pharmaceuticals mI\D\Py
>

Review

Nonalcoholic Fatty Liver Disease (NAFLD) and
Hepatic Cytochrome P450 (CYP) Enzymes

Rohitash Jamwal *'©’ and Benjamin J. Barlock

Biomedical and Pharmaceutical Sciences, University of Rhode Island, Kingston, RI 02881, USA;
bbarlock@my.uri.edu
* Correspondence: rohitash@my.uri.edu

check for
Received: 11 August 2020; Accepted: 21 August 2020; Published: 29 August 2020 updates

Abstract: Nonalcoholic fatty liver disease (NAFLD) is characterized by excessive fat in the liver.
An international consensus panel has recently proposed to rename the disease to metabolic
dysfunction associated with fatty liver disease (MAFLD). The disease can range from simple
steatosis (fat accumulation) to nonalcoholic steatohepatitis (NASH) which represents a severe form
of NAFLD and is accompanied by inflammation, fibrosis, and hepatocyte damage in addition to
significant steatosis. This review collates current knowledge of changes in human hepatic cytochrome
P450 enzymes in NAFLD. While the expression of these enzymes is well studied in healthy volunteers,
our understanding of the alterations of these proteins in NAFLD is limited. Much of the existing
knowledge on the subject is derived from preclinical studies, and clinical translation of these findings
is poor. Wherever available, the effect of NAFLD on these proteins in humans is debatable and
currently lacks a consensus among different reports. Protein expression is an important in vitro
physiological parameter controlling the pharmacokinetics of drugs and the last decade has seen a rise
in the accurate estimation of these proteins for use with physiologically based pharmacokinetic (PBPK)
modeling to predict drug pharmacokinetics in special populations. The application of label-free,
mass spectrometry-based quantitative proteomics as a promising tool to study NAFLD-associated
changes has also been discussed.
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1. Introduction

Substantial changes in the dietary habits of our generation are fueling an epidemic of various
metabolic disorders. Nonalcoholic fatty acid liver disease (NAFLD) is one such metabolic syndrome
which is rising at an alarming rate [1,2]. An international consensus panel has recently suggested using
metabolic dysfunction associated with fatty liver disease (MAFLD) instead of NAFLD to more accurately
reflect the heterogeneity of the disease [3]. Nevertheless, for the sake of this review, we will continue the
use of NAFLD, which has been widely accepted in the literature. The prevalence of NAFLD is higher in
patients with diabetes, obesity, hyperlipemia, hypertension, and hypertriglyceridemia [4,5]. NAFLD is
characterized by the presence of greater than 5% of hepatic fat in people without significant alcohol intake
(<20 g per day for women, <30 g per day for men) [6,7]. Fat accumulation in hepatocytes is triggered by
various mechanisms, which include the increased hepatic uptake of circulating fatty acids, increased
hepatic de novo fatty acid synthesis, decreased hepatic beta oxidation, and decreased hepatic lipid
export [8]. The disease is characterized by the accumulation of free fatty acids and triglycerides in the
hepatocytes, and severity ranges from benign steatosis to nonalcoholic steatohepatitis (Figure 1) [9,10].
NASH, characterized by significant lobular inflammation, hepatic fibrosis, and hepatocyte necrosis,
can progress to life-threatening liver cirrhosis and hepatocellular carcinoma (HCC) [11].
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Figure 1. Hematoxylin and eosin staining of (A) normal liver with uniform chord-like arrangements of

hepatocytes, (B) nonalcoholic fatty liver (NAFL) with lipid droplets, and (C) nonalcoholic steatohepatitis
(N'ASH) with significant hepatic steatosis and infiltration of lymphomononuclear inflammatory cells [10].

2. Pathogenesis, Epidemiology and Risk Factors

The current “multiple-hit” theory for the pathogenesis of NAFLD proposes the first hit as
the accumulation of lipid droplets (triglycerides) in >5% of hepatocytes [12]. A successive second
hit is characterized by excessive free radical and pro-inflammatory cytokine formation, leading to
inflammation, necrosis, and, consequently, fibrosis [12]. Several histologic scoring systems have been
introduced in the past decade for the diagnostic evaluation of different stages of NAFLD [13-15].
Pathologists commonly differentiate stages of NAFLD using a semi-quantitative evaluation based
on steatosis, lobular inflammation, hepatocellular ballooning, and/or fibrosis [16]. Liver biopsies are
the gold standard for the diagnosis of NAFLD but ethical, and feasibility constraints limit the direct
assessment of its prevalence. The global prevalence of NAFLD diagnosed by imaging was estimated
to be 25.2%, and was >30% in the Middle East and South America [17]. The lowest prevalence of
NAFLD was reported in Africa (13.5%). The prevalence of NAFLD diagnosed with ultrasonography
was 24.13%. The overall prevalence of nonalcoholic steatohepatitis (NASH) in general populations
is estimated to be between 1.5 and 6.5% [17]. In the USA, NAFLD is also associated with significant
economic (~$103 billion) and clinical burden (~64 million people projected to have NAFLD) [18].
Ethnic differences exist in the prevalence of NALFD and Hispanics are more susceptible to the disease
compared to Caucasians and African Americans [19]. The disease was initially thought to be present
only in obese adults; however, recent studies have shown its prevalence in people with a healthy BMI
as well as children [20-22].

