational 

regulation. Isoforms that may be of particular interest are ALDH1A1 and 2, the 



319 
 

 

10-formyltetrahydrofolate dehydrogenase, ALDH1L2 which has a role in folate 

homeostasis (Krupenko et al., 2010), and some of the lesser known isoforms 

including 8A1, 16A1, and 18A1. Protein levels of specific NAT isoforms should 

also be measured, including NAT2, 8, and 10. Furthermore, DNA extraction from 

frozen human NAFLD samples should be performed using the Qiagen QIAamp 

DNA Micro Kit for DNA extraction from small samples. Genotyping of NAT2 in 

said samples should be executed by the four-SNP method which monitors the 

rs1801279 (G191A), rs1801280 (T341C), rs1799930 (G590A), and rs1799931 

(G857A) polymorphisms of NAT2, and is highly accurate in differentiating slow 

acetylators from fast acetylators (Hein and Doll, 2012). Ex vivo enzyme activity of 

NAT2 against the specific substrate, sulfamethazine should be performed in 

human liver cytosol preparations as previously described with detection of 

acetylated sulfamethazine performed by HPLC analysis in order to confirm the 

genotyping results (Sugamori et al., 2011). These analyses should be compared 

with the expression of NAT2 in human NAFLD to more completely determine 

drug acetylation capability and any correlation to genetic status with progression 

of the disease. 

 

Characterization of ABCC2/Abcc2 Internalization in NASH 

ABCC2/Abcc2 is responsible for efflux of organic anions, glutathione (GSH)-

conjugates, sulfate-conjugates, glucuronide-conjugates, and GSH co-transport 

(Borst et al., 2000;Fernandez et al., 2002;Gerk and Vore, 2002;Jedlitschky et al., 
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2006). ABCC2/Abcc2 normally resides on the canalicular membrane of 

hepatocytes which enables substrate efflux into bile (Borst et al., 2000). The 

steady-state localization of ABCC2/Abcc2 may be disrupted by endocytic 

retrieval of the transporter to intracellular vesicles, which is known to occur during 

periods of oxidative stress as well as in various hepatopathological conditions 

including estradiol-17β-D-glucuronide-induced cholestasis, hepatitis C infection, 

and primary biliary cirrhosis (Mottino et al., 2002;Ji et al., 2004;Sekine et al., 

2006;Sekine et al., 2010). Disrupted localization of ABCC2/Abcc2 results in 

inadequate transport of substrates into bile which can have a significant effect on 

the disposition of endogenous molecules as well as several drugs and their 

conjugates (Mottino et al., 2005;Zhang et al., 2005). The studies in Appendices 

C, D, and E indicate that ABCC2/Abcc2 localization is disrupted in NASH. Shown 

below, high magnification imaging of ABCC2/Abcc2 immunohistochemical 

staining in human and rodent NASH (Figures 7 and 8, respectively) further 

demonstrate the significant alterations in cellular localization. Collectively, the 

data in the current studies are the first indication of the altered localization of 

ABCC2/Abcc2 in human and rodent NASH.  

 

Others have demonstrated a link between depletion of intracellular GSH stores 

and internalization of Abcc2 in rat liver, indicating a significant contribution of 

cellular redox status to the localization of Abcc2 (Sekine et al., 2006;Ji et al., 

2004;Sekine et al., 2010). Exocytic reinsertion of Abcc2 into the canalicular 
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membrane can be stimulated by replenishment of the intracellular GSH pools 

through administration of GSH ethyl ester (Sekine et al., 2008). The studies in 

Appendix A identified a significant depletion in GSH stores in human NASH 

through fluorometric measurement of the GSH:GSSG ratio. Further investigation 

in other laboratories revealed that full glycosylation of the N-terminal 

transmembrane domain of ABCC2 protein is a necessary determinant of proper 

protein trafficking to the canalicular membrane (Fernandez et al., 2002;Zhang et 

al., 2005). The studies in Appendix C have demonstrated that a portion of 

ABCC2 is present as a minimally glycosylated form in human NASH, indicative of 

internalization. This method of regulating ABCC2/Abcc2 without altering gene 

expression can have a significant effect on function of the protein. Diminished 

expression of ABCC2/Abcc2 protein at the canalicular membrane as mediated by 

endocytic retrieval has been shown to lead to reductions in bile flow and biliary 

excretion of ABCC2/Abcc2 substrates (Sekine et al., 2008;Zhang et al., 2005). 

