
Drug metabolism alterations in nonalcoholic fatty liver disease

Matthew D. Merrell and Nathan J. Cherrington
Department of Pharmacology and Toxicology, University of Arizona, Tucson, Arizona, USA

Abstract
Drug-metabolizing enzymes play a vital role in the elimination of the majority of therapeutic
drugs. The major organ involved in drug metabolism is the liver. Chronic liver diseases have been
identified as a potential source of significant interindividual variation in metabolism. Nonalcoholic
fatty liver disease (NAFLD) is the most common chronic liver disease in the United States,
affecting between 60 and 90 million Americans, yet the vast majority of NAFLD patients are
undiagnosed. NAFLD encompasses a spectrum of pathologies, ranging from steatosis to
nonalcoholic steatohepatitis and fibrosis. Numerous animal studies have investigated the effects of
NAFLD on hepatic gene expression, observing significant alterations in mRNA, protein, and
activity levels. Information on the effects of NAFLD in human patients is limited, though several
significant investigations have recently been published. Significant alterations in the activity of
drug-metabolizing enzymes may affect the clearance of therapeutic drugs, with the potential to
result in adverse drug reactions. With the enormous prevalence of NAFLD, it is conceivable that
every drug currently on the market is being given to patients with NAFLD. The current review is
intended to present the results from both animal models and human patients, summarizing the
observed alterations in the expression and activity of the phase I and II drug-metabolizing
enzymes.

Keywords
Nonalcoholic fatty liver disease; nonalcoholic steatohepatitis; cytochrome p450; glutathione S-
transferase

Nonalcoholic fatty liver disease (NAFLD)
NAFLD describes a spectrum of hepatic pathologies linked by the intracellular hepatic
accumulation of fat (i.e., steatosis) in the absence of substantial alcoholic intake. NAFLD
has only recently been recognized as a serious clinical disorder, and knowledge of the effect
of the disease on hepatic drug metabolism is limited. This review of the literature
summarizes the effects of NAFLD on the activity and expression of both phase I and II
drug-metabolizing enzymes (DMEs) in various animal models of NAFLD and in patients
with NAFLD. Additionally, potential mechanisms for these alterations are proposed.

Prevalence
The term NAFLD encompasses the progression from steatosis to nonalcoholic
steatohepatitis (NASH), progressive fibrosis and cirrhosis, and even hepatocellular
carcinoma. Although initially described 30 years ago (Adler and Schaffner, 1979; Ludwig et
al., 1980), the true scope of the disease has only recently been understood. NAFLD is the
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most prevalent chronic liver disease in both the United States and many other industrialized
nations (Wieckowska and Feldstein, 2008). NAFLD has been described as the hepatic
manifestation of the metabolic syndrome and is often linked with obesity and insulin
resistance (IR) (Reynaert et al., 2005).

The prevalence of these three conditions (NAFLD, IR, and obesity) has increased
dramatically in the last few decades. In 2008, the prevalence of obese adults (body mass
index [BMI] >30kg/m2) in the United States was approximately 32% (Flegal et al., 2010), a
statistic that has doubled over the last two decades. This prevalence is projected to reach
more than 50% by 2030 (Wang et al., 2008). The prevalence of diabetes (undiagnosed and
diagnosed) is estimated to similarly increase from 14% in 2007 up to 33% by 2050 (Boyle et
al., 2010). Current reports place the prevalence of NAFLD between 20 and 30%
(Wieckowska and Feldstein, 2008), though estimates range from 17 to 40% (Hardwick et al.,
2010). In obese populations, this prevalence increases to 90% (Machado et al., 2006),
making the projected increase in obesity particularly concerning.

Although considered to be primarily an adult disease, the alarming increase in childhood
obesity has coincided with an increasing recognition of the prevalence of pediatric NAFLD
(Schwimmer et al., 2006; Lavine et al., 2010; Patton et al., 2006). NASH as a cause of
chronic liver dysfunction in obese children was first reported in the early 1980s (Moran et
al., 1983). Disturbingly, patients as young as 9 years have been reported with cirrhosis
(Kader et al., 2008). In pediatric patients, the prevalence of NAFLD is estimated to be 9.6%,
and the rate is higher among adolescents (17.3%) than infants (0.7%) (Schwimmer et al.,
2006). These findings are quite similar to the observed increase in the prevalence of insulin-
resistant diabetes seen in adolescents (Maclaren et al., 2007). As with adults, the of NAFLD
is increased among obese children (38%) (Schwimmer et al., 2006). However, though only
10% of adult NAFLD patients have progressed to the inflammatory, fibrogenic stage of
NASH, it is estimated that 26% of pediatric cases have already progressed to NASH (Nobili
et al., 2006).

Racial and ethnic differences are observed among patients with NAFLD, likely due to the
varied prevalence of the two major risk factors in NAFLD: obesity and type 2 diabetes. Both
obesity and type 2 diabetes are more prevalent among non-Hispanic black and Mexican-
American patients, compared to non-Hispanic whites (Flegal et al., 1998, 2002, 2010; Harris
et al., 2002). Metabolic syndrome, which is a well-established risk factor of NAFLD, is seen
more often in Hispanics than non-Hispanic blacks and whites (Ford et al., 2002), and
Hispanic males have a higher percentage of body fat than white and black males (Ellis,
1997). NAFLD also appears to be more common among Hispanic children, with higher
prevalence in non-Hispanic whites, compared to non-Hispanic blacks (Loombaet al., 2009).

Histology/etiology
Steatosis, also referred to as simple fatty liver or nonalcoholic fatty liver (NAFL), is
generally defined as hepatic triglyceride accumulation exceeding 5% by weight
(Neuschwander-Tetri and Caldwell, 2003). This lipid increase can appear as
macrovessicular, microvessicular, or a combination of the two and is typically observed in
zone 3 hepatocytes.

A diagnosis of NASH requires evidence of steatosis, lobular inflammation, and
hepatocellular damage and, most often, occurs in zone 3 hepatocytes. This damage may take
the form of ballooning degeneration, Mallory-Denk bodies, apoptosis, and/or necrosis
(Tiniakos et al., 2010). Inflammatory infiltrates may include lymphocytes, eosinophils, and
polymorphonuclear leukocytes, in addition to the resident Kupffer cell macrophages.
Additionally, fibrosis may be present even in noncirrhotic NASH, also originating in zone 3.
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This fibrosis can progress to portal and periportal regions and, eventually, reach bridging
fibrosis and cirrhosis (Tiniakos et al., 2010).

Pediatric and adult NAFLD are predominantly the same disease, and pediatric NAFLD leads
to an increased risk for lifelong severe liver disease (Roberts, 2007). In comparison to adult
NASH, histological findings (including steatosis, inflammation, and fibrosis) from pediatric
patients maybe localized to zone 1 hepatocytes (Schwimmer et al., 2005). This distinct
histological picture has been termed “type 2 NASH” (Roberts, 2007).

Steatosis occurs due to a dysregulation of triglyceride synthesis and transport. Sources of
these accumulated lipids include increased fatty acid influx (from both diet and peripheral
tissues), increased de novo lipogenesis, and decreased triglyceride removal (VLDL
production and secretion). It is estimated that 60% of hepatic fat content comes from
circulating fatty acids, not dietary content (Donnelly et al., 2005). Hyperinsulinemla and
hyperglycemia cause activation of lipogenic transcription factors, including sterol regulatory
binding protein-1 (SREBPl), which increase de novo lipogenesis and inhibit free fatty acid
oxidation. Additionally, lipid export from hepatocytes may be impaired due to defective
incorporation of triglycerides into apolipoprotein B, decreased apolipo-protein B synthesis,
or excretion (Jou et al., 2008).

Hepatic steatosis does not universally result in liver injury and requires a second “hit,”
potentially caused by oxidative stress or inflammation, to progress to NASH (Day and
James, 1998). Impaired mitochondrial function may lead to activation of lipid catabolic
pathways that generate reactive oxygen species, causing lipid peroxidation of the
mitochondrial membrane phospholipids, leading to an additional decrease in mitochondrial
function and increased oxidative stress in the cell (Browning and Horton, 2004). Cytokine
and adipokine signaling from visceral adipose tissue has been well established as a key
player in the progression of NAFLD. It is currently hypothesized that the oxidative and
metabolic stresses, in combination with the cytokine dysregulation, eventually result in
hepatocyte death, resulting in further inflammatory signaling and an induction of hepatic
stellate cells in a librotic repair response (Jou et al., 2008).

Diagnosis
Most patients with fatty liver are asymptomatic and undiagnosed, even in advanced stages of
the disease. Even in suspected cases of NAFLD, for many patients, the precise stage of the
disease (i.e., simple steatosis vs. NASH vs. severe fibrosis) is unknown. This lack of clinical
information is due to the inadequacies of current diagnostic methods.

NAFLD is often suspected after findings of elevated aminotransferases in the absence of
significant alcoholic consumption, especially in the presence of other features of the
metabolic syndrome. However, normal serum aminotransferase tests can be seen in patients
with both steatosis and NASH (Mofrad et al., 2003; Ipekci et al., 2003). Indeed, it is
reported that two thirds of NASH patients may have normal aminotransferase levels at any
given time (Oh et al., 2008; Delgado, 2008; Wieckowska and Feldstein, 2008). Kunde et al.
investigated the accuracy of NASH diagnosis by serum alanine aminotransferase (ALT)
levels in women undergoing gastric bypass surgery (Kunde et al., 2005). They compared
two different reference laboratory cutoffs for “normal” ALT levels; the previous guideline
of 30 U/L and the new lower level of 19 U/L that was suggested to aid in the diagnosis of
NAFLD. Importantly, the researchers reported that the diagnostic utility of serum ALT
remained poor, even at the new lower cutoff. Sensitivity and specificity of serum ALT levels
were found to be 42 and 80% (ALT >30 U/I.) versus 74 and 42% (ALT >19 U/L). These
and other studies (Lizardi-Cervera et al., 2006; Amarapurka et al., 2006; Amarapurkar and
Patel, 2004; Chen et al, 2006; Fracanzani et al., 2008; Sorrentino et al., 2004; Mofrad and

Merrell and Cherrington Page 3

Drug Metab Rev. Author manuscript; available in PMC 2013 August 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Sanyal, 2003; Uslusoy et al., 2009) illustrate the need for a more effective diagnostic
measure for NAFLD, especially for the staging of NASH.

Several imaging techniques have been used with success in diagnosing NAFLD. These
include ultrasonography, computerized tomographic (CT) scanning, and magnetic resonance
imaging (MRI), each of which is effective at detecting hepatic steatosis. Of these methods,
ultrasonography is preferred because of its lower cost and accessibility. However, it has
several limitations. Sensitivity is high (80%) in patients with >30% steatosis, but drops to
55% with steatosis <19% (Wieckowska and Feldstein, 2008). Similarly, in morbidly obese
patients, sensitivity drops to 49% (Mottin et al., 2004). Similar decreases occur with respect
to specificity. Additionally, ultrasonography is unable to provide a quantitative measure of
the degree of lipid accumulation. Both MRI and CT scans provide an accurate quantitation
of steatosis, yet the higher costs are prohibitive. The most important limitation of each of
these imaging methods is the inability to distinguish between steatosis and NASH. A more
recent technique, transient elastography, measures liver stiffness and may be effective in
assessing the level of hepatic fibrosis in later stages of NAFLD. However, a recent study
found an increased failure rate in overweight and obese patients, which may limit the
effectiveness of this technique in NAFLD (Foucher et al., 2006).

Liver histology remains the gold standard in diagnosing NAFLD, as it is able to assess
steatosis, fibrosis, and inflammation. Importantly, this ability to stage and grade NAFLD
allows a differentiation between simple steatosis and NASH. As mentioned previously, the
principle features of NASH include macrovesicular steatosis, lobular inflammation, and
ballooning degeneration. In addition to these criteria, liver biopsies also reveal the degree of
liver damage and any changes in overall liver architecture (Wieckowska and Feldstein,
2008). However, there are also limitations to this procedure; chief among them is the
invasive nature of the technique. Studies have indicated significant risks and complications
associated with liver biopsies, including pain, major bleeding, and death. It has been
estimated that 1–3% of patients may require hospitalization after a liver biopsy (Bravo et al.,
2001), though, in at least one study, biopsy-related mortality occurred in over 1% of patients
(Thampanitchawong and Piratvisuth, 1999). Other identified limitations of liver biopsies
include the subjective nature of the histological analysis and the possibility of sampling error
due to the relatively small sample size. In spite of these concerns, liver biopsy remains the
only proven, reliable method of diagnosing NASH.

The significant underdiagnosis of fatty liver disease and inability to easily track disease
progression presents two important points for consideration. First, there are an enormous
number of patients in the U.S. population in whom NAFLD may alter DME activity and
drug pharmacokinetics. These unsuspecting patients may be at an increased risk for adverse
drug reactions or other toxic events. Second, studies on the effect of NAFLD, to date, have
been hampered by the difficulty in indentifying and correctly staging the disease. Because of
this, the majority of the studies presented in this review are from animal models of the
disease. There is a clear clinical need for additional investigations aimed at developing more
efficient methods of identifying these patients, as well as better characterizing the metabolic
changes associated with the disease.

Effects
NAFLD in general and NASH in particular are increasingly recognized as serious diseases.
NASH is the most common cause of cryptogenic cirrhosis (Clark and Diehl, 2003; Kojima
et al., 2006), and it is estimated mat 30-50% of NASH patients will progress to cirrhosis
within 10 years (Jou et al., 2008). Because of this, NASH is reported to be the underlying
cause of 10% of liver transplants (Preiss and Sattar, 2008). Additionally, NASH is
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responsible for an estimated 13% of all hepatocellular carcinoma cases (Marrero et al., 2002;
Bugianesi et al., 2002).

In addition to these pathological defects, it has been established that various liver diseases
can affect the metabolism and disposition of therapeutic drugs due to alterations in the
expression and activity of DMEs. For example, models of sepsis and viral hepatitis exhibit
altered cytochrome (CYP)-mediated biotransformation (Morgan, 2001). This
downregulation in CYP activity has also been observed in human subjects treated with
lipopolysaccharide (LPS), a model of Gram-negative sepsis (Shedlofsky et al., 1994).

NAFLD also modulates the expression and activity of a number of DMEs and may result in
altered pharmacologic efficacy or adverse drug reactions. Altered pharmacokinetics have
been reported in obese subjects with respect to hormonal contraceptives (Edelman et al.,
2010; Skouby, 2010), as well as a number of other drugs (Lloret et al., 2009). Pediatric
NAFLD patients have been observed to have altered acetaminophen pharmacokinetics,
compared to normal, healthy children (Barshop et al., 2011). A recent study investigating the
effect of NASH on the pharmacokinetics of several cationic drugs found altered intrinsic
elimination clearance due to increased expression of specific metabolic enzymes (Li et al.,
2011). Animal models of NAFLD have demonstrated decreased metabolism and increased
toxicity from the antipsychotic drugs, clozapine (Zhang et al, 2007) and haloperidol
(Hanagama et al., 2008). Additionally, patients with NAFLD have been reported to have
increased risk for adverse drug reactions, specifically drug-induced liver disease (Tarantino
et al., 2007, 2009).

Modeling human disease
As mentioned previously, the only definitive method of staging NAFLD is a liver biopsy.
This presents a significant complication to the study of human fatty liver disease at several
levels, including identifying patients for study, obtaining tissue samples, and tracking
disease progression. Further, human DME expression and activity can vary widely between
patients due to a number of variables (e.g., genetic polymorphism, diet, xenobiotic exposure,
age, and so on) (Guengerich, 2006; Gomez-Lechon et al., 2009). As a result of these
limitations, the majority of human NAFLD studies employ one of two tissue sources:
cadaveric organs and bariatric surgery patients. Postmortem tissue samples provide
sufficient material for analysis of mRNA and protein expression, as well as activity, though
a detailed medical history of the patient is often lacking. The patient population undergoing
bariatric surgery (i.e., morbidly obese patients), have a much higher rate of both NAFLD
and NASH (Lazo and Clark, 2008). The routine intraoperative liver biopsies performed
during bariatric surgery allow a detailed determination of NASH status in these patients
(Tanaka et al., 2006; Dolce et al., 2009).