Certain genetic factors are also responsible for the predisposition to NAFLD. PNPLA3
(Patatin-like phospholipase domain-containing protein 3) is a multifunctional enzyme involved
in the hydrolysis of triacylglycerol (TAG) in the liver, and the rs738409 variant is the strongest
genetic risk factor for NAFLD [23]. Recent genome-wide association studies (GWAS) have identified
increased NAFLD susceptibility in variants of TM6SF2 (rs58542926; transmembrane 6 superfamily
member 2), GCKR (rs780094, Glucokinase regulator), NCAN (rs2228603, Neurocan), and LYPLAL1
(rs12137855, Lysophospholipase-like 1) [24,25]. The association of an rs641738 variant of MBOAT7-TMC4
locus (membrane-bound O-acyltransferase domain-containing 7, transmembrane channel-like 4) is
controversial and inconclusive [26,27].

Physical findings show that patients with NAFLD often have obesity and hepatomegaly
(enlarged liver) due to fat infiltration of the liver. NAFLD patients show mild or moderate elevations
in the aspartate aminotransferase (AST) and alanine aminotransferase (ALT), although normal
aminotransferase levels do not exclude NAFLD. When elevated, the AST and ALT are typically 2-5-fold
the upper limit of normal, with an AST to ALT ratio of less than one (>1.5 for alcoholic liver disease) [28].
Alkaline phosphatase may also be elevated 2-3-fold the upper limit of normal and patients may have
an elevated serum ferritin concentration or transferrin saturation. Decreased hepatic attenuation on
computed tomography (CT) and an increased fat signal on magnetic resonance imaging (MRI) is
generally evident in radiographic findings [29].
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3. Classification Systems for NAFLD

NAFLD is a complex disease and differentiating definite non-alcoholic steatohepatitis (NASH)
from non-alcoholic fatty liver (NAFL) can be equally complicated for basic researchers as for diagnostic
pathologists. The gray zone of the distinction between NAFL and NASH is precarious, and diagnosis
often varies dramatically among pathologists due to the heterogenous histopathologic spectrum of
NAFLD and its progression over time [30]. Controversy exists over the use of these classifications which
hass led to the misuse of scoring systems [13,31,32]. The categorical nature of the histopathological
scoring system adds to the discrepancies in the diagnosis of the type of NAFLD. Since the categories
are not well defined, eventually there are varying interpretations and conclusions from researchers
and pathologists [16]. The additive nature of recent scoring systems (NAS or SAF) deconvolutes the
contribution of each histologic legion.

Interestingly, the NAS scoring system was not designed to be used as a diagnostic tool for the
determination of NASH versus NAFL [13,32]. It was intended to evaluate the changes in histological
lesions (steatosis, inflammation, hepatocyte ballooning, fibrosis) that can occur over time [31]. Fatty liver
inhibition of progression (FLIP) algorithm was proposed to improve the consistency in the diagnosis of
NASH in adults and takes into account fibrosis along with steatosis and activity score (inflammation,
ballooning) [30]. The use of different classification systems may, therefore, contribute to significant
variability seen in the literature on the subject. Surgical hepatitis and potential differences between the
biopsy site (right or left lobe) also confound the diagnosis of histologic lesions and subsequently the
proper classification of disease [16].

4. Treatment Strategies to Manage NAFLD

Hepatic pathological conditions have been known to impact the abundance of DMEs and
transporters in the liver, leading to altered drug profiles and often to side effects [33]. Despite the
widespread prevalence of NAFLD/NASH, currently, there are no pharmacological therapies available
for its treatment and it involves the management of associated conditions including obesity, diabetes,
hyperlipidemia [34-36]. The current standard of care in the absence of FDA-approved drugs is
through lifestyle and dietary interventions, weight loss, exercise, and management of comorbidities [7].
Weight loss is usually the first and most common intervention recommended for any metabolic
syndrome [37]. Similarly, lifestyle modifications through exercise and dietary restriction are considered
vital in the management of NAFLD [38]. Patients with the disease are advised to avoid intake of
positive calorie foods such as soda and sweetened drink which are rich in simple carbohydrates that are
readily absorbed [39]. Patients are also asked/recommended to avoid diets rich in cholesterol, fructose,
and other saturated fats which are often linked with the progression of NAFLD [40,41].