Indeed, the studies in Appendix D seem to support this conclusion in that rodent 

NASH results in diminished biliary excretion and increased plasma retention of 

ezetimibe-glucuronide via altered Abcc2 localization and increased expression of 

the sinusoidal transporter Abcc3. The current studies have not identified the 

subcellular localization of ABCC2/Abcc2 following endocytic retrieval in NASH; 

however, recent immuno-electron microscopy imaging of Abcc2 in rodent NASH 

indicates the possibility of localization within the Golgi apparatus or endoplasmic 

reticulum (see Figure 9 below). 
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Other laboratories have investigated the mechanism behind Abcc2 endocytic 

retrieval and exocytic reinsertion using various models of oxidative stress and 

cholestasis. While several key players have been identified, the specific 

interactions are still under investigation. What is known is that sorting of 

ABCC2/Abcc2 to the canalicular membrane of hepatocytes is a microtubule-

dependent process that can be stimulated by an increase in cAMP levels and 

possible activation of protein kinase A (PKA) and/or protein kinase C delta 

(PKCδ) (Mottino et al., 2005;Crocenzi et al., 2008;Schonhoff et al., 2008;Sekine 

et al., 2008;Kudo et al., 2012). In contrast, endocytic retrieval of ABCC2/Abcc2 

from the canalicular membrane appears to be a microtubule-independent 

process involving GSH depletion, increased Ca2+ release, activation of 

phosphoinositide 3 kinase (PI3K),  and activation of PKCα and/or PKCε (Sekine 

et al., 2006;Boaglio et al., 2010;Crocenzi et al., 2008;Schonhoff et al., 2009;Cruz 

et al., 2010). Furthermore, the ERM (ezrin/radixin/moesin) protein radixin is 

necessary for stable expression of ABCC2/Abcc2 in the canalicular membrane of 

hepatocytes by anchoring of the protein to F-actin filaments (Sekine et al., 

2006;Sekine et al., 2011;Saeki et al., 2011). The phosphorylation status of 

radixin is an important determinant of its ability to interact with ABCC2/Abcc2 and 

facilitate stable expression of the transporter in the membrane. De-

phosphorylation of radixin, which is linked to the redox status of the cell and may 

involve protein phosphatase-1, results in its dissociation from ABCC2/Abcc2 and 
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subsequent internalization of the transporter (Sekine et al., 2011;Saeki et al., 

2011). Reduced co-localization of radixin and ABCC2/Abcc2 in the canalicular 

membrane occurs without affecting total protein levels of either (Sekine et al., 

2011;Suda et al., 2011;Saeki et al., 2011). 

 

Thus, the endocytic retrieval and exocytic reinsertion of ABCC2/Abcc2 in the 

canalicular membrane of hepatocytes is a complex and highly regulated process 

most likely involving a delicate balance between activation of various protein 

kinases and phosphatases. The following studies are designed to identify the 

cellular location of internalized ABCC2/Abcc2 protein and to investigate the 

mechanism governing the endocytic retrieval of ABCC2/Abcc2 discovered in 

human and rodent NASH in Appendices C, D, and E. 

 

Study Design: Determine the Precise Cellular Localization of ABCC2/Abcc2 in 

Human and Rodent NASH 

To identify the specific compartment into which internalization of ABCC2 protein 

occurs, formalin-fixed, paraffin-embedded (FFPE) human NAFLD samples 

should be double  immunofluorescence stained for ABCC2 (mouse monoclonal 

antibody, Kamiya Biomedical, Seattle, WA) and specific organelle markers 

including: GM130 (Golgi marker), Calreticulin (endoplasmic reticulum marker), 

EEA1 (early endosome marker), and LAMP2 (lysosome marker) using rabbit 

polyclonal antibodies (Abcam, Cambridge, MA). Immunodetection should be 
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performed using secondary IgG class Alexa Fluor-conjugated antibodies, and all 

samples imaged with a Zeiss LSM 510Meta-NLO confocal microscope within the 

Southwest Environmental Health Sciences Center ARL Cellular Imaging Core. 

Such staining will allow for the determination of the precise endocytic 

compartment destination for ABCC2 in human NASH.  

 

Previous reports have indicated that newly synthesized, inadequately-

glycosylated Abcc2 protein is retained within the endoplasmic reticulum in 

sandwich-cultured rat hepatocytes (Zhang et al., 2005). However, studies 

investigating the connection between oxidative stress-induced GSH depletion 

and Abcc2 endocytic retrieval have not identified a specific intracellular 

compartment for Abcc2 internalization. Identical double immunofluorescence 

staining may be performed in FFPE samples from control (n=5), methionine 

choline-deficient (MCD) diet-induced NASH (n=5), and MCD diet-induced NASH 

with N-acetylcysteine (NAC) supplementation (n=5) rats to confirm similar 

regulation of Abcc2 in the rodent NASH model. The MCD diet model of NASH is 

implemented by 8 week feeding of the diet to rodents (see Appendices D and E). 

Administration of 100mg/kg NAC, a GSH precursor molecule, twice daily by 

intraperitoneal injection for the final 2 weeks of MCD diet feeding will serve to 

replenish GSH stores in the NASH model (Uzun et al., 2009) and aid in 

determining the role of GSH depletion in Abcc2 localization in NASH.  

 



325 
 

 

Study Design: Determine the Mechanism of Altered ABCC2/Abcc2 Localization 

in Human and Rodent NASH 

Loss of glycosylation of Abcc2 protein has been identified as an accompanying 

feature of Abcc2 endocytic retrieval (Zhang et al., 2005). In Appendix C I have 

identified a shift in the molecular mass of ABCC2 protein in human NASH, 

confirmation of glycosylation as the mediator behind the observed molecular 

weight shift is needed. Whole cell lysates prepared from human liver samples 

may be treated with a de-glycosylation enzyme mix (New England BioLabs, 

Ipswich, MA) to remove all O- and N-linked glycans. Treated and untreated 

proteins may then be separated by SDS-PAGE using 4-12% gradient gels as 

performed in Appendix C followed by transfer to PVDF membranes. 