Because of the difficulty in identifying properly diagnosed NAFLD patients, as well as the
ethical and practical issues with obtaining liver samples for analysis, the majority of studies
on NAFLD gene alterations have employed animal models. Although some of these models
are of limited accuracy in relation to either histological outcome or disease context
(reviewed by Larter and Yeh, 2008; Anstee and Goldin, 2006), a detailed presentation of the
various benefits and faults of each is not the focus of this review. However, a brief
description of the models used in the studies described below may prove beneficial to
properly compare results between models and species. Though NAFLD studies using
nonrodent species have been described (Leclercq et al., 1998), the vast majority of research
has been performed in rat and mouse models.

These rodent models are genetic, dietary, or a combination of the two. In both rats and mice,
the most common genetic models involve dysregulation of leptin signaling, leading to
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hyperphagia and obesity. Obese Zucker (fa/fa) rats and db/db mice are deficient in the leptin
receptor, whereas ob/ob mice are deficient in leptin itself. Though these models exhibit
insulin resistance and obesity, their liver pathology rarely progresses beyond steatosis to
NASH without a second insult (Larter and Yeh, 2008). Because of this, drug-metabolism
data presented from these genetic models can be assumed to correlate with a human
diagnosis of simple steatosis.

To stimulate the progression to NASH, a dietary model is often used. The most well-
characterized model of rodent NASH is a methionine-choline–deficient (MCD) diet, which
rapidly induces steatohepatitis with a liver histopathology closely recapitulating the human
condition. However, in contrast to human NASH, animals fed the MCD diet experience
significant weight loss, hypoin-sulinemia, and are insulin sensitive. Despite these
shortcomings, in our experience, the MCD diet accurately models the expression changes of
a majority of ADME, genes.

An alternate dietary model, the high-fat diet, has been used to more closely recapitulate the
modern “Western-diet.” However, rodents adapt to high-fat feeding and may take several
months to progress to NASH. Additionally, the composition of the experimental chow may
vary a great deal in a number of constituents, with varying experimental results. In the
absence of a stated hepatic histological staging, it is difficult to properly assign these models
to steatosis or NASH (Larter and Yeh, 2008). Additional animal models employed include
dietary orotic acid and forced intragastric feeding, which result in steatosis and
steatohepatitis, respectively (Zhang et al., 2007; Deng et al., 2005).

As mentioned above, each of the animal models currently in use have limitations that may
complicate the extrapolation of disease results to human patients. It is important to also note
that in certain cases, the mechanisms of enzyme regulation may differ significantly between
species. Despite these shortcomings, animal models provide a valuable tool to investigate
the effects of fatty liver.

Drug metabolism in NAFLD
Metabolism is the major clearance mechanism for the most frequently prescribed drugs
(Williams et al., 2004), and the liver is the major organ of drug metabolism. A variety of
enzymes with overlapping substrate specificity is expressed in the liver and are commonly
divided into phase I (i.e., oxidizing) and II (i.e., conjugating) DMEs. Phase I enzymes
belong predominantly to the cytochrome p450 family, whereas major phase II enzymes
include glucuronosyltransferases, sulfotransferases, and glutathione transferases.

Below, we have compiled the results of published animal and clinical studies of NAFLD and
obesity, where DME expression or activity was investigated. The stated focus of several of
these animal studies was obesity (or diabetes), and liver histology or NAFLD status was not
obtained as part of the original study. However, the models employed have been
demonstrated elsewhere to induce various stages of NAFLD and have, therefore, been
included. We have attempted to simplify the presentation of these published studies by
grouping results together by enzyme families, rather than by experimental model of patient
characteristics. Likewise, rather than comparing the magnitude of DME alterations, we have
chosen to focus on identifying a consistent direction (i.e., induction or inhibition) of DME
changes in the progressive stages of NAFLD. The details and results of these studies have
been compiled in the included tables (Tables 1-8).
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Phase I
Cytochrome P450s—A recent study of the 200 most often prescribed drugs found that
two thirds of hepatically cleared drugs were metabolized by CYPs (Williams et al., 2004).
These enzymes belong to three families (CYP1, CYP2, and CYP3), with several isoforms
within multiple subfamilies. CYP3A is the predominant hepatic CYP, both in terms of
relative expression and the number of relevant substrates. In terms of the percent of drugs
metabolized, CYP2C9, 2D6, 2C19, and 1A2 follow CYP3A. Other enzymes, such as 2A6
and 2E1, are collectively responsible for only 6% of clinically relevant drugs (Zanger et al.,
2005). Information on the effects of NAFLD on drug-metabolizing CYP enzymes was found
for CYP1A2, 2A, 2B, 2C, 2D, 2E, and 3A.

CYP1A2—CYP1A2 constitutes approximately 13% of hepatic CYP enzymes and
metabolizes some 15% of therapeutic drugs. Substrates for this enzyme are varied and
include adenosine receptor inhibitors, analgesics, antiarrhythmic drugs, anticancer drugs,
anticoagulants, antidepressants, antihistamines, antihypertensive drugs, antipsychotics, β-
blockers, cyclooxygenase-2 inhibitors, anesthetics, and drugs from several other classes
(reviewed by Zhou et al., 2009).

The downregulation of CYP1A2 in NAFLD is one of the more consistent findings in studies
of DME expression and activity. In several different rat models of steatosis, mRNA and
protein were significantly decreased (Zhang et al., 2007; Hanagama et al., 2008). Suh et al.
(2005) reported an initial increase in Cypla2 mRNA expression in obese Zucker rats at 6
weeks, but by 12 weeks, the expression was significantly decreased over lean controls. The
sole study to detect alterations in Cypla2 in a rat model of NASH employed intragastric
forced feeding and resulted in a modest increase in mRNA expression (Baumgardner et al.,
2008). Results in mouse models paralleled that of the rat, with several groups employing
both genetic and dietary models of steatosis exhibiting decreased mRNA, protein, and/or
activity (Yoshinari et al., 2006; Kirpich et al., 2010; Roe et al., 1999), though others failed to
detect this decrease (Watson et al., 1999; Barnett et al., 1992; Fisher et al., 2008). The lone
study to find an increase in Cypla2 activity found protein levels unchanged (Koide et al.,
2010).

Three groups have also reported a downregulation of CYP1A2 in human NAFLD. Greco et
al. (2008) detected CYP1A2 as a significantly decreased gene in microarray studies of
NAFLD patients. Using hepatocytes isolated from human liver grafts of patients with fatty
liver disease, Donato et al. (2006) observed a 44% reduction in CYP1A2 activity. Our own
studies, using postmortem liver samples, revealed a significant decrease in both protein and
activity of CYP1A2 with the progression of NAFLD (Fisher et al., 2009).

CYP2A—CYP2A6 (reviewed by Di et al., 2009) makes up a small fraction of the total
hepatic CYPs (4%) and metabolizes approximately 3% of therapeutic drugs. These include
anticonvulsants, anesthetics, and anticancer drugs, as well as nicotine. In part because of this
comparatively small role in drug metabolism, relatively few studies in either humans or
animal models have investigated CYP2A in NAFLD.

In animal studies, Weltman et al. (1996) reported decreased enzymatic activity in MCD-fed
rats, whereas Watson et al. (1999) observed increased activity in ob/ob mice. Studies in
human hepatocytes are similarly conflicting, with increased CYP2A6 activity in human
hepatocytes isolated from fatty liver grafts and decreased activity in free fatty acids-treated
healthy hepatocytes (Donato et al., 2006). Rubio et al. (2007) found CYP2A6 among
downregulated hepatic genes in bariatric surgery patients with NASH. Our own studies,
using human liver samples, found increased expression both of CYP2A6 mRNA and
protein, as well as increased activity with NAFLD progression (Fisher et al., 2009).
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CYP2A6 activity is elevated in patients with other inflammatory liver diseases, including
hepatitis, primary biliary cirrhosis, and alcoholic cirrhosis (Fisher et al., 2009).

CYP2B—CYP2B6 accounts for 6% of total CYPs in the liver and metabolizes, to some
extent, approximately 10% of therapeutic drugs. Substrate specificity for this enzyme
overlaps significantly with several other CYP2 family members, and most substrate drugs
are more extensively metabolized by these enzymes. The primary interest in CYP2B6 is its
induction by a variety of microsomal inducers and its coregulation with CYP3A4 (Mo et al.,
2009).

Published studies in mouse models do not allow a clear interpretation of the effect of
NAFLD on Cyp2b10. Whereas some studies in genetically steatotic mice reported increased
Cyp2b10 expression and activity (Yoshinari et al., 2006; Watson et al., 1999), others
observed either no change (Barnett et al., 1992; Fisher et al., 2008) or decreased expression
(Kirpich et al., 2010). Further complicating the picture, Cheng et al. (2008) reported
increased expression in ob/ob female mice and decreased expression in ob/ob male mice.

Few studies in human patients have reported on the effects of NAFLD on CYP2B6
expression. Whereas Fisher et al. (2009) found NAFLD progression increased CYP2B6
mRNA in the absence of any effect on protein or activity, two separate groups reported
decreased mRNA expression in NASH livers, when compared to the simple fatty liver
(Stepanova et al., 2010; Yoneda et al., 2008).

CYP2C—Several isoforms of the CYP2C family exist in the human liver, including 2C8,
2C9 (rat homolog Cyp2c11, mouse homolog Cyp2c29), and 2C19. These three human
isoforms together account for approximately 20% of total hepatic CYP content (Hewitt et
al., 2007) and are able to metabolize over one half of commonly prescribed drugs (Nebert
and Russell, 2002). These drug substrates include anticonvulsant drugs, anticoagulants,
antidiabetic drugs, proton pump inhibitors, anticancer drugs, and nonsteroidal anti-
inflammatory drugs (NSAIDs). As with CYP2B6, members of the CYP2C family are
inducible by a number of compounds, including therapeutic drugs (Chen and Goldstein,
2009).

Several studies employing rat NAFLD models have reported decreased expression of the
CYP2C9-homolog, Cyp2c11, at the mRNA (Hanagama et al., 2008; Kim et al., 2004a) and
protein (Zhang et al., 2007) levels in steatotic rats, as well as in MCD-fed rats (Lickteig,
2007). Decreased Cyp2c11 activity has also been reported (Weltman et al., 1996). The db/db
mouse model revealed unchanged total Cyp2c protein, though mRNA levels of Cyp2c29
were elevated (Yoshinari et al., 2006).

In contrast to the uniform decrease seen in rats, human CYP2C9 expression appears
unchanged in NAFLD (Donato et al., 2006; Fisher et al., 2009). However, even in the
absence of elevated expression, CYP2C9 activity was significantly and consistently
increased in NAFLD progression (Fisher et al., 2009). Whereas the CYP2C isoform,
CYP2C8, exhibited no change during the progression of NAFLD, CYP2C19 protein
expression and activity were decreased (Fisher et al., 2009). No reports on CYP2C8 and
CYP2C19 homologs in experimental NAFLD have been published.

CYP2D6—CYP2D6 makes up only 2–8% of total hepatic CYP content, yet it metabolizes
25% of clinical drugs, including antidepressants, neuroleptics, opioids, antiemetics,
antiarrhythmics, β-blockers, antihistamines, and anti-HIV drugs (reviewed by Wang et al.,
2009). CYP2D6 is significantly polymorphic, with ultrarapid, extensive, intermediate, and
poor metabolizing phenotypes represented in the population. Few published studies
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document changes in CYP2D6 during NAFLD. Whereas Donato et al. (2006) reported a
significant downregulation of enzymatic activity in hepatocytes treated with increasing
amounts of free fatly acids, our studies in human liver samples failed to reveal significant
changes in either expression or activity (Fisher et al., 2009).

CYP2E1—CYP2E1 is one of the most well-conserved DMEs, whose drug substrates
include several anesthetics, as well as acetaminophen, phenobarbital, fluoxetine,
theophylline, and chlorzoxazone (Tanaka et al., 2000). Whereas CYP2E1 plays a relatively
minor role in drug metabolism, it plays a major role in chemical toxicity and carcinogenesis.
Nondrug substrates include alcohol, acetone, benzene, fatty acids, carbon tetrachloride, and
nitrosamines (Lu and Cederbaum, 2008). Induction of both protein and activity appear to
occur through increased stabilization of substrate-bound enzyme, often without increased
mRNA expression (Gonzalez, 2007).

CYP2E1 is, perhaps, the most studied CYP enzyme in relation to NAFLD and was the first
enzyme documented to be modulated in clinical fatty liver disease (Weltman et al., 1998).
The majority of human studies have reported increased expression and activity of CYP2E1,
and this increase is hypothesized to play a role in NAFLD pathogenesis (Gomez-Lechon et
al., 2009). Interestingly, in a number of mouse models, Cyp2e1 expression and activity were
decreased (Enriquez et al., 1999; Deng et al., 2005; Watson et al., 1999; Ito et al., 2007;
Cheng et al., 2008). Others failed to observe any change (Donthamsetty et al., 2008;
Yoshinari et al., 2006; Roe et al., 1999; Barnett et al., 1992; Ito et al., 2006). Relatively few
studies reported increases in Cyp2el; in ob/ob females (but not males), in steatotic mice (but
not in NASH mice), in mice fed a high-fat diet, and in mice fed an MCD diet (Ito et al.,
2007; Roe et al., 1999; Mantena et al., 2009; Leclercq et al., 2000). Results in rat studies
reveal a more consistent increase in Cyp2el activity and expression in MCD diet fed rats
(Weltman et al., 1996), in those fed a high-fat diet, including intragastric overfeeding (Osabe
et al., 2008; Khemawoot et al., 2007; Lieber et al., 2004; Baumgardner et al., 2008; Li et al.,
2011), and in obese Zucker rats (Khemawoot et al., 2007). Two studies reported decreases in
Cyp2e1, in obese Zucker animals, and orotic acid treatment (Zhang et al., 2007; Enriquez et
al., 1999).

Researchers have observed human CYP2E1 upregulation in morbidly obese patients (Emery
et al., 2003), in general NAFLD (Kohjima et al., 2007), and in NASH (Baker et al., 2010;
Weltman et al., 1998; Videla et al., 2004; Chalasani et al., 2003; Orellana et al., 2006).
Chtioui et al. (2007) reported no difference in CYP2E1 activity between steatotic livers and
those with NASH, with activity correlated to severity of steatosis, instead of disease
progression. This is in agreement with findings by Emery et al. (2003), as well as the
observation that immunohistochemistry staining localizing CYP2E1 protein expression to
the hepatocytes was most affected by lipid accumulation (zone 3) (Weltman et al., 1998;
Bell et al., 2010). However, several other studies found CYP2E1 protein and activity
unchanged in patients with simple fatty liver (Prompila et al., 2008; Donato et al., 2006;
Videla et al., 2004; Orellana et al., 2006). CYP2E1 levels and activity are decreased after
dietary restriction and bariatric surgery (Bell et al., 2010; Leclercq et al., 1999). Two studies
have observed decreased CYP2E1 mRNA expression in NAFLD, though decreased activity
has not been reported (Fisher et al., 2009; Nakamuta et al., 2005)

CYP3A—The CYP3A family includes several isoforms (e.g., 3A4, 3A5, 3A7, and 3A43),
though CYP3A4 appears to be the major enzyme in drug metabolism. CYP3A4 is the most
abundant CYP enzyme in the liver and, alone, accounts for the metabolism of over 50% of
drugs (Hewitt et al., 2007). The structurally diverse substrates of CYP3A4 include drugs
from almost all classes (reviewed by Zhou, 2008). CYP3A4 activity is highly variable, with
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pharmacologic inhibition and induction reported with numerous drugs and other chemicals,
including its own substrates (Zhou, 2008).