Immunodetection of ABCC2 may be performed as described in Appendix C. 

Densitometric analysis should be performed on the 180/190 kDa and 200 kDa 

ABCC2 bands and normalized to total pan-Cadherin (see Appendix C). The 

densitometric results should be compared to those of the immunofluorescence 

double staining to determine any correlations between glycosylation status and 

cellular localization throughout progression of human NAFLD. An analysis of 

Abcc2 glycosylation status may similarly be conducted in whole cell lysate 

preparations of control (n=5), MCD diet-induced NASH (n=5), and MCD diet-

induced NASH with NAC supplementation (n=5) rat livers. 
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While GSH depletion is a triggering factor for Abcc2 endocytic retrieval, the 

process is microtubule-independent and most likely involves activation of protein 

kinase C (PKC)-δ or –ε and de-phosphorylation of radixin, which is an important 

membrane anchor for Abcc2 (Sekine et al., 2006;Sekine et al., 2008;Saeki et al., 

2011;Mottino et al., 2005). To determine whether specific isoforms of PKC are 

activated in NASH (as indicated by phosphorylation of the kinase), whole cell 

lysate proteins from human NAFLD and rodent (described above) livers should 

be separated by SDS-PAGE and transferred to PVDF membranes. Immunoblots 

should then be performed using antibodies specific for PKCδ, phospho-PKCδ , 

PKCε, and phospho-PKCε. Activation of PKC isoforms can be determined by 

comparing the ratio of phospho-PKC to total PKC where an increased ratio is 

indicative of kinase activation (Rosse et al., 2010). Additionally, activation of PKC 

isoforms may be determined by cellular localization (Sekine et al., 2006;Crocenzi 

et al., 2008). Cytosol and membrane preps from human NAFLD and rodent livers 

have previously been prepared and should probed for total PKC. When activated, 

PKC is phosphorylated and translocates to the membrane to initiate cellular 

signaling pathways (Sekine et al., 2006;Crocenzi et al., 2008;Schonhoff et al., 

2008). An increased ratio of membranous PKC to cytosolic PKC would be further 

indicative of activation of the kinase (Sekine et al., 2006;Crocenzi et al., 2008). 

To further understand the mechanism of ABCC2/Abcc2 internalization in NASH, 

the association of ABCC2/Abcc2 with radixin and the phosphorylation status of 

radixin may be determined (Saeki et al., 2011;Suda et al., 2011;Sekine et al., 
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2011). ABCC2/Abcc2 should be immunoprecipitated using anti-ABCC2/Abcc2 

Protein A beads (Invitrogen, Carlsbad, CA) and probed for radixin using a 

specific antibody (Millipore, Billerica, MA) to determine the interaction status of 

ABCC2/Abcc2 and radixin. Immunoblots should also be performed on human 

and rodent whole cell lysate proteins separated by SDS-PAGE for total radixin 

and phopho-radixin using specific antibodies. Because the phosphorylation of 

radixin results in its dissociation from ABCC2/Abcc2 and the internalization of 

ABCC2/Abcc2 (Saeki et al., 2011), an increased ratio of phospho-radixin to total 

radixin as determined by densitometry would further indicate endocytic retrieval 

of ABCC2/Abcc2 in NASH rather than improper routing to the membrane. 

 

Influence of NASH on Methotrexate (MTX) Disposition in Pediatric Acute 

Lymphoblastic Leukemia (ALL) 

Childhood leukemias tend to be more chemo-sensitive than adult malignancies 

making chemotherapy, rather than radiation, the prominent weapon in achieving 

complete remission (Pui and Evans, 2006). Treatment strategies are varied, but 

include an induction phase using 3-4 chemotherapy agents including 

methotrexate (MTX) in order to induce remission (Pui and Evans, 2006). The 

induction phase is followed by a consolidation phase, interim maintenance, 

reinduction/delayed intensification, sometimes an additional interim maintenance, 

and a maintenance period lasting several years (Pui and Evans, 2006;Davidsen 

et al., 2008). Upon diagnosis, B-precursor acute lymphoblastic leukemia (ALL) 
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patients are initially categorized as either high-risk or standard-risk based on 

white blood cell count and age (Seibel, 2008). Classification as high- or standard-

risk determines the method and intensity of therapy used (Pui and Evans, 

2006;Seibel, 2008). MTX is one of the primary cytotoxic agents used in almost all 

stages of ALL treatment (Pui and Evans, 2006). While low dose oral MTX is often 

used during maintenance phases of treatment after complete remission has been 

achieved, high dose intravenous MTX is an aggressive method of treatment used 

to reduce the occurrence of systemic relapse (Schmiegelow, 2009). Low, oral 

doses of MTX (<20mg/m2) are absorbed through a saturable transport 

mechanism, are moderately bioavailable, and result in renal excretion of 

unmetabolized MTX (Schmiegelow, 2009). High dose, intravenous MTX (>1g/m2) 

on the other hand, results in significant metabolism by hepatic aldehyde oxidase 

to 7-hydroxy-MTX (7-OHMTX), which is a known hepatotoxicant (Schmiegelow, 

2009;Vlaming et al., 2008). The dose-dependent metabolism to 7-OHMTX 

observed during high dose MTX treatment often leads to metabolite levels that 

exceed levels of parent drug (Schmiegelow, 2009). High dose MTX 

administration is accompanied by leucovorin rescue to minimize toxic 

complications; however both low oral doses of MTX and high dose, intravenous 

MTX exhibit significant interindividual variation in elimination pharmacokinetics 

(Schmiegelow, 2009). While hepatotoxicity and nephrotoxicity are the most 

common complications arising from MTX treatment, these complications often 

develop unpredictably (Schmiegelow, 2009;Widemann and Adamson, 2006).  
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Although genetic polymorphisms in drug metabolizing enzymes, cellular 

transport, and target pathways can have an impact on the toxicity profile in 

patients, the ability to predict such toxicities has not been reliable in MTX 

treatment (Schmiegelow, 2009). Several studies investigating the interplay of 

Abcc2 and Abcc3 in the elimination of MTX and 7-OHMTX have been conducted. 

These investigations have identified a relationship between Abcc2, Abcc3, and 

plasma levels of MTX and 7-OHMTX, where loss of Abcc2 and a subsequent 

increase in Abcc3 culminates in significant elevations in plasma levels and 

urinary excretion for both compounds (Vlaming et al., 2008;Vlaming et al., 

2009b;Vlaming et al., 2009a). In the absence of Abcc2, Abcc3 becomes 

prominent in the hepatic elimination of MTX and 7-OHMTX  resulting in increased 

systemic exposure (Vlaming et al., 2008;Vlaming et al., 2009b). These studies 

demonstrate that disruption of hepatic ABCC2/ABCC3 efflux transporters, similar 

to that shown in Appendices C, D, and E, can lead to even greater systemic and 

renal exposure to the parent drug and the toxic 7-OHMTX metabolite (Vlaming et 

al., 2008). The studies shown in Appendix E using the MCD diet-induced rodent 

model of NASH tested the effect of NASH on MTX-induced toxicity in a dose-

dependent manner. Control and MCD rodents were administered a single i.p. 

injection of vehicle, 10, 40, or 100 mg/kg MTX followed by four days of sample 

collection. The results indicated a shift in MTX disposition resulting in significant 

disease-dependent hepatic and renal toxicity, but also a decrease in 
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gastrointestinal toxicity in MCD rodents following 100 mg/kg MTX treatment. This 

is an important observation since delayed-onset diarrhea is a common 

debilitating side effect of high dose MTX commonly used in chemotherapy that 

necessitates removal from drug treatment, whereas renal toxicity is less 

common. However, renal toxicity may be considered more serious since clinical 

indications of said toxicity are not apparent until life-threatening damage is done. 

Control rodents in Appendix E exhibited more severe MTX-induced diarrhea 

compared to MCD rodents resulting in significant intestinal inflammation, 

epithelial loss, vacuolization, and erosion in the colon as well as villous fusion 

and atrophy in the jejunum and duodenum. In contrast, though control rodents 

exhibited some pathological damage to their kidneys, this damage was more 

pronounced in MCD rodents following a single dose of MTX. Furthermore, MCD 

rodents presented with severe hepatic damage resulting in significant 

hepatocellular damage and biliary hyperplasia. Strikingly, MCD rodents exhibited 

significant branching fibrosis following a single administration of MTX. Hepatic 

fibrogenesis following MTX treatment is normally a concern following chronic, low 

dose exposure similar to that seen in the treatment of rheumatoid arthritis and 

psoriasis. The studies in Appendix E demonstrate an increased potential for 

greater hepatic and renal toxicity in NASH patients following just a single, high 

dose of MTX. 
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Recent studies have identified an increased risk of all leukemia subtypes in 

obese patients (Lichtman, 2010). Further analyses have indicated that there is an 

increased relative risk of ALL in obese patients compared to normal body weight 

counterparts (Lichtman, 2010). Alarmingly, the incidence of obesity in the 

pediatric population has risen in the last several years in accordance with the 

adult population (Nobili and Pinzani, 2010;Fu et al., 2011). It is estimated that 

9.6-17.3% of children and adolescents have some form of NAFLD (Schwimmer 

et al., 2006). This estimate dramatically increases to 74% in obese pediatric 

patients (Nobili and Pinzani, 2010). Taken together, it is reasonable to expect 

that a proportion of pediatric ALL patients are obese and also have NASH. 