Due to the major role played by CYP3A in drug metabolism, a number of investigators have
studied how this enzyme is modulated by NAFLD. Rat models, to date, have predominantly
observed decreased expression or activity of Cyp3a, including both steatosis (Zhang et al.,
2007; Osabe et al., 2008; Hanagama et al., 2008; Suh et al., 2005; Kim et al., 2004a) and
NASH (Weltman et al., 1996), though increased expression of several Cyp3a isoforms have
been observed in rat NASH models, using forced intragastric feeding (Baumgardner et al.,
2008; Li et al., 2011). Interestingly, two independent studies observed temporal differences
in the regulation of Cyp3a in NAFLD, with decreased expression at 2 weeks, increased
expression at 6 and 8 weeks, and decreased expression again at 12 weeks (Osabe et al.,
2008; Suh et al., 2005). Studies in ob/ob and db/db mice failed to detect any change in
Cyp3a activity (Yoshinari et al., 2006; Watson et al., 1999; Roe et al., 1999; Barnett et al.,
1992). Results in mice fed a high-fat diet were not consistent (Koide et al., 2010; Kirpich et
al., 2010; Cheng et al., 2008; Kim et al., 2001b), whereas the only study in a NASH mouse
model observed increased expression (Fisher et al., 2008).

Three studies have reported decreased activity of CYP3A4/5 in NAFLD patients (Weltman
et al., 1998; Donato et al, 2006, 2007). Bell et al. (2010) investigated the effect of bariatric
surgery on protein expression of CYP3A4/5 and CYP2E1. Whereas they observed a
significant decrease in CYP2E1 expression, CYP3A4/5 expression was unchanged. In our
recent study, we observed a decreasing trend in CYP3A4/5 expression and activity, though
neither reached statistical significance (Fisher et al, 2009).

Minor phase I enzymes—Although the majority of phase I metabolism is performed by
CYP enzymes, a number of additional enzymes play a minor role in drug and xenobiotic
metabolism. NAD(P)H quinoneoxidoreductase 1 (NQOl; NAD(P)H dehydrogenase, quinone
1) acts to detoxicate quinones, for example, the toxic acetaminophen metabolite, NAPQI.
Nqol expression is consistently increased in models of NAFLD. Mouse models of both
steatosis (Cheng et al., 2008) and NASH (Fisher et al., 2008) reported increased Nqol
expression. Whereas Kim et al. (2004a) reported slightly decreased expression in obese
Zucker rats, we observed an increase in both the expression and activity in MCD-diet-fed
rats (Lickteig et al., 2007). Our recently published findings on the effect of human disease
on antioxidant genes found significantly increased mRNA, protein, and activity in the
progression of NAFLD (Hardwick et al., 2010). Hemeoxygenase 1 (HO1), though not
directly involved in drug metabolism, is another important cyto-protective enzyme. HOI is
often coordinately regulated with NQOl and is increased in models of steatosis and NASH
(Lickteig et al., 2007; Cheng et al., 2008).

Two additional enzymes detoxicate the reactive intermediates formed during drug
metabolism: epoxides and aldehydes. Microsomal epoxide hydrolase (mEH) plays a major
role in the hydrolysis of epoxides formed during drug and xenobiotic metabolism. Similarly,
aldehyde dehydrogenase metabolizes acetaldehyde, produced by ethanol oxidation, to form
acetate. The expression of both enzymes was altered in experimental NAFLD. mEH was
upregulated in a rat model of NASH (Lickteig et al., 2007), and several isoforms of ALDH
were upregulated in mice fed high-fat diets (Kim et al., 2004b; Lee et al., 2010).

Phase II
Sulfotransferases (SULT)—SULT enzymes are involved in the metabolism of
therapeutic drugs and endogenous hormones. Drug-metabolizing SULTs are cytosolic and
belong to SULT1 and SULT2 families (Nowell and Falany, 2006). Whereas SULTs are the
major detoxication enzyme in the developing liver, in adult livers, they account for the
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metabolism of less than one fourth of conjugated drugs (Jancova et al., 2010). Common
SULT substrates include acetaminophen, albuterol, terbutaline, methyldopa, and hormonal
contraceptives (Liston et al., 2001; Edelman et al., 2010).

Early studies in obese overfed rats reported decreased formation of acetaminophen
sulfonate, though NAFLD status was not investigated (Corcoran et al., 1987; Corcoran and
Wong, 1987). Few studies have reported on the effect of NAFLD on SULT expression or
activity. Cheng et al. (2008) observed an increase in Sult2al/2 expression in ob/ob males,
with no change in females. Koide et al. (2010) reported a decrease in Sult2a1 protein
expression and activity in mice fed a high-fat diet, though no change was detected in Sult1a1
in the same animals. Studies in obese Zucker rats also found SULT activity unaffected by
NAFLD (Chaudhary et al., 1993).

In human patients, Younossi et al. (2005a) reported SULT1A2 among genes downregulated
in NASH. Interestingly, Stepanova et al. (2010) compared hepatic gene expression between
Caucasian and African-American patients with steatosis or NASH. SULT1A1 expression
was significantly downregulated with the progression to NASH, though only in African
Americans.

UDP glucuronosyltransferases (UGTs)—Glucuronide conjugation is the major
method of phase II conjugation and plays a key role in conjugating clinical drugs for
processing and elimination from the body. Several NSAIDs and opioids are excreted
primarily as glucuronide conjugates, as are certain anxiolytics, antidepressants, and
antipsychotics (reviewed by Liston et al., 2001). UGTs are also involved in the metabolism
of several hormonal contraceptives (Liston et al., 2001; Edelman et al., 2010). Two enzymes
families, UGT1A and UGT2B, are clinically important in humans, with several distinct gene
products of widely varying substrate specificity in each family. UCT1A family members
share common exons (2-5). Loss of function mutations in these exons can lead to Crigler-
Najjar syndrome (Bock, 2010). UGT2B family members are particularly important, both due
to protein levels (UGT2B4, UGT2B10) and number of drugs metabolized (UGT2B7) (Bock,
2010).

No human studies have reported changes in UGT expression in NAFLD. In animal models,
published results are fairly consistent. Obese Zucker rats exhibited decreased mRNA
expression of Ugt1a1, 1a6, and 2a1 (Kim et al., 2004a), though others observed increased
glucuronidation in the same model (Chaudhary et al., 1993). Similarly, rats fed a high-fat
diet had decreased protein levels of Ugt1a1, 1a6, 1a7, and 2b1 (Osabe et al., 2008). Watson
et al. (1999) observed no change in Ugt activity in ob/ob mice. Ugt 1a9 mRNA levels were
observed to decrease in mice with steatosis (Kirpich et al., 2010), though protein and activity
were unaltered (Koide et al., 2010). Ugt2b activity was reportedly increased in high-fat-diet-
fed mice, though expression was unchanged or even decreased (Koide et al., 2010; Kirpich
et al., 2010).

Glutathione—The glutathione antioxidant system is responsible for the conjugation of
nucleophilic glutathione (GSH) to electrophilic compounds, including drugs and drug
metabolites. This conjugation is performed by glutathione S-transferase (GST) enzymes,
grouped into five classes: alpha, mu, pi, theta, and zeta (Hayes et al., 2005). Glutathione-
conjugation activity can be modulated through changes in the expression of GSTs, in GSH
levels, or in the expression of enzymes that synthesize GSH. Whereas glutathione synthetase
(GSS) is involved in the final step, the rate-limiting step in GSH synthesis is catalyzed by
glutamylcysteine ligase (GCL), which is composed of a catalytic (GCLC) and a modifier
(GCLM) subunit (Lu, 2009).
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Glutathione S-transferases—The impact of NALFD on GST expression and activity
appears to be isoform and, possibly, species specific. Members of the alpha family showed
increased expression in ob/ob mice (Sharma et al., 2010), but expression was decreased in
mice fed a high-fat diet and in obese Zucker rats (Kirpich et al., 2010; Kim et al., 2004a).
Two human studies have reported increases in GSTA expression. We recently reported an
increase in the expression of GSTA1, A2, and A4 in NAFLD progression (Hardwick et al.,
2010). Younossi et al. observed increased GSTA4 expression in NASH, though the parallel
increase in a non-NAFLD obese control group may indicate an association with obesity,
rather than NAFLD (Younossi et al., 2005b).

Mouse studies on the effect of NAFLD on the mu family of GSTs have all employed high-
fat diets to induce steatosis. GSTm1, m2, m3, and m6 expression has been observed to
increase (Lee et al., 2010; Kim et al., 2004b) or to decrease (Kirpich et al., 2010) by
different groups. In human studies, we have observed that NAFLD progression significantly
increases the expression of GSTM1 and M3, but saw a contrasting decrease in overall
GSTM protein expression (Hardwick et al., 2010). Yoneda et al. (2008) reported a decrease
in GSTM1 expression with the progression from steatosis to NASH. Similarly, GSTM1, 2,
4, and 5 were found among genes downregulated in steatosis (Younossi et al., 2005a) and
NASH (Rubio et al., 2007). Interestingly, ethnicity may have a significant impact on GSTM
expression in NAFLD, as Stepanova et al. (2010) reported that GSTM2, M4, and M5 are all
increased more in African Americans with NASH than in Caucasians with the same disease.
Finally, whereas GSTP1 mRNA was downregulated in mice fed a high-fat diet (Kirpich et
al., 2010), our human studies found both mRNA and protein expression significantly
increased (Hardwick et al., 2010).

The majority of investigations into GST activity in NAFLD have found decreased enzymatic
activity, including studies of both ob/ob mice (Roe et al., 1999; Barnett et al., 1992) and
human liver samples (Hardwick et al., 2010). Koide et al. (2010) reported increased activity
in high-fat-diet-fed mice, and other groups have found no change in NAFLD models
(Watson et al., 1999).

GSH content and synthesis—A number of studies have observed hepatic depletion of
GSH content in NAFLD. GSH levels were unchanged in obese Zucker rats, when compared
to liver weight (Chaudhary et al., 1993) in ob/ob mice (Watson et al., 1999) and mice fed a
high-fat diet (Ito et al., 2006). Other mouse studies have observed a depletion of total GSH
in both steatosis and NASH (Ito et al., 2007; Barnett et al., 1992; Lee et al., 2010), as have
studies in human NAFLD patients (Videla et al., 2004; Hardwick et al., 2010). With the
depletion of GSH, there is a concurrent decrease in the ratio between reduced GSH and
oxidized GSSG (Lee et al., 2010; Hardwick et al., 2010) in NAFLD, demonstrating the
increased oxidative stress inherent in the disease (Pastore et al., 2003). Further, this
depletion of hepatic GSH is not due to decreased synthesis, as GSS, GCLC, and GCLM
have been found to be unchanged or even increased in NAFLD (Kohjima et al., 2007;
Chaudhary et al., 1993; Lickteig et al., 2007; Hardwick et al., 2010; Kim et al., 2004b).

Mechanisms
Investigation into the mechanisms responsible for these NAFLD alterations in drug
metabolism are limited, though several potential mechanisms have been proposed. These
include modulation by inflammatory mediators, inhibition by free fatty acids, nuclear
receptor activation, and oxidative stress signaling.
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Cytokines
Insulin resistance and obesity are proinflammatory conditions, and, whereas overt
inflammatory infiltration only occurs in later stages of NAFLD, cytokines and inflammatory
mediators are observed in all stages of the disorder. Prominent cytokines involved in
NAFLD progression include interleukin 1 (IL-1), IL-6, IL-8, and tumor necrosis factor-α
(TNFα) (Jarrar et al., 2008; Estep et al., 2009; Wieckowska et al., 2008). The
downregulation of CYP activity and expression with inflammation has been well described
(Aitken et al., 2006), yet little has been reported on the effects of inflammation on phase II
metabolic enzymes. Depletion of Kupffer cells in rat liver slices was shown to correlate with
increased acetaminophen glucuronidation (Neyrinck et al., 1999), indicating that cytokines
may also downregulate conjugating DMEs in addition to CYP enzymes.

In addition to the potential for inflammatory signaling from endogenous sources, several
studies have investigated the role for endotoxemia in the progression of NAFLD (reviewed
in Manco et al., 2010). The modulation of DMEs during LPS treatment and bacterial
infection has been well documented, though the precise mechanisms are still under
investigation (Morgan, 2009). The effects of endotoxemia appear predominantly to
downregulate enzyme expression and activity, in contrast to the frequent upregulation seen
in several enzymes during NAFLD. Nevertheless, there is a clear potential for LPS-
dependent effects on drug metabolism during NAFLD.

Nuclear receptors
CAR/PXR—The expression of many DMEs is modulated through the activity of nuclear
receptors. The pregnane X receptor (PXR), known as the steroid and xenobiotic receptor in
humans (SXR), along with the constitutive androstane receptor (CAR), are two well-known
xenosensors and master regulators of xenobiotic response (Kakizaki et al., 2008). Studies in
two mouse models have reported increased mRNA expression of PXR in NAFLD, one of
which coincided with increased expression of Cyp3all (Yoshinari et al., 2006; Fisher et al.,
2008). Characterized target genes of these receptors include CYP2B, 2C, and 3A, as well as
SULTs and UGTs (Kakizaki et al., 2008), making the modulation of PXR and/or CAR
activity an obvious hypothesis for the alterations seen in NAFLD.

Additionally, multiple links have been reported between these xenosensors and the
regulation of energy/lipid metabolism (reviewed by Gao and Xie, 2010). Polyunsaturated
fatty acids have been shown to modulate the activity of CAR and, to a lesser extent, PXR
(Finn et al., 2009). The transcription factorsterol-regulatory element binding protein
(SREBP1) is upregulated in obese insulin-resistant patients (PettinelLi et al., 2009), and this
factor has been shown to inhibit both PXR and CAR (Roth et al., 2008b). The master energy
sensor, AMP-activated protein kinase (AMPK), is responsible for decreasing
gluconeogenesis and lipogenesis and appears to be required for CAR activation in the liver
(Rencurel et al., 2005, 2006; Shindo et al., 2007). Finally, the insulin-sensitive transcription
factor, FOXOl, has been shown to modulate the activity of both CAR and PXR (Kodama et
al., 2004). Recent research has also indicated that CAR activation may be protective against
NAFLD (Gao et al., 2009; Dong et al., 2009; Roth et al., 2008a; Zhai et al., 2010), though
other studies have reported the opposite (Yamazaki et al., 2007).

HNF4α—The nuclear receptor, hepatocyte nuclear factor 4-alpha (HNF4α), is activated by
a variety of fatty acids and is responsible for controlling several metabolic pathways,
including both fatty acid metabolism and drug metabolism. Reported CYPs regulated by
HNF4α include CYP2A6, 2B6, 2C8, 2C9, 2C19, 2D6, and 3A4/5 (Jover et al., 2009).
Whereas both CAR and PXR are induced by HNF4α, it appears that only CYP2B6
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induction by HNF4α can be fully attributed to these increased CAR levels (Kamiyama et al.,
2007).

In NAFLD, Yoshinari et al. (2006) observed no significant change in the mRNA levels of
HNF4α mRNA in db/db mice. Similarly, Sugatani et al. (2006) reported unchanged HNF4α
mRNA levels in rats fed a high-fat diet. However, levels of nuclear HNF4α protein were
significantly decreased in this rat model. It is possible that the general decrease in total CYP
expression observed by many groups is due to an inhibition of HNF4α protein levels in
NAFLD.