 

Previous students in the Cherrington laboratory have aided in the development 

and obtainment of a patent for a non-invasive method of differentiating NASH 

patients from normal and steatosis patients. The results of my studies and 

previous students have clearly demonstrated a significant effect of NASH on drug 

metabolism and disposition resulting in an increased risk for toxicity. Thus, non-

invasively differentiating NASH patients from normal and steatosis has significant 

potential as a valuable tool for predicting those patients that may react adversely 

to an administered medication. The method of diagnosis developed in the 

Cherrington laboratory was done in a cohort of biopsy-verified pediatric patients 

here at the University of Arizona Medical Center (preliminary results published in 

the dissertation of Matthew D. Merrell, Xenosensor Regulation of Enzymes and 
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Transporters in Drug Exposure and Disease, 2010) and utilizes a probe drug that 

can determine the functional capacity of ABCC2 and ABCC3 transport dynamics 

without eliciting a toxic response. The method involves the administration of a 

single dose of acetaminophen (APAP) at the indicated dose of 15 mg/kg followed 

by measurement of acetaminophen-glucuronide (APAP-GLUC) in blood. Due to 

the NASH-specific cellular localization and expression changes to ABCC2/Abcc2 

and ABCC3/Abcc3 that I have demonstrated in Appendices C, D, and E, both 

rodent (Lickteig et al., 2007) and human NASH (Merrell, 2010) cause a shift in 

APAP-GLUC disposition from biliary elimination to plasma retention in NASH.  

APAP-GLUC concentrations in the plasma of patients with NASH are significantly 

higher than those with normal or steatotic livers at 60 minutes following 

administration of APAP. 

 

Based upon the findings in Appendix E which demonstrate an increased potential 

for toxicity in NASH patients following a single, high dose of MTX along with the 

increased prevalence of obesity and NAFLD in pediatric patients and the 

resulting risk for ALL, I hypothesize that pediatric ALL patients who concomitantly 

have NASH are at increased risk for an MTX-induced adverse drug reactions. I 

have aided in establishing collaborations with renowned pediatric ALL 

researchers and physicians at the University of Arizona Medical Center (Dr. 

Emmanuel Katsanis), Phoenix Children’s Hospital in Phoenix, AZ (Dr. Jessica 
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Boklan), and Primary Children’s Medical Center in Salt Lake City, UT (Dr. Phillip 

Barnette) to achieve the following study design. 

 

Study Design: Determine the Effect of NASH on MTX Pharmacokinetics in 

Pediatric ALL 

The abovementioned physicians currently are responsible for the conduct of two 

ongoing Phase III clinical trials to assess appropriate MTX dosage and duration 

of therapy in pediatric ALL. The nature of the two clinical trials coupled to our 

laboratory’s non-invasive method of NASH differentiation are ideally suited to 

determine the effect of NASH on MTX pharmacokinetics in a dose-dependent 

manner. Patients enrolled in the Children’s Oncology Group AALL0932 protocol 

“Treatment of Patients with Newly Diagnosed Standard Risk B-Precursor Acute 

Lymphoblastic Leukemia (ALL)” receive Capizzi MTX (escalating dose) as part of 

their treatment. Those enrolled in the Children’s Oncology Group AALL1131 

protocol “A Phase III Randomized Trial for Newly Diagnosed High Risk B-

precursor Acute Lymphoblastic Leukemia (ALL) Testing Clofarabine (IND#73789, 

NSC# 60689) in the Very High Risk Stratum” receive high dose MTX with 

leucovorin rescue. Because of the inherent risk of MTX-induced toxicity, plasma 

samples are already taken as part of routine care at 12, 24, 36, and 48 hours 

following complete infusion of MTX under each protocol. This single dose 

pharmacokinetic study should be conducted following the first major exposure to 

MTX as part of a complex protocol involving other chemotherapeutics that will be 
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described below. Additionally, the pharmacokinetic profile for each patient should 

be compared to the APAP-GLUC diagnostic biomarker test performed at the 

initiation of therapy for the determination of liver disease status. 

 

All patients within the COG protocol AALL0932 and AALL1131 trials undergo a 3-

drug (AALL0932) or 4-drug (AALL1131) induction phase lasting 35 days (see 

Figure 10 below for protocol schematic), the first week of which they are admitted 

to the hospital for in-patient care. Several chemotherapeutics are given during 

the induction phase beginning with an age-adjusted dose of cytarabine on Day 1. 

In order to limit the confounding effects of multiple therapeutic agents, a single 

dose of APAP at 15 mg/kg should be administered on Day 8 of Induction (see 

Figure 8 below) to assess liver disease status. A baseline collection of blood (1 

cc) should be collected prior to APAP administration. Blood (approximately 1 cc) 

should then be collected at 1 hour (APAP t1/2=2-4 hours) following APAP dose. 

HPLC analysis as described previously (Lickteig et al., 2007) may be used to 

determine the presence of APAP and APAP-GLUC. Height and weight 

measurements should also be recorded for body mass index (BMI) calculation 

and statistical analysis. 

 

Following the Induction phase in COG protocol AALL0932, patients are 

categorized as Average Risk or Low Risk and divided into treatment arms; this 

study design utilizes the average risk (AR-ALL) and low risk patients randomized 
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to arm LR-C because treatment is identical between these groups up until 

administration of intravenous MTX. Patients then undergo a predetermined 

regimen of consolidation, maintenance, intensification, and long-term 

maintenance phases. Patients within the COG protocol AALL1131 are assessed 

for disease risk following the Induction phase then categorized as high risk (HR-

ALL) or very high risk (VHR-ALL) followed by randomization into 2 or 3 treatment 

arms, respectively. For the purposes of the current study design, the AR-ALL and 

LR-C patients within the COG protocol AALL0932 will be referred to as low dose 

MTX patients, and the HR-ALL and VHR-ALL patients on the COG protocol 

AALL1131 will be referred to as high dose MTX  patients. 

 

Low dose MTX patients undergo a 28 day Consolidation phase (see Figure X 

below) following Induction consisting of: vincristine (1.5 mg/m2 on Day 1), 

mercaptopurine (75 mg/m2 on Days 1-28), and an age-adjusted intrathecal dose 

of MTX on Days 1, 8, and 15. Low dose MTX patients then enter the Interim 

Maintenance I phase (see Figure 10 below) where the MTX pharmacokinetic 

study should be conducted. Low dose MTX patients receive an intravenous 

infusion of MTX (given over 24 hours) at 100 mg/m2 along with an intravenous 

bolus dose of vincristine at 1.5 mg/m2 on Day 1. This initial administration of MTX 

should be used for MTX pharmacokinetic measurements (subsequent 

administrations of MTX contained within the Interim Maintenance I phase should 
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not be included in the current study design). Blood samples (1 cc) should be 

collected at 12, 24, 36, and 48 hours following completion of the MTX infusion. 

 

High dose MTX patients undergo a 56 day Consolidation phase within the HR-

ALL group following Induction consisting of: cyclophosphamide (1000 mg/m2 on 

Days 1 and 29), cytarabine (75 mg/m2 on Days 1-4, 8-11, 29-32, and 36-39), 

vincristine (1.5 mg/m2 on Days 15, 22, 43, and 50), pegaspargase (2500 IU/m2 

on Days 15 and 43) and either an age-adjusted intrathecal dose of MTX or triple 

intrathecal therapy (MTX, cytarabine, and hydrocortisone) on Days 1, 8, 15, and 

22. High dose MTX patients within the VHR-ALL group also undergo a 

Consolidation phase following Induction that is 57 days divided in 2 parts. VHR-

ALL Consolidation 1 consists of: cyclophosphamide (1000 mg/m2 on Day 1), 

cytarabine (75 mg/m2 on Days 1-4 and 8-11), mercaptopurine (60 mg/m2 on 

Days 1-14), vincristine (1.5 mg/m2 on Days 15 and 22), pegaspargase (2500 

IU/m2 on Day 15), and an age-adjusted intrathecal dose of MTX on Days 1, 8, 

15, and 22. Consolidation 2 is variable to test the efficacy of cyclophosphamide, 

etoposide, vincristine, and pegaspargase with or without clofarabine.  High dose 

MTX patients (both HR-ALL and VHR-ALL on protocol AALL1131) then enter the 

Interim Maintenance I phase (see Figure 10 below) where the MTX 

pharmacokinetic study should be conducted. High dose MTX patients receive an 

intravenous infusion of MTX (given over 24 hours) at 5000 mg/m2 along with an 

intravenous bolus dose of vincristine at 1.5 mg/m2 on Day 1. This initial 
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administration of MTX should be used for MTX pharmacokinetic measurements 

(subsequent administrations of MTX contained within the Interim Maintenance I 

phase should not be included in the current study design). Blood samples (1 cc) 

should be collected at 12, 24h, 36, and 48h following completion of the MTX 

infusion. 

 

The current study design allows for the evaluation of the APAP-GLUC biomarker 

to predict MTX exposure levels. It is expected, based on the estimates of the 

prevalence of NAFLD in the overall pediatric population, as well as the 

prevalence of obese children with ALL, that a cohort of ALL patients will exhibit 

increased plasma levels of APAP-GLUC, indicating the presence of NASH. 

Furthermore, I expect that ALL patients receiving high dose MTX and 

concomitantly identified as NASH will be more prone to liver and/or renal toxicity 

elicited by increased exposure to MTX. The results of the current study design 

may provide greater insight to the unpredictability in response to MTX treatment 

observed in the clinic, and thus provide physicians with a method of identifying 

future ALL patients that may be at greater risk of MTX-induced toxicity. 

 

Chronic, Low-Dose Methotrexate Treatment in NAFLD 

The studies in Appendix E demonstrated that a single, high dose of methotrexate 

(MTX) similar to that used in chemotherapy regimens induced significant hepatic 

and renal damage in NASH rodents within just four days, whereas control 
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rodents exhibited primarily gastrointestinal toxicity. However, these studies do 

not take into account the effect of low dose, chronic administration of MTX. MTX 

is recommended as frontline systemic therapy for rheumatoid arthritis (RA), and 

is also used in the treatment of psoriasis (Smolen et al., 2010;Singer and 

Gibofsky, 2011;Warren and Griffiths, 2008;Montaudie et al., 2011;Warren et al., 

2008). It is usually administered on a weekly basis with a beginning dose of 5-7.5 

mg, and if well tolerated may increase up to 30 mg weekly with treatments lasting 