Oxidative stress signaling—Cells respond to oxidative stress, such as that which occurs
in the progression of NAFLD, by upregulating antioxidant genes. This antioxidant response
is controlled by a specific transcription factor, NF-E2-rclatcd nuclear factor 2 (Nrf2)
(Jaiswal, 2004). Under normal conditions, Nrf2 is negatively regulated by the protein,
Keapl, which is responsible for sequestering Nrf2 from the nucleus and aiding in its
degradation (Li and Kong, 2009; Zhang, 2006). When a cell undergoes oxidative stress,
Nrf2 is released from Keapl and translocates to the nucleus, where it is able to promote the
transcription of its target genes. Work from our lab and others have revealed Nrf2 activation
in both experimental (i.e., high-fat-diet– or MCD-diet–fed mice) and clinical NAFLD
(Fisher et al., 2008; Hardwick et al., 2010; Kim et al., 2004b).

Similarly to CAR and PXR, Nrf2 acts to regulate both xenobiotic responses and energy
metabolism. A recent study by Kitteringham et al. (2010) suggested that Nrf2 may be a
major regulator of hepatic lipid disposition. This is in addition to its well-known regulation
of GSTs, UGTs, SULTs, and GSH production (Shen and Kong, 2009). Nrf2 has been shown
to modulate CYP activity as well, including the downregulation of CYP1A2 and the
induction of CYP2A5 (Garget al., 2008; Lamsa et al., 2010). Researchers are further
examining the interplay between Nrf2 activation and NAFLD progression (Chowdhry et al.,
2010; Sugimoto et al., 2010; Zhang et al., 2010; Pi et al., 2010; Shin et al., 2009).

Conclusions
The hepatic disorder known as NAFLD results in significant alterations in the expression
and activity of multiple DMEs. Because of the extremely high prevalence of the disease,
when considering any drug in clinical use in the United States, it is likely that some patients
receiving the drug will have NAFLD. Altered drug metabolism in NAFLD patients may lead
to altered pharmacokinetics and increased risk for adverse drug reactions. In reviewing the
data currently available in the literature, several categories of responses to NAFLD are
observed.

The first category of responses includes enzyme changes that are consistent and uniform
across nearly all of the published studies. For example, NAFLD appears to elicit a near-
uniform downregulation of CYP1A2 as well as cellular GSH. Drugs significantly
metabolized by CYP1A2 or GSH conjugation should be closely monitored during
administration to patients where NAFLD is suspected. Additionally, because these changes
are consistent across species, rodent models of NAFLD may be of use in identifying
potential toxic events associated with these specific alterations.

The second category includes alterations that appear to be dependent upon species, sex, or
even ethnicity. The upregulation of CYP2E1 in NAFLD is reported in the majority of human
and rat studies, yet mouse studies regularly observe downregulation of this enzyme. DME
alterations in NAFLD are also impacted by both race and sex. These findings highlight the
importance of carefully considering and controlling for the multiple potential sources of
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variability in DME expression and activity. Additional comprehensive investigations into
the relative impact of these factors within the presence of NAFLD would be beneficial.

Finally, in the case of most of the clinically relevant DMEs, the effects of NAFLD are
unclear, either because of high variability between studies (CYP3A) or because of an
insufficient number of studies (SULTs and UGTs). In cases such as these, the use of probe
compounds may allow in vivo determination of relative metabolic activity and identification
of individuals that require personalized dosing regimens. In the progression to this more
personalized approach to pharmacotherapy, considerations of drug metabolism and altered
pharmacokinetics by chronic diseases, such as NAFLD, are imperative.

Despite the high prevalence of NAFLD, research in regard to the disease effects on hepatic
drug metabolism is lacking, especially in human subjects. Though obvious difficulties exist
(i.e., identifying clinical subjects, obtaining tissue samples), information about disease-
induced variability in drug metabolism and clearance is vital to safe pharmacotherapy.

Acknowledgments
The authors are grateful to Rhiannon Hardwick and April Lake for their reading of the manuscript of this article.

Declaration of interest: This work was funded by NIH grants DK068039 and ES007091.

References
Adler M, Schaffner F. Fatly liver hepatitis and cirrhosis in obese patients. Am J Med. 1979; 67:811–

816. [PubMed: 507094]

Aitken AE, Richardson TA, Morgan ET. Regulation of drug-metabolizing enzymes and transporters in
inflammation. Annu Rev Pharmacol Toxicol. 2006; 46:123–149. [PubMed: 16402901]

Amarapurka DN, Amarapurkar AD, Patel ND, Agal S, Baigal R, Gupte P, et al. Nonalcoholic
steatohepatitis (NASH) With Diabetes: predictors of liver fibrosis. Ann Hepatol. 2006; 5:30–33.
[PubMed: 16531962]

Amarapurkar DN, Patel ND. Clinical spectrum and natural history of non-alcoholic steatohepatitis
with normal alanine aminotransferase values. Trop Gastroenterol. 2004; 25:130–134. [PubMed:
15682660]

Anstee QM, Goldin RD. Mouse models in non-alcoholic fatty liver disease and steatohepatitis
research. Int J Exp Pathol. 2006; 87:1–16. [PubMed: 16436109]

Baker SS, Baker RD, Liu W, Nowak NJ, Zhu L. Role of alcohol metabolism in non-alcoholic
steatohepatitis. PLoS One. 2010; 5:e9570. [PubMed: 20221393]

Barnett CR, Abbott RA, Bailey CJ, Flatt PR, Ioannides C. Cytochrome P-450-dependent mixed-
function oxidase and glutathione S-transfcrase activities in spontaneous obesity-diabetes. Biochcm
Pharmacol. 1992; 43:1868–1871.

Barshop NJ, Capparelli EV, Sirlin CB, Schwimmer JB, Lavine JE. Acetaminophen pharmacokinetics
in children with nonalcoholic fatty liver disease. J Pediatr Gastroenterol Nutr. 2011; 52:198–202.
[PubMed: 21240014]

Baumgardner JN, Shankar K, Hennings L, Badger TM, Ronis MJ. A new model for nonalcoholic
steatohepatitis in the rat utilizing total enteral nutrition to overfeed a high-polyunsaturated fat diet.
Am J Physiol Gastrointest Liver Physiol. 2008; 294:G27–G38. [PubMed: 17947452]

Bell LN, Temm CJ, Saxena R, Vuppalanchi R, Schauer P, Rabinovitz M, et al. Bariatric surgery-
induced weight loss reduces hepatic lipid peroxidation levels and affects hepatic cytochrome
P-450 protein content. Ann Surg. 2010; 251:1041–1048. [PubMed: 20485142]

Bock KW. Functions and Transcriptional Regulation of Adult Human Hepatic UDP-Glucuronosyl-
Transferases (UGTs): Mechanisms responsible for interindividual variation of UGT levels.
Biochem Pharmacol. 2010; 80:771–777. [PubMed: 20457141]

Merrell and Cherrington Page 15

Drug Metab Rev. Author manuscript; available in PMC 2013 August 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Boyle JP, Thompson TJ, Gregg EW, Barker LE, Williamson DF. Projection of the year 2050 burden of
diabetes in the US adult population: dynamic modeling of incidence, mortality, and prediabetes
prevalence. Popul Health Metr. 2010; 8:29. [PubMed: 20969750]

Bravo AA, Sheth SG, Chopra S. Liver biopsy. NEJM. 2001; 344:495–500. [PubMed: 11172192]

Browning JD, Horton JD. Molecular mediators of hepatic steatosis and liver injury. J Clin Invest.
2004; 114:147–152. [PubMed: 15254578]

Bugianesi E, Leone N, Vanni E, Marchesini G, Brunello F, Carucci P, et al. Expanding the natural
history of nonalcoholic steatohepatitis: from cryptogenic cirrhosis to hepatocellular carcinoma.
Gastroenterology. 2002; 123:134–140. [PubMed: 12105842]

Chalasani N, Gorski JC, Asghar MS, Asghar A, Foresman B, Hall SD, et al. Hepatic cytochrome P450
2E1 activity in nondiabetic patients with nonalcoholic steatohepatitis. Hepatology. 2003; 37:544–
550. [PubMed: 12601351]

Chaudhary IP, Tuntaterdtum S, McNamara PJ, Robertson LW, Blouin RA. Effect of genetic obesity
and phenobarbital treatment on the hepatic conjugation pathways. J Pharmacol Exp Ther. 1993;
265:1333–1338. [PubMed: 8510012]

Chen CH, Huang MH, Yang JC, Nien CK, Yang CC, Yeh YH, et al. Prevalence and risk factors of
nonalcoholic fatty liver disease in an adult population of Taiwan: metabolic significance of
nonalcoholic fatty liver disease in nonobese adults. J Clin Gastroenterol. 2006; 40:745–752.
[PubMed: 16940890]

Chen Y, Goldstein JA. The transcriptional regulation of the human CYP2C genes. Curr Drug Metab.
2009; 10:567–578. [PubMed: 19702536]

Cheng Q, Aleksunes LM, Manautou JE, Cherrington NJ, Scheffer GL, Yamasaki H, et al. Drug-
metabolizing enzyme and transporter expression in a mouse model of diabetes and obesity. Mol
Pharm. 2008; 5:77–91. [PubMed: 18189363]

Chowdhry S, Nazmy MH, Meakin PJ, Dinkova-Kostova AT, Walsh SV, Tsujita T, et al. Loss of Nrf2
markedly exacerbates nonalcoholic steatohepatitis. Free Radic Biol Med. 2010; 48:357–371.
[PubMed: 19914374]

Chtioui H, Semela D, Ledermann M, Zimmermann A, Dufour JF. Expression and activity of the
cytochrome P450 2E1 in patients with nonalcoholic steatosis and steatohepatitis. Liver Int. 2007;
27:764–771. [PubMed: 17617119]

Clark JM, Diehl AM. Nonalcoholic fatty liver disease: an underrecognized cause of cryptogenic
cirrhosis. JAMA. 2003; 289:3000–3004. [PubMed: 12799409]

Corcoran GB, Wong BK. Obesity as a risk factor in drug-induced organ injury: increased liver and
kidney damage by acetaminophen in the obese overfed rat. J Pharmacol Exp Ther. 1987; 241:921–
927. [PubMed: 3598908]

Corcoran GB, Wong BK, Shum L, Galinsky RE. Acetaminophen sulfation deficit in obese rats overfed
an energy-dense cafeteria diet. Endocr Res. 1987; 13:101–121. [PubMed: 3622404]

Day CP, James OF. Steatohepatitis: a tale of two “hits”? Gastroenterology. 1998; 114:842–845.
[PubMed: 9547102]

Delgado JS. Evolving trends in nonalcoholic fatty liver disease. Eur J Intern Med. 2008; 19:75–82.
[PubMed: 18249301]

Deng QG, She H, Cheng JH, French SW, Koop DR, Xiong S, et al. Steatohepatitis induced by
intragastric overfeeding in mice. Hepatology. 2005; 42:905–914. [PubMed: 16175602]

Di YM, Chow VD, Yang LP, Zhou SF. Structure, function, regulation and polymorphism of human
cytochrome P450 2A6. Curr Drug Metab. 2009; 10:754–780. [PubMed: 19702528]

Dolce CJ, Russo M, Keller JE, Buckingham J, Norton HJ, Heniford BT, et al. Does liver appearance
predict histopathologic findings: prospective analysis of routine liver biopsies during bariatric
surgery. Surg Obes Relat Dis. 2009; 5:323–328. [PubMed: 19356994]

Donato MT, Jimenez N, Serralta A, Mir J, Castell JV, Gomez-Lechon JV. Effects of steatosis on drug-
metabolizing capability of primary human hepatocytes. Toxicol In Vitro. 2007; 21:271–276.
[PubMed: 16950596]

Donato MT, Lahoz A, Jimenez N, Perez G, Serralta A, Mir J, et al. Potential impact of steatosis on
cytochrome P450 enzymes of human hepatocytes isolated from fatty liver grafts. Drug Metab
Dispos. 2006; 34:1556–1562. [PubMed: 16763015]

Merrell and Cherrington Page 16

Drug Metab Rev. Author manuscript; available in PMC 2013 August 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Dong B, Saha PK, Huang W, Chen W, Abu-Elheiga LA, Wakil SJ, et al. Activation of nuclear receptor
CAR ameliorates diabetes and fatty liver disease. Proc Natl Acad Sci U S A. 2009; 106:18831–
18836. [PubMed: 19850873]

Donnelly KL, Smith CI, Schwarzenberg SJ, Jessurun J, Boldt MD, Parks EJ. Sources of fatty acids
stored in liver and secreted via lipoproteins in patients with nonalcoholic fatty liver disease. J Clin
Invest. 2005; 115:1343–1351. [PubMed: 15864352]

Donthamsetty S, Bhave VS, Mitra MS, Latendresse JR, Mehendale HM. Nonalcoholic steatohepatitic
(NASH) mice are protected from higher hepatotoxicity of acetaminophen upon induction of
PPARalpha with clofibrate. Toxicol Appl Pharmacol. 2008; 230:327–337. [PubMed: 18501395]

Edelman AB, Chcrala G, Stanczyk FZ. Metabolism and pharmacokinetics of contraceptive steroids in
obese women: a review. Contraception. 2010; 82:314–323. [PubMed: 20851224]

Ellis KJ. Body composition of a young, multiethnic, male population. Am J Clin Nutr. 1997; 66:1323–
1331. [PubMed: 9394682]

Emery MG, Fisher JM, Chien JY, Kharasch ED, Dellinger EP, Kowdley KV, et al. CYP2E1 activity
before and after weight loss in morbidly obese subjects with nonalcoholic fatty liver disease.
Hepatology. 2003; 38:428–435. [PubMed: 12883487]

Enriquez A, Leclercq I, Farrell GC, Robertson G. Altered expression of hepatic CYP2E1 and CYP4A
in obese, diabetic ob/ob mice, and fa/fa Zucker rats. Biochem Biophys Res Commun. 1999;
255:300–306. [PubMed: 10049703]

Estep JM, Baranova A, Hossain N, Elariny H, Ankrah K, Afendy A, et al. Expression of cytokine
signaling genes in morbidly obese patients with non-alcoholic steatohepatitis and hepatic fibrosis.
Obes Surg. 2009; 19:617–624. [PubMed: 19280268]

Finn RD, Henderson CJ, Scott CL, Wolf CR. Unsaturated fatty acid regulation of cytochrome P450
expression via a CAR-dependent pathway. Biochem J. 2009; 417:43–54. [PubMed: 18778245]

Fisher CD, Jackson JP, Lickteig AJ, Augustine LM, Cherrington NJ. Drug metabolizing enzyme
induction pathways in experimental non-alcoholic steatohepatitis. Arch Toxicol. 2008; 82:959–
964. [PubMed: 18488193]

Fisher CD, Lickteig AJ, Augustine LM, Ranger-Moore J, Jackson JP, Ferguson SS, et al. Hepatic
cytochrome P450 enzyme alterations in humans with progressive stages of nonalcoholic fatty liver
disease. Drug Metab Dispos. 2009; 37:2087–2094. [PubMed: 19651758]

Flegal KM, Carroll MD, Kuczmarski RJ, Johnson CL. Overweight and obesity in the United States:
prevalence and trends, 1960-1994. Int J Obes Relat Metab Disord. 1998; 22:39–47. [PubMed:
9481598]

Flegal KM, Carroll MD, Ogden CL, Curtin LR. Prevalence and trends in obesity among US adults,
1999-2008. JAMA. 2010; 303:235–241. [PubMed: 20071471]

Flegal KM, Carroll MD, Ogden CL, Johnson CL. Prevalence and trends in obesity among US adults,
1999-2000. JAMA. 2002; 288:1723–1727. [PubMed: 12365955]

Ford ES, Giles WH, Dietz WH. Prevalence of the metabolic syndrome among US adults: findings
from the Third National Health and Nutrition Examination Survey. JAMA. 2002; 287:356–359.
[PubMed: 11790215]

Foucher J, Castera L, Bernard PH, Adhoute X, Laharie D, Bertet J, et al. Prevalence and factors
associated with failure of liver stiffness measurement using FibroScan in a prospective study of
2114 examinations. Eur J Gastroenterol Hepatol. 2006; 18:411–412. [PubMed: 16538113]

Fracanzani AL, Valenti L, Bugianesi E, Andreoletti M, Colli A, Vanni E, et al. Risk of severe liver
disease in nonalcoholic fatty liver disease with normal aminotransferase levels: a role for insulin
resistance and diabetes. Hepatology. 2008; 48:792–798. [PubMed: 18752331]

Gao J, He J, Zhai Y, Wada T, Xie W. The constitutive androstane receptor is an anti-obesity nuclear
receptor that improves insulin sensitivity. J Biol Chem. 2009; 284:25984–25992. [PubMed:
19617349]

Gao J, Xie W. Pregnane X receptor and constitutive androstane receptor at the crossroads of drug
metabolism and energy metabolism. Drug Metab Dispos. 2010; 38:2091–2095. [PubMed:
20736325]

Merrell and Cherrington Page 17

Drug Metab Rev. Author manuscript; available in PMC 2013 August 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Garg R, Gupta S, Maru GB. Dietary curcumin modulates transcriptional regulators of phase I and
phase II Enzymes in benzo[a]pyrene-treated mice: mechanism of its anti-initiating action.
Carcinogenesis. 2008; 29:1022–1032. [PubMed: 18321868]

Gomez-Lechon MJ, Jover R, Donato MT. Cytochrome P450 and steatosis. Curr Drug Metab. 2009;
10:692–699. [PubMed: 19702532]

Gonzalez FJ. The 2006 Bernard B. Brodie Award Lecture. Cyp2el. Drug Metab Dispos. 2007; 35:1–8.
[PubMed: 17020953]

Greco D, Kotronen A, Westerbacka J, Puig O, Arkkila P, Kiviluoto T, et al. Gene expression in human
NAFLD. Am J Physiol Gastrointest Liver Physiol. 2008; 294:G1281–G1287. [PubMed:
18388185]

Guengerich FP. Cytochrome P450s and other enzymes in drug metabolism and toxicity. AAPS J.
2006; 8:E101–E111. [PubMed: 16584116]

Hanagama M, Inoue H, Kamiya M, Shinone K, Nata M. Gene expression on liver toxicity induced by
administration of haloperidol in rats with severe fatty liver. Leg Med (Tokyo). 2008; 10:177–184.
[PubMed: 18280196]

Hardwick RN, Fisher CD, Canet MJ, Lake AD, Cherrington NJ. Diversity in antioxidant response
enzymes in progressive stages of human non-alcoholic fatty liver disease. Drug Metab Dispos.
2010; 38:2293–2301. [PubMed: 20805291]

Harris MI, Cowie CC, Gu K, Francis ME, Flegal K, Eberhardt MS. Higher fasting insulin but lower
fasting C-peptide levels in African Americans in the US population. Diabetes Metab Res Rev.
2002; 18:149–155. [PubMed: 11994907]

Hayes JD, Flanagan JU, Jowsey IR. Glutathione transferases. Annu Rev Pharmacol Toxicol. 2005;
45:51–88. [PubMed: 15822171]

Hewitt NJ, Lechon MJ, Houston JB, Hallifax D, Brown HS, Maurel P, et al. Primary hepatocytes:
current understanding of the regulation of metabolic enzymes and transporter proteins, and
pharmaceutical practice for the use of hepatocytes in metabolism, enzyme induction, transporter,
clearance, and hepatotoxicity studies. Drug Metab Rev. 2007; 39:159–234. [PubMed: 17364884]

Ipekci SH, Basaranoglu M, Sonsuz A. The fluctuation of serum levels of aminotransferase in patients
with nonalcoholic steatohepatitis. J Clin Gastroenterol. 2003; 36:371. [PubMed: 12642751]

Ito M, Suzuki J, Tsujioka S, Sasaki M, Gomori A, Shirakura T, et al. Longitudinal analysis of murine
steatohepatitis model induced by chronic exposure to high-fat diet. Hepatol Res. 2007; 37:50–57.
[PubMed: 17300698]

Ito Y, Abril ER, Bethea NW, McCuskey MK, McCuskey RS. Dietary steatotic liver attenuates
acetaminophen hepatotoxicity in mice. Microcirculation. 2006; 13:19–27. [PubMed: 16393943]

Jaiswal AK. Nrf2 signaling in coordinated activation of antioxidant gene expression. Free Radic Biol
Med. 2004; 36:1199–1207. [PubMed: 15110384]

Jancova P, Anzenbacher P, Anzenbacherova E. Phase II drug metabolizing enzymes. Biomed Pap Med
Fac Univ Palacky Olomouc Czech Repub. 2010; 154:103–116. [PubMed: 20668491]

Jarrar MH, Baranova A, Collantes R, Ranard B, Stepanova M, Bennett C, et al. Adipokines and
cytokines in non-alcoholic fatty liver disease. Aliment Pharmacol Ther. 2008; 27:412–421.
[PubMed: 18081738]

Jou J, Choi SS, Diehl AM. Mechanisms of disease progression in nonalcoholic fatty liver disease.
Semin Liver Dis. 2008; 28:370–379. [PubMed: 18956293]

Jover K, Moya M, Gomez-Lechon MJ. Transcriptional regulation of cytochrome P450 genes by the
nuclear receptor hepatocyte nuclear factor 4-alpha. Curr Drug Metab. 2009; 10:508–519.
[PubMed: 19689247]

Kader HH, Henderson J, Vanhoesen K, Ghishan F, Bhattacharyya A. Nonalcoholic fatty liver disease
in children: a single center experience. Clin Gastroenterol Hepatol. 2008; 6:799–802. [PubMed:
18486560]

Kakizaki S, Yamazaki Y, Takizawa D, Negishi M. New insights on the xenobiotic-sensing nuclear
receptors in liver diseases-CAR and PXR. Curr Drug Metab. 2008; 9:614–621. [PubMed:
18781913]

Kamiyama Y, Matsubara T, Yoshinari K, Nagata K, Kamimura H, Yamazoe Y. Role of human
hepatocyte nuclear factor 4alpha in the Expression of drug-metabolizing enzymes and transporters

Merrell and Cherrington Page 18

Drug Metab Rev. Author manuscript; available in PMC 2013 August 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in human hepatocytes assessed by use of small interfering RNA. Drug Metab Pharmacokinet.
2007; 22:287–298. [PubMed: 17827783]

Khemawoot P, Yokogawa K, Shimada T, Miyamoto K. Obesity-induced increase of CYP2E1 activity
and its effect on disposition kinetics of chlorzoxazone in Zucker rats. Biochem Pharmacol. 2007;
73:155–162. [PubMed: 17049493]

Kim MS, Wang S, Shen Z, Kochansky CJ, Strauss JR, Franklin RB, et al. Differences in the
pharmacokinetics of peroxisome proliferator-activated receptor agonists in genetically obese
Zucker and Sprague-Dawley rats: implications of decreased glucuronidation in obese Zucker rats.
Drug Metab Dispos. 2004a; 32:909–914. [PubMed: 15319330]

Kim S, Sohn I, Ahn JI, Lee KH, Lee YS, Lee YS. Hepatic gene expression profiles in a long-term
high-fat diet-induced obesity mouse model. Gene. 2004b; 340:99–109. [PubMed: 15556298]

Kirpich IA, Gobejishvili LN, Homme MB, Waigel S, Cave M, Arteel G, et al. Integrated hepatic
transcriptome and proteome analysis of mice with high-fat diet-induced nonalcoholic fatty liver
disease. J Nutr Biochem. 2010; 22:38–45. [PubMed: 20303728]

Kitteringham NR, Abdullah A, Walsh J, Randle L, Jenkins RE, Sison R, et al. Proteomic analysis of
Nrf2 deficient transgenic mice reveals cellular defence and lipid metabolism as primary Nrf2-
dependent pathways in the liver. J Proteomics. 2010; 73:1612–1631. [PubMed: 20399915]

Kodama S, Koike C, Negishi M, Yamamoto Y. Nuclear receptors CAR and PXR Cross talk with
FOXO1 to regulate genes that encode drug-metabolizing and gluconeogenic enzymes. Mol Cell
Biol. 2004; 24:7931–7940. [PubMed: 15340055]

Kohjima M, Enjoji M, Higuchi N, Kato M, Kotoh K, Yoshimoto T, et al. Re-evaluation of fatty acid
metabolism-related gene expression in nonalcoholic fatty liver disease. Int J Mol Med. 2007;
20:351–358. [PubMed: 17671740]

Koide CL, Collier AC, Berry MJ, Panee J. The effect of bamboo extract on hepatic biotransforming
enzymes—findings from an obese-diabetic mouse model. J Ethnopharmacol. 2010; 133:37–45.
[PubMed: 20832461]

Kojima H, Sakurai S, Matsumura M, Umemoto N, Uemura M, Morimoto H, et al. Cryptogenic
cirrhosis in the region where obesity is not prevalent. World J Gastroenterol. 2006; 12:2080–2085.
[PubMed: 16610061]

Kunde SS, Lazenby AJ, Clements RH, Abrams GA. Spectrum of NAFLD and diagnostic implications
of the proposed new normal range for serum ALT in obese women. Hepatology. 2005; 42:650–
656. [PubMed: 16037946]

Lamsa V, Levonen AL, Leinonen H, Yla-Herttuala S, Yamamoto M, Hakkola J. Cytochrome P450
2A5 constitutive expression and induction by heavy metals is dependent on redox-sensitive
transcription factor Nrf2 in liver. Chem Res Toxicol. 2010; 23:977–985. [PubMed: 20402460]

Larter CZ, Yeh MM. Animal models of NASH: getting both pathology and metabolic context right. J
Gastroenterol Hepatol. 2008; 23:1635–1648. [PubMed: 18752564]

Lavine JE, Schwimmer JB, Molleston JP, Scheimann AO, Murray KF, Abrams SH, et al. Treatment of
nonalcoholic fatty liver disease in children: TONIC Trial Design. Contemp Clin Trials. 2010;
31:62–70. [PubMed: 19761871]

Lazo M, Clark JM. The epidemiology of nonalcoholic fatty liver disease: a global perspective. Semin
Liver Dis. 2008; 28:339–350. [PubMed: 18956290]

Leclercq I, Horsmans Y, Desager JP, Delzenne N, Geubel AP. Reduction in hepatic cytochrome P-450
is correlated to the degree of liver fat content in animal models of steatosis in the absence of
inflammation. J Hepatol. 1998; 28:410–416. [PubMed: 9551678]

Leclercq I, Horsmans Y, Desager JP, Pauwels S, Geubel AP. Dietary restriction of energy and sugar
results in a reduction in human cytochrome P450 2E1 activity. Br J Nutr. 1999; 82:257–262.
[PubMed: 10655974]

Leclercq IA, Farrell GC, Field J, Bell DR, Gonzalez FJ, Robertson GR. CYP2E1 and CYP4A as
microsomal catalysts of lipid peroxides in murine nonalcoholic steatohepatitis. J Clin Invest. 2000;
105:1067–1075. [PubMed: 10772651]

Lee TY, Chang HH, Lo WC, Lin HC. Alleviation of hepatic oxidative stress by Chinese herbal
medicine Yin-Chen-Hao-Tang in obese mice with steatosis. Int J Mol Med. 2010; 25:837–844.
[PubMed: 20428786]

Merrell and Cherrington Page 19

Drug Metab Rev. Author manuscript; available in PMC 2013 August 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Li P, Robertson TA, Thorling CA, Zhang Q, Fletcher LM, Crawford DH, et al. Hepatic
pharmacokinetics of cationic drugs in a high-fat emulsion-induced rat model of nonalcoholic
steatohepatitis. Drug Metab Dispos. 2011; 39:571–579. [PubMed: 21245286]

Li W, Kong AN. Molecular mechanisms of Nrf2-mediated antioxidant response. Mol Carcinog. 2009;
48:91–104. [PubMed: 18618599]

Lickteig AJ. Drug metabolizing enzyme, drug transporter expression and drug disposition are altered
in models of inflammatory liver disease [dissertation]. 2007

Lickteig AJ, Fisher CD, Augustine LM, Cherrington NJ. Genes of the antioxidant response undergo
upregulation in a rodent model of nonalcoholic steatohepatitis. J Biochem Mol Toxicol. 2007;
21:216–220. [PubMed: 17721935]

Lieber CS, Leo MA, Mak KM, Xu Y, Cao Q, Ren C, et al. Model of nonalcoholic steatohepatitis. Am
J Clin Nutr. 2004; 79:502–509. [PubMed: 14985228]

Liston HL, Markowitz JS, DeVane CL. Drug glucuronidation in clinical psychopharmacology. J Clin
Psychopharmacol. 2001; 21:500–515. [PubMed: 11593076]

Lizardi-Cervera J, Laparra DI, Chavez-Tapia NC, Ostos ME, Esquivel MU. Prevalence of NAFLD and
metabolic syndrome in asymtomatics subjects. Rev Gastroenterol Mex. 2006; 71:453–459.
[PubMed: 17542278]

Lloret LC, Decleves X, Oppert JM, Basdevant A, Clement K, Bardin C, et al. Pharmacology of
morphine in obese patients: clinical implications. Clin Pharmacokinet. 2009; 48:635–651.
[PubMed: 19743886]

Loomba R, Sirlin CB, Schwimmer JB, Lavine JE. Advances in pediatric nonalcoholic fatty liver
disease. Hepatology. 2009; 50:1282–1293. [PubMed: 19637286]

Lu SC. Regulation of glutathione synthesis. Mol Aspects Med. 2009; 30:42–59. [PubMed: 18601945]

Lu Y, Cederbaum AI. CYP2E1 and oxidative liver injury by alcohol. Free Radic Biol Med. 2008;
44:723–738. [PubMed: 18078827]

Ludwig J, Viggiano TR, McGill DB, Oh BJ. Nonalcoholic steatohepatitis: Mayo Clinic experiences
with a hitherto unnamed disease. Mayo Clin Proc. 1980; 55:434–438. [PubMed: 7382552]

Machado M, Marques-Vidal P, Cortez-Pinto H. Hepatic histology in obese patients undergoing
bariatric surgery. J Hepatol. 2006; 45:600–606. [PubMed: 16899321]

Maclaren NK, Gujral S, Ten S, Motagheti R. Childhood obesity and insulin resistance. Cell Biochem
Biophys. 2007; 48:73–78. [PubMed: 17709876]

Manco M, Putignani L, Bottazzo GF. Gut microbiota, lipopolysaccharides, and innate immunity in the
pathogenesis of obesity and cardiovascular risk. Endocr Rev. 2010; 31:817–844. [PubMed:
20592272]

Mantena SK, Vaughn DP, Andringa KK, Eccleston HB, King AL, Abrams GA, et al. High fat diet
induces dysregulation of hepatic oxygen gradients and mitochondrial function in vino. Biochem
J. 2009; 417:183–193. [PubMed: 18752470]

Marrero JA, Fontana RJ, Su GL, Conjeevaram HS, Emick DM, Lok AS. NAFLD may be a common
underlying liver disease in patients with hepatocellular carcinoma in the United States.
Hepatology. 2002; 36:1349–1354. [PubMed: 12447858]

Mo SL, Liu YH, Duan W, Wei MQ, Kanwar JR, Zhou SF. Substrate specificity, regulation, and
polymorphism of human cytochrome P450 2B6. Curr Drug Metab. 2009; 10:730–753. [PubMed:
19702527]

Mofrad P, Contos MJ, Haque M, Sargeant C, Fisher RA, Luketic VA, et al. Clinical and histologic
spectrum of nonalcoholic fatty liver disease associated with normal ALT values. Hepatology.
2003; 37:1286–1292. [PubMed: 12774006]