from several months to years (Warren and Griffiths, 2008;Visser and van der 

Heijde, 2009;Warren et al., 2008). Though highly regarded as a mainstay in RA 

and psoriasis treatment, use of MTX is limited by its side effects which can 

include pulmonary fibrosis, osteopathy, and secondary infections in addition to 

the well-documented and severely limiting hepatic and renal toxicities (Warren 

and Griffiths, 2008;Singer and Gibofsky, 2011). Though occurrence of adverse 

reactions to MTX are most often unpredictable it has been acknowledged that 

type 2 diabetic and obese patients may be at increased risk for MTX-induced 

fibrosis; however, the specific interaction of NAFLD and chronic MTX 

administration has not been evaluated (Warren and Griffiths, 2008;Montaudie et 

al., 2011). Although NAFLD and obesity are closely associated, they are not 

mutually inclusive; therefore a direct effect of NAFLD on cumulative MTX dosing 

needs to be determined in order to more specifically identify patients that would 

benefit from alternative therapies. The results in Appendix E have shown that 

MTX-induced fibrosis occurs after just one dose in NASH rodents, but it is not 
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clear whether NASH rodents exhibit MTX-induced fibrosis sooner than controls in 

a chronic-dose setting. Furthermore, this effect has not been evaluated in 

rodents with simple steatosis; therefore the degree of susceptibility to MTX-

induced hepatotoxicity is unknown in steatosis. Frequent liver enzyme tests are a 

necessity during MTX treatment, but transient elevations in aspartate 

aminotransferase (AST) and alanine aminotransferase (ALT) levels are common 

in the initial stages of MTX therapy and are often recurring irrespective of hepatic 

damage (Collin et al., 2009;Visser and van der Heijde, 2009). It is probable that 

NASH rodents and perhaps those with simple steatosis will exhibit MTX-induced 

hepatoxicity and fibrosis sooner than control rodents following chronic 

administration of MTX. The following study has been designed to test this 

hypothesis. 

 

Study Design: Determine the Effect of Chronic MTX Administration in Rodents 

with Simple Steatosis and NASH 

As shown in Appendices D and E, NASH can be induced in Sprague-Dawley rats 

following 8 weeks of feeding a methionine choline-deficient (MCD) diet. Simple 

steatosis develops in Sprague-Dawley rats following 8 weeks of feeding an 18% 

butter fat diet (Lickteig et al., 2007;Fisher et al., 2009). Rodents should be placed 

on respective diets for 8 weeks prior to administration of MTX in order to fully 

model respective liver diseases prior to drug exposure. To study the cumulative 

effects of chronic MTX administration, control, steatotic and NASH rodents 
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should be administered 10 mg/kg MTX weekly via oral gavage. Blood samples 

should be collected twice weekly, once before administration of each dose and 

again 3 days later. Samples should be analyzed via LC-MS to determine MTX 

levels and any cumulative effects due to liver disease. Groups of rodents (n = 5 

per group, per diet) should be euthanized at 2, 4, 8, and 16 weeks after the first 

dose. Frozen and formalin-fixed liver, kidney, lung, and intestinal samples should 

be collected. A full pathological analysis of each organ system should be 

performed and compared to MTX plasma levels to determine the effect of 

exposure on specific organ damage. 
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Figures 

Figure 1. Immunohistochemical Staining of 4-Hydroxynonenal (4-HNE) Protein 

Adducts in Human NAFLD. FFPE human liver samples were stained with an 

antibody that nondiscriminantly detects 4-HNE protein adducts. Antibody binding 

was detected with the MACH4 staining kit, and color development was performed 

with Betazoid DAB (Biocare Medical, Concord, CA). Brown indicates positive 

immunoreactivity. Images are shown at 20X magnification.  
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Figure 2. Normalized Gene Expression of Aldo-Keto Reductase Enzymes in 

Human NAFLD. Hepatic gene expression of aldo-keto reductase (AKR) enzyme 

isoforms in human liver samples diagnosed as normal, steatotic, and NASH is 

shown. Gene expression data was mined from a previously validated and 

published microarray experiment performed in human NAFLD samples (Lake et 

al., 2011). Data was normalized to the median of the normal diagnostic category 

and presented as normalized gene expression. Asterisk (*) indicates a significant 

difference from normal and dagger (†) indicates significance from steatosis with a 

significance level of p ≤ 0.05. 
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Figure 3. Normalized Gene Expression of Aldehyde Dehydrogenase Enzymes 

(Part 1) in Human NAFLD. Hepatic gene expression of aldehyde dehydrogenase 

(ALDH) enzyme isoforms 1A1, 1A2, 1A3, 1B1, 1L1, 1L2, 2, 3A1, 3A2, 3B1, and 

3B2 in human liver samples diagnosed as normal, steatotic, and NASH is shown. 