Mofrad PS, Sanyal AJ. Nonalcoholic fatty liver disease. MedGenMed. 2003; 5:14. [PubMed:
14603113]

Moran JR, Ghishan FK, Halter SA, Greene HL. Steatohepatitis in obese children:a cause of chronic
liver dysfunction. Am J Gastroenterol. 1983; 78:374–377. [PubMed: 6859017]

Morgan ET. Regulation of cytochrome P450 by inflammatory mediators: why and how? Drug Metab
Dispos. 2001; 29:207–212. [PubMed: 11181485]

Merrell and Cherrington Page 20

Drug Metab Rev. Author manuscript; available in PMC 2013 August 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Morgan ET. Impact of infectious and inflammatory disease on cytochrome P450-mediated drug
metabolism and pharmacokinetics. Clin Pharmacol Ther. 2009; 85:434–438. [PubMed:
19212314]

Mottin CC, Moreno M, Padoin AV, Swarowsky AM, Toneto MG, Glock L, et al. The role of
ultrasound in the diagnosis of hepatic steatosis in morbidly obese patients. Obes Surg. 2004;
14:635–637. [PubMed: 15186630]

Nakamuta M, Kohjima M, Morizono S, Kotoh K, Yoshimoto T, Miyagi I, et al. Evaluation of fatty
acid metabolism-related gene expression in nonalcoholic fatty liver disease. Int J Mol Med. 2005;
16:631–635. [PubMed: 16142397]

Nebert DW, Russell DW. Clinical importance of the cytochromes P450. Lancet. 2002; 360:1155–
1162. [PubMed: 12387968]

Neuschwander-Tetri BA, Caldwell SH. Nonalcoholic steatohepatitis: summary of an AASLD single
topic conference. Hepatology. 2003; 37:1202–1219. [PubMed: 12717402]

Neyrinck A, Eeckhoudt SL, Meunier CJ, Pampfer S, Taper HS, Verbeeck RK, et al. Modulation of
paracetamol metabolism by Kupffer cells: a study on rat liver slices. Life Sci. 1999; 65:2851–
2859. [PubMed: 10622274]

Nobili V, Marcellini M, Devito R, Ciampalini P, Piemonte F, Comparcola D, et al. NAFLD in
children: a prospective clinical-pathological study and effect of lifestyle advice. Hepatology.
2006; 44:458–465. [PubMed: 16871574]

Nowell S, Falany CN. Pharmacogenetics of human cytosolic sulfotransferases. Oncogene. 2006;
25:1673–1678. [PubMed: 16550167]

Oh MK, Winn J, Poordad F. Review article: diagnosis and treatment of non-alcoholic fatty liver
disease. Aliment Pharmacol Ther. 2008; 28:503–522. [PubMed: 18532991]

Orellana M, Rodrigo R, Varela N, Araya J, Poniachik J, Csendes A, et al. Relationship between in vivo
chlorzoxazone hydroxylation, hepatic cytochrome P450 2E1 content and liver injury in obese
non-alcoholic fatty liver disease patients. Hepatol Res. 2006; 34:57–63. [PubMed: 16321567]

Osabe M, Sugatani J, Fukuyama T, Ikushiro S, Ikari A, Miwa M. Expression of hepatic UDP-
glucuronosyltransferase 1A1 and 1A6 correlated with increased expression of the nuclear
constitutive androstane receptor and peroxisome proliferator-activated receptor alpha in male rats
fed a high-fat and high-sucrose diet. Drug Metab Dispos. 2008; 36:294–302. [PubMed:
17967931]

Pastore A, Federici G, Bertini E, Piemonte F. Analysis of glutathione: implication in redox and
detoxification. Clin Chim Acta. 2003; 333:19–39. [PubMed: 12809732]

Patton HM, Sirlin C, Behling C, Middleton M, Schwimmer JB, Lavine JE. Pediatric nonalcoholic fatty
liver disease: a critical appraisal of current data and implications for future research. J Pediatr
Gastroenterol Nutr. 2006; 43:413–427. [PubMed: 17033514]

Pettinelli P, Del PT, Araya J, Rodrigo R, Araya AV, Smok G, et al. Enhancement in liver SREBP-lc/
PPAR-alpha ratio and steatosis in obese patients: correlations with insulin resistance and N-3
long-chain polyunsaturated fatty acid depletion. Biochim Biophys Acta. 2009; 1792:1080–1086.
[PubMed: 19733654]

Pi J, Leung L, Xue P, Wang W, Hou Y, Liu D, et al. Deficiency in the nuclear factor E2-relaled
factor-2 transcription factor results in impaired adipogenesis and protects against diet-induced
obesity. J Biol Chem. 2010; 285:9292–9300. [PubMed: 20089859]

Preiss D, Sattar N. Non-alcoholic fatty liver disease: an overview of prevalence, diagnosis,
pathogenesis and treatment considerations. Clin Sci (Lond). 2008; 115:141–150. [PubMed:
18662168]

Prompila N, Wittayalertpanya S, Komolmit P. Hepatic cytochrome P450 2E1 activity in nonalcoholic
fatty liver disease. J Med Assoc Thai. 2008; 91:733–738. [PubMed: 18672640]

Rencurel F, Foretz M, Kaufmann MR, Stroka D, Looser R, et al. Stimulation of AMP-activated protein
kinase is essential for the induction of drug metabolizing enzymes by phenobarbital in human
and mouse liver. Mol Pharmacol. 2006; 70:1925–1934. [PubMed: 16988011]

Rencurel P, Stenhouse A, Hawley SA, Friedberg T, Hardie DG, Sutherland C, et al. AMP-activated
protein kinase mediates phenobarbital induction of CYP2B gene expression in hepatocytes and a

Merrell and Cherrington Page 21

Drug Metab Rev. Author manuscript; available in PMC 2013 August 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



newly derived human hepatoma cell line. J Biol Chem. 2005; 280:4367–4373. [PubMed:
15572372]

Reynaert H, Geerts A, Henrion J. Review article: the treatment of non-alcoholic steatohepatitis with
thiazolidinediones. Aliment Pharmacol Ther. 2005; 22:897–905. [PubMed: 16268963]

Roberts EA. Pediatric nonalcoholic fatty liver disease (NAFLD): a “growing” problem? J Hepatol.
2007; 46:1133–1142. [PubMed: 17445934]

Roe AL, Howard G, Blouin R, Snawder JE. Characterization of cytochrome P450 and glutathione S-
transferase activity and expression in male and female ob/ob mice. Int J Obes Relat Metab
Disord. 1999; 23:48–53. [PubMed: 10094576]

Roth A, Looser R, Kaufmann M, Blattler SM, Rencurel F, Huang W, et al. Regulatory cross-talk
between drug metabolism and lipid homeostasis: constitutive androstane receptor and pregnane
X receptor increase Insig-1 expression. Mol Pharmacol. 2008a; 73:1282–1289. [PubMed:
18187584]

Roth A, Looser R, Kaufmann M, Meyer UA. Sterol regulatory element binding protein 1 interacts with
pregnane X receptor and constitutive androstane receptor and represses their target genes.
Pharmacogenet Genomics. 2008b; 18:325–337. [PubMed: 18334917]

Rubio A, Guruceaga E, Vazquez-Chantada M, Sandoval J, Martinez-Cruz LA, Segura V, et al.
Identification of a gene-pathway associated with non-alcoholic steatohepatitis. J Hepatol. 2007;
46:708–718. [PubMed: 17275126]

Schwimmer JB, Deutsch R, Kahen T, Lavine JE, Stanley C, Behling C. Prevalence of fatty liver in
children and adolescents. Pediatrics. 2006; 118:1388–1393. [PubMed: 17015527]

Schwimmer JB, McGreal N, Deutsch R, Finegold MJ, Lavine JE. Influence of gender, race, and
ethnicity on suspected fatty liver in obese adolescents. Pediatrics. 2005; 115:e561–e565.
[PubMed: 15867021]

Sharma A, Bartell SM, Baile CA, Chen B, Podolsky RH, Mclndoe RA, et al. Hepatic gene expression
profiling reveals key pathways involved in leptin-mediated weight loss in ob/ob mice. PLoS One.
2010; 5:el2147.

Shedlofsky SI, Israel BC, McClain CJ, Hill DB, Blouin RA. Endotoxin administration to humans
inhibits hepatic cytochrome P450-mediated drug metabolism. J Clin Invest. 1994; 94:2209–2214.
[PubMed: 7989576]

Shen G, Kong AN. Nrf2 plays an important role in coordinated regulation of phase II drug metabolism
enzymes and phase III drug transporters. Biopharm Drug Dispos. 2009; 30:345–355. [PubMed:
19725016]

Shin S, Wakabayashi J, Yates MS, Wakabayashi N, Dolan PM, Aja S, et al. Role of Nrf2 in prevention
of high-fat diet-induced obesity by synthetic triterpenoid CDDO-imidazolide. Eur J Pharmacol.
2009; 620:138–144. [PubMed: 19698707]

Shindo S, Numazawa S, Yoshida T. A physiological role of AMP-activated protein kinase in
phenobarbital-mediated constitutive androstane receptor activation and CYP2B induction.
Biochem J. 2007; 401:735–741. [PubMed: 17032173]

Skouby SO. Hormonal contraception in obesity, the metabolic syndrome, and diabetes. Ann N Y Acad
Sci. 2010; 1205:240–244. [PubMed: 20840279]

Sorrentino P, Tarantino G, Conca P, Perrella A, Terracciano ML, Vecchione R, et al. Silent non-
alcoholic fatty liver disease—a clinical-histological study. J Hepatol. 2004; 41:751–757.
[PubMed: 15519647]

Stepanova M, Hossain N, Afendy A, Perry K, Goodman ZD, Baranova A, et al. Hepatic gene
expression of Caucasian and African-American patients with obesity-related non-alcoholic fatty
liver disease. Obes Surg. 2010; 20:640–650. [PubMed: 20119733]

Sugatani J, Wada T, Osabe M, Yamakawa K, Yoshinari K, Miwa M. Dietary insulin alleviates hepatic
steatosis and xenobiotics-induced liver injury in rats fed a high-fat and high-sucrose diet:
association with the suppression of hepatic cytochrome P450 and hepatocyte nuclear factor
4alpha expression. Drug Metab Dispos. 2006; 34:1677–1687. [PubMed: 16815962]

Sugimoto H, Okada K, Shoda J, Warabi E, Ishige K, Ueda T, et al. Deletion of nuclear factor-E2-
related factor-2 leads to rapid onset and progression of nutritional steatohepatitis in mice. Am J
Physiol Gastrointest Liver Physiol. 2010; 298:G283–G294. [PubMed: 19926817]

Merrell and Cherrington Page 22

Drug Metab Rev. Author manuscript; available in PMC 2013 August 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Suh YH, Kim Y, Bang JH, Choi KS, Lee JW, Kim WH, et al. Analysis of gene expression profiles in
insulin-sensitive tissues from pre-diabetic and diabetic Zucker diabetic fatty rats. J Mol
Endocrinol. 2005; 34:299–315. [PubMed: 15821098]

Tanaka E, Terada M, Misawa S. Cytochrome P450 2E1: its clinical and toxicological role. J Clin
Pharm Ther. 2000; 25:165–175. [PubMed: 10886461]

Tanaka N, Ichijo T, Okiyama W, Mutou H, Misawa N, Matsumoto A, et al. Laparoscopic findings in
patients with nonalcoholic steatohepatitis. Liver Int. 2006; 26:32–38. [PubMed: 16420508]

Tarantino G, Conca P, Basile V, Gentile A, Capone D, Polichetti G, et al. A prospective study of acute
drug-induced liver injury in patients suffering from non-alcoholic fatty liver disease. Hepatol
Res. 2007; 37:410–415. [PubMed: 17539815]

Tarantino G, Di Minno MN, Capone D. Drug-induced liver injury: is it somehow foreseeable? World J
Gastroenterol. 2009; 15:2817–2833. [PubMed: 19533803]

Thampanitchawong P, Piratvisuth T. Liver biopsy: complications and risk factors. World J
Gastroenterol. 1999; 5:301–304. [PubMed: 11819452]

Tiniakos DG, Vos MB, Brunt EM. Nonalcoholic fatty liver disease: pathology and pathogenesis. Annu
Rev Pathol. 2010; 5:145–171. [PubMed: 20078219]

Uslusoy HS, Nak SG, Gulten M, Biyikli Z. Non-alcoholic steatohepatitis with normal
aminotransferase values. World J Gastroenterol. 2009; 15:1863–1868. [PubMed: 19370784]

Videla LA, Rodrigo R, Orellana M, Fernandez V, Tapia G, Quinones L, et al. Oxidative stress-related
parameters in the liver of non-alcoholic fatty liver disease patients. Clin Sci (Lond). 2004;
106:261–268. [PubMed: 14556645]

Wang B, Yang LP, Zhang XZ, Huang SQ, Bartlam M, Zhou SF. New insights into the structural
characteristics and functional relevance of the human cytochrome P450 2D6 enzyme. Drug
Metab Rev. 2009; 41:573–643. [PubMed: 19645588]

Wang Y, Beydoun MA, Liang L, Caballero B, Kumanyika SK. Will all Americans become overweight
or obese? estimating the progression and cost of the US obesity epidemic. Obesity (Silver
Spring). 2008; 16:2323–2330. [PubMed: 18719634]

Watson AM, Poloyac SM, Howard G, Blouin RA. Effect of leptin on cytochrome P-450, conjugation,
and antioxidant enzymes in the ob/ob mouse. Drug Metab Dispos. 1999; 27:695–700. [PubMed:
10348799]

Weltman MD, Farrell GC, Hall P, Ingelman-Sundberg M, Liddle C. Hepatic cytochrome P450 2E1 is
increased in patients with nonalcoholic steatohepatitis. Hepatology. 1998; 27:128–133. [PubMed:
9425928]

Weltman MD, Farrell GC, Liddle C. Increased hepatocyte CYP2E1 expression in a rat nutritional
model of hepatic steatosis with inflammation. Gastroenterology. 1996; 111:1645–1653.
[PubMed: 8942745]

Wieckowska A, Feldstein AE. Diagnosis of nonalcoholic fatty liver disease: invasive versus
noninvasive. Semin Liver Dis. 2008; 28:386–395. [PubMed: 18956295]

Wieckowska A, Papouchado BG, Li Z, Lopez R, Zein NN, Feldstein AE. Increased hepatic and
circulating interleukin-6 levels in human nonalcoholic steatohepatitis. Am J Gastroenterol. 2008;
103:1372–1379. [PubMed: 18510618]

Williams JA, Hyland R, Jones BC, Smith DA, Hurst S, Goosen TC, et al. Drug-drug interactions for
UDP-glucuronosyltransferase substrates:a pharmacokinetic explanation for typically observed
low exposure (AUCi/AUC) ratios. Drug Metab Dispos. 2004; 32:1201–1208. [PubMed:
15304429]

Yamazaki Y, Kakizaki S, Horiguchi N, Sohara N, Sato K, Takagi H, et al. The role of the nuclear
receptor constitutive androstane receptor in the pathogenesis of non-alcoholic steatohepatitis.
Gut. 2007; 56:565–574. [PubMed: 16950832]

Yoneda M, Endo H, Mawatari H, Nozaki Y, Fujita K, Akiyama T, et al. Gene expression profiling of
non-alcoholic steatohepatitis using gene set enrichment analysis. Hepatol Res. 2008; 38:1204–
1212. [PubMed: 18637145]

Yoshinari K, Takagi S, Sugatani J, Miwa M. Changes in the expression of cytochromes P450 and
nuclear receptors in the liver of genetically diabetic db/db mice. Biol Pharm Bull. 2006;
29:1634–1638. [PubMed: 16880618]

Merrell and Cherrington Page 23

Drug Metab Rev. Author manuscript; available in PMC 2013 August 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Younossi ZM, Baranova A, Ziegler K, Del GL, Schlauch K, Born TL, et al. A genomic and proteomic
study of the spectrum of nonalcoholic fatty liver disease. Hepatology. 2005a; 42:665–674.
[PubMed: 16116632]

Younossi ZM, Gorreta F, Ong JP, Schlauch K, Del GL, Elariny H, et al. Hepatic gene expression in
patients with obesity-related non-alcoholic steatohepatitis. Liver Int. 2005b; 25:760–771.
[PubMed: 15998427]

Zanger UM, Klein K, Richter T, Toscano C, Zukunft J. Impact of Genetic Polymorphism in relation to
other factors on expression and function of human drug-metabolizing P450s. Toxicol Mech
Meth. 2005; 15:121–124.

Zhai Y, Wada T, Zhang B, Khadem S, Ren S, Kuruba R, et al. A functional cross-talk between liver X
receptor-alpha and constitutive androstane receptor links lipogenesis and xenobiotic responses.
Mol Pharmacol. 2010; 78:666–674. [PubMed: 20592274]

Zhang DD. Mechanistic studies of the Nrf2-Keap1 signaling pathway. Drug Metab Rev. 2006;
38:769–789. [PubMed: 17145701]

Zhang WV, Ramzan I, Murray M. Impaired microsomal oxidation of the atypical antipsychotic agent
clozapine in hepatic steatosis. J Pharmacol Exp Ther. 2007; 322:770–777. [PubMed: 17522342]

Zhang YK, Yeager RL, Tanaka Y, Klaassen CD. Enhanced expression of Nrf2 in mice attenuates the
fatty liver produced by a methionine- and choline-deficient diet. Toxicol Appl Pharmacol. 2010;
245:326–334. [PubMed: 20350562]

Zhou SF. Drugs behave as substrates, inhibitors and inducers of human cytochrome P450 3A4. Curr
Drug Metab. 2008; 9:310–322. [PubMed: 18473749]

Zhou SF, Chan E, Zhou ZW, Xue CC, Lai X, Duan W. Insights into the structure, function, and
regulation of human cytochrome P450 1A2. Curr Drug Metab. 2009; 10:713–729. [PubMed:
19702529]

Merrell and Cherrington Page 24

Drug Metab Rev. Author manuscript; available in PMC 2013 August 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Merrell and Cherrington Page 25

Ta
bl

e 
1

T
ab

le
 N

, E
ff

ec
t o

f 
N

A
FL

D
 o

n 
th

e 
ex

pr
es

si
on

 a
nd

 a
ct

iv
ity

 o
f 

X
″ 

X
 b

ei
ng

 C
Y

P1
A

2,
 C

Y
P2

E
1,

 a
nd

 C
Y

P3
A

.

C
Y

P
1A

2
So

ur
ce

m
R

N
A

P
ro

te
in

A
ct

iv
it

y
D

ia
gn

os
is

M
od

el
St

ud
y

M
ou

se
↔

no
t r

ep
or

te
d

ob
/o

b 
at

 1
2 

w
ee

ks
W

at
so

n 
et

 a
l.,

 1
99

9

↔
no

t r
ep

or
te

d
ob

/o
b 

at
 1

6 
w

ee
ks

B
ar

ne
tt 

et
 a

l.,
 1

99
2

↓
↓

no
t r

ep
or

te
d

M
al

e 
ob

/o
b 

at
 8

 m
on

th
s

R
oe

 e
t a

l. 
19

99

↓
↓

no
t r

ep
or

te
d

Fe
m

al
e 

ob
/o

b 
at

 4
 a

nd
 8

 m
on

th
s

R
oe

 e
t a

l.,
 1

99
9

↔
↓

no
t r

ep
or

te
d

db
/d

b 
at

 1
0 

w
ee

ks
Y

os
hi

na
ri

 e
t a

l.,
 2

00
6

↔
↑

no
t r

ep
or

te
d

45
%

 f
at

 f
or

 6
 m

on
th

s
K

oi
de

 e
t a

l. 
20

10

↓
St

ea
to

si
s

60
%

 f
at

 f
or

 8
 w

ee
ks

K
ir

pi
ch

 e
t a

l. 
20

09

↔
N

A
SH

M
C

D
 f

or
 8

 w
ee

ks
Fi

sh
er

 e
t a

l.,
 2

00
8

R
at

↓
no

t r
ep

or
te

d
O

be
se

 Z
uc

ke
r 

at
 1

2 
w

ee
ks

Su
h 

et
 a

l. 
20

05

↓
no

t r
ep

or
te

d
H

ig
h 

fa
t (

de
ta

ils
 n

ot
 r

ep
or

te
d)

H
an

ag
am

a 
et

 a
l. 

20
07

↔
↔

St
ea

to
si

s
18

%
 b

ut
te

r 
fo

r 
8 

w
ee

ks
L

ic
kt

ei
g,

 2
00

7

↔
no

t r
ep

or
te

d
65

%
 f

at
 f

or
 8

 w
ee

ks
O

sa
be

 e
t a

l. 
20

07

↓
St

ea
to

si
s

O
ro

tic
 a

ci
d

Z
ha

ng
 e

t a
l.,

 2
00

7

↑
N

A
SH

In
tr

ag
as

tr
ic

 o
ve

rf
ee

di
ng

B
au

m
ga

rd
ne

r 
et

 a
l. 

20
08

↔
↔

N
A

SH
M

C
D

 f
or

 8
 w

ee
ks

L
ic

kt
ei

g,
 2

00
7

H
um

an
↓

St
ea

to
si

s
G

re
co

 e
t a

l. 
20

08

↓
St

ea
to

si
s

D
on

at
o 

et
 a

l. 
20

06

↔
↓

↓
Pr

og
re

ss
io

n 
of

 N
A

FL
D

Fi
sh

er
 e

t a
l.,

 2
00

9

Drug Metab Rev. Author manuscript; available in PMC 2013 August 26.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Merrell and Cherrington Page 26

Ta
bl

e 
2

E
ff

ec
t o

f 
N

A
FL

D
 o

n 
th

e 
ex

pr
es

si
on

 a
nd

 a
ct

iv
ity

 o
f 

C
Y

P2
A

6.

C
Y

P
2A

6
So

ur
ce

m
R

N
A

P
ro

te
in

A
ct

iv
it

y
D

ia
gn

os
is

M
od

el
St

ud
y

M
ou

se
↑

ob
/o

b 
at

 1
2 

w
ee

ks
W

at
so

n 
et

 a
l.,

 1
99

9

R
at

↓
M

C
D

 f
or

 4
 w

ee
ks

W
el

tm
an

 e
t a

l.,
 1

99
6

H
um

an
↑

↑
↑

Pr
og

re
ss

io
n 

of
 N

A
FL

D
Fi

sh
er

 e
t a

l.,
 2

00
9

↓
N

A
SH

R
ub

io
 e

t a
l.,

 2
00

7

Drug Metab Rev. Author manuscript; available in PMC 2013 August 26.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Merrell and Cherrington Page 27

Ta
bl

e 
3

E
ff

ec
t o

f 
N

A
FL

D
 o

n 
th

e 
ex

pr
es

si
on

 a
nd

 a
ct

iv
ity

 o
f 

C
Y

P2
B

6.

C
Y

P
2B

6
So

ur
ce

m
R

N
A

P
ro

te
in

A
ct

iv
it

y
D

ia
gn

os
is

M
od

el
St

ud
y

M
ou

se
↓

St
ea

to
si

s
M

al
e 

ob
/o

b 
at

 1
1 

w
ee

ks
C

he
ng

 e
t a

l.,
 2

00
8

↑
St

ea
to

si
s

Fe
m

al
e 

ob
/o

b 
at

 1
1 

w
ee

ks
C

he
ng

 e
t a

l.,
 2

00
8

↑
N

ot
 r

ep
or

te
d

ob
/o

b 
at

 1
2 

w
ee

ks
W

at
so

n 
et

 a
l.,

 1
99

9

↔
N

ot
 r

ep
or

te
d

ob
/o

b 
at

 1
6 

w
ee

ks
B

ar
ne

tt 
et

 a
l.,

 1
99

2

↑
↑

N
ot

 r
ep

or
te

d
db

/d
b 

@
 1

0 
w

ee
ks

Y
os

hi
na

ri
 e

t a
l.,

 2
00

6

↓
St

ea
to

si
s

60
%

 f
at

 f
or

 8
 w

ee
ks

K
ir

pi
ch

 e
t a

l, 
20

09

N
A

SH
M

C
D

 f
or

 8
 w

ee
ks

Fi
sh

er
 e

t a
l.,

 2
00

8

H
um

an
↑

↔
↔

Pr
og

re
ss

io
n 

of
 N

A
FL

D
Fi

sh
er

 e
t a

l.,
 2

00
9

↓
N

A
SH

 (
C

au
ca

si
an

s)
St

ep
an

ov
a 

et
 a

l.,
 2

01
0

↓
N

A
SH

 v
s.

 s
te

at
os

is
Y

on
ed

a 
et

 a
l.,

 2
00

8

Drug Metab Rev. Author manuscript; available in PMC 2013 August 26.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Merrell and Cherrington Page 28

Ta
bl

e 
4

E
ff

ec
t o

f 
N

A
FL

D
 o

n 
th

e 
ex

pr
es

si
on

 a
nd

 a
ct

iv
ity

 o
f 

C
Y

P2
C

.

C
Y

P
2C

So
ur

ce
Is

of
or

m
m

R
N

A
P

ro
te

in
A

ct
iv

it
y

D
ia

gn
os

is
M

od
el

St
ud

y

M
ou

se
to

ta
l 2

C
↔

N
ot

 r
ep

or
te

d
db

/d
b 

at
 1

0 
w

ee
ks

Y
os

hi
na

ri
 e

t a
l.,

 2
00

6

2C
29

↑
N

ot
 r

ep
or

te
d

db
/d

b 
at

 1
0 

w
ee

ks
Y

os
hi

na
ri

 e
t a

l.,
 2

00
6

R
at

2C
11

↓
N

ot
 r

ep
or

te
d

O
be

se
 Z

uc
ke

r 
at

 1
4–

16
 w

ee
ks

K
im

 e
t a

l.,
 2

00
4a

2C
11

↓
N

ot
 r

ep
or

te
d

H
ig

h 
fa

t (
de

ta
ils

 n
ot

 r
ep

or
te

d)
H

an
ag

am
 e

t a
l.,

 2
00

7

2C
11

↓
↓

St
ea

to
si

s
18

%
 b

ut
te

r 
di

et
 f

or
 8

 w
ee

ks
L

ic
kt

ei
g,

 2
00

7

2C
11

↓
St

ea
to

si
s

O
ro

tic
 a

ci
d

Z
ha

ng
 e

t a
l.,

 2
00

7

2C
11

↓
St

ea
to

si
s

M
C

D
 f

or
 4

 w
ee

ks
W

el
tm

an
 e

t a
l.,

 1
99

9

2C
11

↔
↓

N
A

SH
M

C
D

 f
or

 8
 w

ee
ks

L
ic

kt
ei

g,
 2

00
7

2C
39

↑
N

ot
 r

ep
or

te
d

O
be

se
 Z

uc
ke

r 
fo

r 
6 

w
ee

ks
Su

h 
et

 a
l.,

 2
00

5

2C
39

↓
N

ot
 r

ep
or

te
d

O
be

se
 Z

uc
ke

r 
fo

r 
12

 w
ee

ks
Su

h 
et

 a
l.,

 2
00

5

H
um

an
2C

8
↔

↔
↔

Pr
og

re
ss

io
n 

of
 N

A
FL

D
Fi

sh
er

 e
t a

l.,
 2

00
9

2C
9

↔
↔

↑
Pr

og
re

ss
io

n 
of

 N
A

FI
.D

Fi
sh

er
 e

t a
l.,

 2
00

9

2C
19

↔
↓

↓.
Pr

og
re

ss
io

n 
of

 N
A

FL
D

Fi
sh

er
 e

t a
l.,

 2
00

9

Drug Metab Rev. Author manuscript; available in PMC 2013 August 26.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Merrell and Cherrington Page 29

Ta
bl

e 
5

T
ab

le
 N

, E
ff

ec
t o

f 
N

A
FL

D
 o

n 
T

he
 e

xp
re

ss
io

n 
an

d 
ac

tiv
ity

 o
f 

X
″,

 X
 b

ei
ng

 C
Y

P1
A

2,
 C

Y
P2

E
1,

 a
nd

 C
Y

P3
A

.

C
Y

P
2E

1
So

ur
ce

m
R

N
A

P
ro

te
in

A
ct

iv
it

y
D

ia
gn

os
is

M
od

el
St

ud
y

M
ou

se
↓

↔
St

ea
to

si
s

M
al

e 
ob

/o
b 

at
 1

1 
w

ee
ks

C
he

ng
 e

t a
l.,

 2
00

8

↓
St

ea
to

si
s

Fe
m

al
e 

ob
/o

b 
at

 1
1 

w
ee

ks
C

he
ng

 e
t a

l.,
 2

00
8

↓
N

ot
 r

ep
or

te
d

ob
/o

b 
at

 1
2 

w
ee

ks
W

at
so

n 
et

 a
l.,

 1
99

9

↔
N

ot
 r

ep
or

te
d

ob
/o

b 
at

 1
6 

w
ee

ks
B

ar
ne

tt 
et

 a
l.,

 1
99

2

↔
↔

N
ot

 r
ep

or
te

d
M

al
e 

ob
/o

b 
at

 4
 o

r 
8 

m
on

th
s

R
oe

 e
t a

l.,
 1

99
9

↑
↑

N
ot

 r
ep

or
te

d
Fe

m
al

e 
ob

/o
b 

at
 4

 o
r 

8 
m

on
th

s
R

oe
 e

t a
l.,

 1
99

9

↓
↓

↓
N

ot
 r

ep
or

te
d

ob
/o

b 
(a

ge
 n

ot
 r

ep
or

te
d)

E
nr

iq
ue

z 
et

 a
l.,

 1
99

9

↔
↔

N
ot

 r
ep

or
te

d
db

/d
b 

at
 1

0 
w

ee
ks

Y
os

hi
na

ri
 e

t a
l.,

 2
00

6

↓
N

A
FL

D
 (

un
di

ff
er

en
tia

te
d)

In
tr

ag
as

tr
ic

 o
ve

rf
ee

di
ng

D
en

g 
el

 a
l.,

 2
00

5

↑
St

ea
to

si
s 

an
d 

N
A

SH
71

%
 f

at
 f

or
 8

 a
nd

 1
6 

w
ee

ks
M

an
te

na
 e

t a
l.,

 2
00

9

↔
St

ea
to

si
s

41
%

 f
at

 f
or

 4
 m

on
th

s
It

o 
et

 a
l.,

 2
00

6

↑↓
*

St
ea

to
si

s 
an

d 
N

A
SH

60
%

 f
at

 f
or

 1
0,

 1
9,

 3
4,

 o
r 

50
 w

ee
ks

It
o 

et
 a

l.,
 2

00
7

↔
↔

N
A

SH
M

C
D

 f
or

 3
1 

da
ys

D
on

th
am

se
tty

 e
t a

l.,
 2

00

↑
↑

↑
N

A
SH

M
C

D
 f

or
 1

0 
w

ee
ks

L
ec

le
rc

q 
et

 a
l.,

 2
00

0

R
at

↓
↓

↔
N

ot
 r

ep
or

te
d

O
be

se
 Z

uc
ke

r 
(a

ge
 n

ot
 r

ep
or

te
d)