Gene expression data was mined from a previously validated and published 

microarray experiment performed in human NAFLD samples. Data was 

normalized to the median of the normal diagnostic category and presented as 

normalized gene expression. Asterisk (*) indicates a significant difference from 

normal and dagger (†) indicates significance from steatosis with a significance 

level of p ≤ 0.05. 
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Figure 4. Normalized Gene Expression of Aldehyde Dehydrogenase Enzymes 

(Part 2) in Human NAFLD. Hepatic gene expression of aldehyde dehydrogenase 

(ALDH) enzyme isoforms 4A, 5A1, 6A1, 7A1, 8A1, 9A1, 16A1, and 18A1 in 

human liver samples diagnosed as normal, steatotic, and NASH is shown. Gene 

expression data was mined from a previously validated and published microarray 

experiment performed in human NAFLD samples. Data was normalized to the 

median of the normal diagnostic category and presented as normalized gene 

expression. Asterisk (*) indicates a significant difference from normal and dagger 

(†) indicates significance from steatosis with a significance level of p ≤ 0.05. 
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Figure 5. Normalized Gene Expression of Alcohol Dehydrogenase Enzymes in 

Human NAFLD. Hepatic gene expression of alcohol dehydrogenase (ADH) 

enzyme isoforms in human liver samples diagnosed as normal, steatotic, and 

NASH is shown. Gene expression data was mined from a previously validated 

and published microarray experiment performed in human NAFLD samples. Data 

was normalized to the median of the normal diagnostic category and presented 

as normalized gene expression. Asterisk (*) indicates a significant difference 

from normal with a significance level of p ≤ 0.05. 
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Figure 6. Normalized Gene Expression of N-Acetyltransferase Enzymes. Hepatic 

gene expression of N-acetyltransferase (NAT) enzyme isoforms in human liver 

samples diagnosed as normal, steatotic, and NASH is shown. Gene expression 

data was mined from a previously validated and published microarray experiment 

performed in human NAFLD samples. Data was normalized to the median of the 

normal diagnostic category and presented as normalized gene expression. 

Asterisk (*) indicates a significant difference from normal and dagger (†) 

indicates significance from steatosis with a significance level of p ≤ 0.05. 
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Figure 7. High Resolution Images of ABCC2 Localization in Human NASH. 

Immunohistochemical staining of ABCC2 (as seen in Appendix C) in normal and 

NASH (not fatty) samples shown at 100X magnification. 

 

 

 

 

 

 

 

 

Figure 8. High Resolution Images of Abcc2 Localization in Rodent NASH. 

Immunohistochemical staining of Abcc2 in control and MCD/NASH rodents is 

shown at 100X magnification. 
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Figure 9. Immuno-Electron Micrographs of Abcc2 Confirming Altered Localization 

in Rodent NASH. Arrows denote Abcc2 protein localization. 
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Figure 10. Study Schema of COG protocols AALL0932 and AALL1131 with 

Timing of APAP Liver Disease Assessment and MTX Pharmacokinetics Studies. 
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Tables 

Table 1. Correlations of AKR Enzyme Expression Changes in Human NAFLD. 

Gene expression changes were analyzed by Pearson correlation to determine 

any significant correlations in gene expression changes. Pearson correlation 

values are shown for each gene comparison. Asterisk (*) indicates a significant 

correlation with a significance level of p ≤ 0.05. 
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Table 2. Correlations of ALDH Enzyme Expression Changes in Human NAFLD. 

Gene expression changes were analyzed by Pearson correlation to determine 

any significant correlations in gene expression changes. Pearson correlation 

values are shown for each gene comparison. Asterisk (*) indicates a significant 

correlation with a significance level of p ≤ 0.05. 
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Table 3. Correlations of ADH Enzyme Expression Changes in Human NAFLD. 

Gene expression changes were analyzed by Pearson correlation to determine 

any significant correlations in gene expression changes. Pearson correlation 

values are shown for each gene comparison. Asterisk (*) indicates a significant 

correlation with a significance level of p ≤ 0.05. 
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Table 4. Correlations of NAT Enzyme Expression Changes in Human NAFLD. 

Gene expression changes were analyzed by Pearson correlation to determine 

any significant correlations in gene expression changes. Pearson correlation 

values are shown for each gene comparison. Asterisk (*) indicates a significant 

correlation with a significance level of p ≤ 0.05. 
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APPENDIX F: PERMISSIONS 

________________________________________________________________ 

The information contained within Appendix A was adapted from the following 

publication: Drug Metabolism and Disposition, December 2010, 38:2293-2402. It 

has been reprinted with permission of the American Society for Pharmacology 

and Experimental Therapeutics. All rights reserved. 

 

The information contained within Appendix C was adapted from the following 

publication: Drug Metabolism and Disposition, December 2011, 39:2395-2402. It 

has been reprinted with permission of the American Society for Pharmacology 

and Experimental Therapeutics. All rights reserved. 

 

The information contained within Appendix D was adapted from the following 

publication: Drug Metabolism and Disposition, March 2012, 40:1-11. It has been 

reprinted with permission of the American Society for Pharmacology and 

Experimental Therapeutics. All rights reserved. 

 

 

 

 

 



368 
 

APPENDIX G: HUMAN/ANIMAL SUBJECTS 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 “Altered Drug Metabolism and Transport in Non-Alcoholic 

Steatohepatitis” and “Hepatobiliary Transport and Gene Expression During Non-

Alcoholic Steatohepatitis (NASH).” 
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