E
nr

iq
ue

z 
et

 a
l.,

 1
99

9

↑
↑

↑
N

ot
 r

ep
or

te
d

O
be

se
 Z

uc
ke

r 
at

 4
 m

on
th

s
K

he
m

aw
oo

t e
t a

l.,
 2

00
6

↔
↑

↑
N

ot
 r

ep
or

te
d

8.
6%

 (
w

/w
) 

fa
t f

or
 3

 m
on

th
s

K
he

m
aw

oo
t e

t a
l.,

 2
00

6

↑
St

ea
to

si
s 

vs
 N

A
SH

35
%

 o
r 

71
%

 f
at

 f
or

 3
 w

ee
ks

L
ie

be
r 

et
 a

l.,
 2

00
4

↑
N

ot
 r

ep
or

te
d

65
%

 f
at

 f
or

 8
 w

ee
ks

O
sa

be
 e

t a
l.,

 2
00

7

↑
↑

↑
St

ea
to

si
s 

an
d 

N
A

SH
M

C
D

 f
or

 4
 w

ee
ks

W
el

tm
an

 e
t a

l.,
 1

99
6

↓
St

ea
to

si
s 

vs
 N

A
SH

O
ro

tic
 a

ci
d

Z
ha

ng
 e

t a
l.,

 2
00

7

↑
N

A
SH

In
tr

ag
as

tr
ic

 o
ve

rf
ee

di
ng

L
i e

t a
l.,

 2
01

1

↑
N

A
SH

In
tr

ag
as

tr
ic

 o
ve

rf
ee

di
ng

B
au

m
ga

rd
ne

r 
et

 a
l.,

 2
00

8

H
um

an
↑

N
A

FL
D

 (
un

di
ff

er
en

tia
te

d)
K

oh
jim

a 
et

 a
l.,

 2
00

7

↔
N

A
FL

D
 (

un
di

ff
er

en
tia

te
d)

Pr
om

pi
la

 e
t a

l.,
 2

00
8

↓
N

A
FL

D
 (

un
di

ff
er

en
tia

te
d)

N
ak

am
ut

a 
et

 a
l.,

 2
00

5

↔
St

ea
to

si
s

D
on

at
o 

et
 a

l.,
 2

00
6

↑
St

ea
to

si
s

E
m

er
y 

et
 a

l.,
 2

00
3

Drug Metab Rev. Author manuscript; available in PMC 2013 August 26.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Merrell and Cherrington Page 30

C
Y

P
2E

1
So

ur
ce

m
R

N
A

P
ro

te
in

A
ct

iv
it

y
D

ia
gn

os
is

M
od

el
St

ud
y

↑*
*

D
ie

ta
ry

 r
es

tr
ic

tio
n

L
ec

le
rc

q 
et

 a
l.,

 1
99

9

↑*
*

B
ar

ia
tr

ic
 s

ur
ge

ry
 (

st
ea

to
si

s)
B

el
l e

t a
l,,

 2
01

0

↓
↓

↔
Pr

og
re

ss
io

n 
of

 N
A

FL
D

Fi
sh

er
 e

t a
l.,

 2
00

9

↔
St

ea
to

si
s 

vs
. N

A
SH

C
ht

io
ui

 e
t a

l.,
 2

00
7

↑
N

A
SH

B
ak

er
 e

t a
l.,

 2
01

0

↑
N

A
SH

W
el

tm
an

 e
t a

l.,
 1

99
8

↑
N

A
SH

C
ha

la
sa

ni
 e

t a
l.,

 2
00

3

↑
↑

N
A

SH
O

re
lla

na
 e

t a
l.,

 2
00

5

↑
↑

N
A

SH
O

re
lla

na
 e

t a
l.,

 2
00

5

* In
tia

lly
 e

le
va

te
d,

 th
en

 d
ec

re
as

ed
.

**
re

su
lts

 h
av

e 
be

en
 r

ev
er

se
d,

 d
ue

 to
 th

e 
na

tu
re

 o
f 

th
e 

st
ud

y

Drug Metab Rev. Author manuscript; available in PMC 2013 August 26.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Merrell and Cherrington Page 31

Ta
bl

e 
6

T
ab

le
 N

, E
ff

ec
t o

f 
N

A
FL

D
 o

n 
th

e 
ex

pr
es

si
on

 a
nd

 a
ct

iv
ity

 o
f 

X
″ 

X
 b

ei
ng

 C
Y

P1
A

2,
 C

Y
P2

E
1,

 a
nd

 C
Y

P3
A

.

C
Y

P
3A

So
ur

ce
m

R
N

A
P

ro
te

in
A

ct
iv

it
y

D
ia

gn
os

is
M

od
el

St
ud

y

M
ou

se
↔

↓
St

ea
to

si
s

M
al

e 
ob

/o
b 

at
 1

1 
w

ee
ks

C
he

ng
 e

t a
l.,

 2
00

8

↓
↔

St
ea

to
si

s
Fe

m
al

e 
ob

/o
b 

at
 1

1 
w

ee
ks

C
he

ng
 e

t a
l.,

 2
00

8

↔
N

ot
 r

ep
or

te
d

ob
/o

b 
at

 1
2 

w
ee

ks
W

at
so

n 
et

 a
l.,

 1
99

9

↔
N

ot
 r

ep
or

te
d

ob
/o

b 
at

 1
6 

w
ee

ks
B

ar
ne

tt 
et

 a
l.,

 1
99

2

↔
N

ot
 r

ep
or

te
d

ob
/o

b 
at

 4
 o

r 
8 

m
on

th
s

R
oe

 e
t a

l.,
 1

99
9

↔
↔

N
ot

 r
ep

or
te

d
db

/d
ba

tlO
w

ee
ks

Y
os

hi
na

ri
 e

t a
l.,

 2
00

6

↑
St

ea
to

si
s

36
%

 f
at

 f
or

 1
2 

w
ee

ks
K

im
 e

t a
l.,

 2
00

4b

↑
N

ot
 r

ep
or

te
d

45
%

 f
at

 f
or

 6
 m

on
th

s
K

oi
de

 e
t a

l.,
 2

01
0

↓
St

ea
to

si
s

60
%

 f
at

 f
or

 8
 w

ee
ks

K
ir

pi
ch

 e
t a

l.,
 2

00
9

↑
N

A
SH

M
C

D
 f

or
 8

 w
ee

ks
Fi

sh
er

 e
t a

l.,
 2

00
8

R
at

↑
N

ot
 r

ep
or

te
d

O
be

se
 Z

uc
ke

r 
at

 6
 w

ee
ks

Su
h 

et
 a

l.,
 2

00
5

↓
N

ot
 r

ep
or

te
d

O
be

se
 Z

uc
ke

r 
at

 1
2 

w
ee

ks
Su

he
t a

l.,
 2

00
5

↓
N

ot
 r

ep
or

te
d

O
be

se
 Z

uc
ke

r 
at

 1
4 

w
ee

ks
K

im
 e

t a
l.,

 2
00

4a

↓
N

ot
 r

ep
or

te
d

H
ig

h 
fa

t (
de

ta
ils

 n
ot

 r
ep

or
te

d
H

an
ga

m
a 

et
 a

l.,
 2

00
7

↓
N

ot
 r

ep
or

te
d

65
%

 f
at

 f
or

 8
 w

ee
ks

O
sa

be
 e

t a
l.,

 2
00

7

↓
St

ea
to

si
s

O
ro

tic
 a

ci
d

Z
ha

ng
 e

t a
l.,

 2
00

7

↓
St

ea
to

si
s

M
C

D
 f

or
 4

 w
ee

ks
W

el
tm

an
 e

t a
l.,

 1
99

6

↑
N

A
SH

In
tr

ag
as

tr
ic

 o
ve

rf
ee

di
ng

B
au

m
ga

rd
ne

r 
et

 a
l.,

 2
00

8

↑
N

A
SH

In
tr

ag
as

tr
ic

 o
ve

rf
ee

di
ng

L
i e

t a
l.,

 2
01

1

H
um

an
↔

↔
↔

Pr
og

re
ss

io
n 

of
 N

A
FL

D
Fi

sh
er

 e
t a

l.,
 2

00
9

↔
N

A
FL

D
B

el
l e

t a
l.,

 2
01

0

↓
H

ep
al

oc
yt

es
D

on
at

o 
et

 a
l.,

 2
00

6

↓
St

ea
to

si
s

D
on

at
o 

et
 a

l.,
 2

00
7

↓
N

A
SH

W
el

tm
an

 e
t a

l.,
 1

99
8

Drug Metab Rev. Author manuscript; available in PMC 2013 August 26.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Merrell and Cherrington Page 32

Ta
bl

e 
7

E
ff

ec
t o

f 
N

A
FL

D
 o

n 
th

e 
ex

pr
es

si
on

 a
nd

 a
ct

iv
ity

 o
f 

ph
as

e 
II

 c
on

ju
ga

tin
g 

en
zy

m
es

.

U
G

T
/S

U
L

T
So

ur
ce

D
ia

gn
os

is
/M

od
el

E
nz

ym
e

m
R

N
A

P
ro

te
in

A
ct

iv
it

y
R

ef
er

en
ce

M
ou

se
M

al
e 

ob
/o

b 
at

 1
1 

w
ee

ks
Su

lt2
al

/2
↑

C
he

ng
 e

t a
l.,

 2
00

8

Fe
m

al
e 

ob
/o

b 
at

 1
1 

w
ee

ks
Su

lt2
al

/2
↔

ob
/o

b 
at

 1
2 

w
ee

ks
U

G
T

↔
W

at
so

n 
et

 a
l.,

 1
99

9

45
%

 f
at

 f
or

 6
 m

on
th

s
Su

lt2
a1

↓
↓

K
oi

de
 e

t a
l.,

 2
01

0

Su
lt1

a1
↔

↔

U
gt

la
↔

↔

U
gt

2b
↔

↑

60
%

 f
at

 f
or

 8
 w

ee
ks

U
gl

ta
9

↓
K

ir
pi

ch
 e

t a
l.,

 2
00

9

U
gt

2b
l

↓

R
at

O
be

se
 Z

uc
ke

r 
at

 1
4-

16
 w

ee
ks

U
gt

lA
l

↓
K

im
 e

t a
l.,

 2
00

4a

U
gt

lA
6

↓

U
gt

2B
l

↓

O
be

se
 Z

uc
ke

r 
at

 6
 m

on
th

s
SU

L
T

↔
C

ha
ud

ha
ry

 e
t a

l.,
 1

99
3

U
G

T
↑

65
%

 f
at

 f
or

 8
 w

ee
ks

U
gt

lA
l

↓
O

sa
be

 e
t a

l.,
 2

00
7

U
gt

lA
6

↓

U
gt

lA
7

↓

U
gt

2B
l

↓

H
um

an
A

fr
ic

an
 A

m
er

ic
an

s 
w

ith
 N

A
SH

SU
L

T
1A

1
↓

St
ep

an
ov

a 
et

 a
l.,

 2
01

0

N
A

SH
SU

L
T

1A
2

↓
Y

ou
ni

ss
i e

t a
l.,

 2
00

5a

Drug Metab Rev. Author manuscript; available in PMC 2013 August 26.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Merrell and Cherrington Page 33

Ta
bl

e 
8

E
ff

ec
t o

f 
N

A
FL

D
 o

n 
gl

ut
at

hi
on

e 
co

nt
en

t a
s 

w
el

l a
s 

ge
ne

 e
xp

re
ss

io
n 

an
d 

ac
tiv

ity
 o

f 
re

la
te

d 
en

zy
m

es
.

G
lu

ta
th

io
ne

So
ur

ce
D

ia
gn

os
is

/m
od

el
E

nz
ym

e
m

R
N

A
P

ro
te

in
A

ct
iv

it
y

R
ef

er
en

ce

M
ou

se
ob

/o
b 

at
 1

2 
w

ee
ks

tG
ST

↔
W

at
so

n 
et

 a
l.,

 1
99

9

tG
SH

↔

ob
/o

b 
at

 1
6 

w
ee

ks
tG

ST
↓

B
ar

ne
tt 

et
 a

l.,
 1

99
2

tG
SH

↓

ob
/o

b 
at

 1
7 

w
ee

ks
G

ST
A

1,
 A

2
↑

Sh
ar

m
a 

et
 a

l.,
 2

01
0

M
al

e 
ob

/o
b 

at
 4

 a
nd

 8
 m

on
th

s
tG

ST
↓

R
oe

 e
t a

l.,
 1

99
9

36
%

 f
at

 f
or

 1
2 

w
ee

ks
G

st
m

2,
 m

6
↑

K
im

 e
t a

l.,
 2

00
4b

G
C

L
C

↑

41
%

 f
at

 f
or

 4
 m

on
th

s
tG

SH
↔

It
o 

et
 a

l. 
20

06

45
%

 f
at

 f
or

 6
 m

on
th

cs
tG

ST
K

oi
de

 e
t a

l.,
 2

01
0

59
%

 f
at

 f
or

 1
5 

w
ee

ks
G

st
m

l
↑

L
ee

 e
t a

l.,
 2

01
0

G
SH

:G
SS

G
↓

60
%

 f
at

 f
or

 8
 w

ee
ks

G
ST

A
1.

A
2.

A
4

↓
K

ir
pi

ch
 e

t a
l.,

 2
00

9

G
ST

M
1.

M
3,

 M
6

↓

G
st

Pl
↓

60
%

 f
at

 f
or

 3
4 

an
d 

50
 w

ee
ks

tG
SH

↓
It

o 
et

 a
l.,

 2
00

7

R
at

O
be

se
 Z

uc
ke

r 
at

 1
4-

16
 w

ee
ks

G
ST

A
2

↓
K

im
 e

t a
l.,

 2
00

4a

O
be

se
 Z

uc
ke

r 
at

 5
-6

 m
on

th
s

tG
ST

↔
C

ha
ud

ha
ry

 e
t a

l.,
 1

99
3

G
C

L
↔

tG
SH

↔

M
C

D
 d

ie
t f

or
 8

 w
ee

ks
G

C
L

C
↑

L
ic

kt
ei

g 
et

 a
l.,

 2
00

7

H
um

an
St

ea
to

si
s

G
ST

M
1.

M
2,

 M
4,

 M
↑

Y
ou

ni
ss

i e
t a

l.,
 2

00
5a

N
A

FL
D

 (
un

di
ff

er
en

tia
te

d)
G

SS
↔

K
oh

jim
a 

et
 a

l.,
 2

00
7

St
ea

to
si

s 
an

d 
N

A
SH

tG
SH

↓
V

id
el

a 
et

 a
l.,

 2
00

4

N
A

SH
 v

s 
st

ea
to

si
s

G
ST

M
1

↓
Y

on
ed

a 
et

 a
l.,

 2
00

8

N
A

SH
G

ST
A

4
Y

ou
ni

ss
i e

t a
l.,

 2
00

5b

N
A

SH
G

ST
M

4,
 M

5
↓

R
ub

io
 e

t a
l.,

 2
00

7

A
fr

ic
an

 A
m

er
ic

an
 w

ith
G

ST
M

2,
 M

4,
 M

5
↑

St
ep

an
ov

a 
et

 a
l.,

 2
01

0

N
A

SH
 (

co
m

pa
re

d 
to

 C
au

ca
si

an
 w

ith
 N

A
SH

)

Drug Metab Rev. Author manuscript; available in PMC 2013 August 26.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Merrell and Cherrington Page 34

G
lu

ta
th

io
ne

So
ur

ce
D

ia
gn

os
is

/m
od

el
E

nz
ym

e
m

R
N

A
P

ro
te

in
A

ct
iv

it
y

R
ef

er
en

ce

Pr
og

re
ss

io
n 

of
 N

A
FL

D
tG

ST
A

↑
H

ar
dw

ic
k 

et
 a

l.,
 2

01
0

G
ST

A
1,

 A
2,

 A
4

↑

tG
ST

M
↓

G
ST

M
1.

M
3

↑

tG
ST

P
↑

G
ST

P1
↑

G
C

L
C

↔
↔

G
C

L
M

↑
↑

tG
ST

↓

G
SH

rG
SS

G
↓

Drug Metab Rev. Author manuscript; available in PMC 2013 August 26.