Interestingly, consumption of fructose-sweetened and nonglucose-sweetened beverages has
been associated with elevated insulin resistance and an increase in visceral adiposity and lipids in
overweight and obese humans [42]. Ryan et al. found that the Mediterranean diet improved insulin
sensitivity and reduced hepatic steatosis in NAFLD patients with insulin resistance [43]. A considerable
effort is currently underway in the development of therapeutic agents for the treatment of NAFLD,
and multiple molecular pathways are now being targeted for drug development [44]. However, a lack
of clear unifying pathogenic mechanism and multifactorial nature of the disease has made it difficult to
prioritize druggable targets for NAFLD. This has been reflected by the multitude of pharmacological
targets currently pursued by the pharmaceutical industry. New therapies in development target one
or more of the following pathways: (a) hepatic fat accumulation and insulin resistance; (b) oxidative
stress, inflammation and apoptosis; and (c) hepatic fibrosis [45]. An overview of some of the therapeutic
agents in clinical development is given in Supplementary Table S1. Despite the widespread prevalence
of disease and considerable drug development efforts, questions still outnumber the answers for
drugmakers. Given the poor performance of highly anticipated drug candidates from Gilead and
GenFit in phase I1I, it has become clear in recent years that the conventional mono-target approach may
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not be able to achieve the desired primary endpoints in clinical studies. Leoni et al. have reviewed
current guidelines in the diagnosis of NAFLD as well as the areas of therapeutic focus [7].

5. Drug Metabolism Enzymes and NAFLD

The human liver, facilitated by several drug-metabolizing enzymes (DMEs), is the primary
organ responsible for the elimination of xenobiotics and endogenous compounds. DMEs are
responsible for the metabolism of several chemicals which include xenobiotics such as drugs,
pesticides, and endogenous substrates such as steroids and bile acids [46]. DMEs are broadly classified
into phase-I enzymes, which are mostly oxidative, reductive or hydrolytic, and phase-II enzymes,
which are conjugative. Major proteins involved in oxidative biotransformation are cytochrome P450
(CYP450s), flavin-monooxygenases (FMOs), monoamine oxidases (MAOs), alcohol and aldehyde
dehydrogenases, and aldehyde and xanthine oxidase [47]. Aldo-keto reductases (AKRs), azo- and
nitro-reductases constitute reductive enzymes involved in metabolism, whereas epoxide hydrolases,
esterases, and peptidases are responsible for the bulk of hydrolysis reactions in the liver [47].
Cytochrome P450 superfamily enzymes are involved in the majority of reductive reactions and are
reported to be responsible for the metabolism of ~70-80% of all the available drugs on the market [46].
Conjugation reactions in the liver are carried out by uridine diphosphate-glucuronosyltransferases
(UGTs), sulfotransferases (SULTs), N-acetyltransferases (NATs), glutathione S-transferases (GSTs),
amino acid conjugation enzymes and methyltransferases [47,48]. DMEs in the liver control systemic
levels of drugs and drive the efficacy as well as adverse events in the body. A change in liver physiology
and protein abundance of drug-metabolizing enzymes in a disease state may compromise the efficacy of
drugs and/or lead to adverse effects. Metabolic disorders such as NAFLD are likely to influence several
mechanisms governing drug metabolism including changes in the activity of enzymes that break down
drug molecules. This may necessitate the need for clinical dose optimization in patients with such
disorders. The majority of studies evaluating the effect of NAFLD on drug disposition proteins draw
their conclusions from studies performed in preclinical animal models. A careful interrogation often
suggests a complex and heterogeneous alteration in drug-metabolizing enzymes and transporters in
humans. Such discrepancies are partly due to species differences and lack of animal models which
accurately reflect the complexity and pathophysiology of human disease.

6. Preclinical Studies

Preclinical species have played a key role in our understanding of NAFLD [49]. Genetic as well
as dietary animal models have been developed to understand the disease. Common genetic mice
models of NAFLD include leptin-deficient (ob/ob), leptin receptor-deficient (db/db), and low-density
lipoprotein-deficient mice. Even though low leptin levels are not observed in human NAFLD,
leptin-deficient mice (ob/ob) exhibit obesity, hyperlipidemia, insulin resistance, and steatosis but
without fibrosis [50,51].

However, fibrosis can be induced in leptin receptor-deficient mice (db/db) from external stimuli.
Low-density lipoprotein receptor (LDLR)-deficient mice exhibit a pathology similar to db/db mice and
can develop fibrosis. Not all studies in mice models are consistent among different models; the results
have shown to vary according to the diet and species [52-54]. Dietary models are developed using
methionine and choline-deficient (MCD) and hypercaloric diets [55]. MCD models exhibit steatosis,
inflammation, and fibrosis similar to human disease but significantly differ in the metabolic phenotype
of the disease. MCD-fed mice show increased insulin sensitivity, significant weight loss, and low
blood glucose.

Similarly, the hypercaloric diet (Western-like diet) model show steatosis, inflammation, fibrosis but
take a significant time for disease induction. DIAMOND (a diet-induced animal model of alcoholic
fatty liver disease) and STAM (Stelic Animal Model) models are proposed to exhibit considerable
similarity with human NAFLD in pathology and phenotype [56,57]. Both models gain weight and
develop insulin resistance, steatosis, fibrosis, and hepatocellular carcinoma.
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Another Western diet-induced (high fat, high fructose, and high cholesterol) murine NASH model
in C57BL/6] mice was established to mimic the rapid progression of fibrosis and HCC in human [58].
Pro and cons of different animal models of NAFLD rodent models and their association with human
NASH have been extensively reviewed elsewhere [59,60]. DME expression in various in vitro models
for NASH has also been studied and was recently reviewed by Muller and Sturla [61].

Given the complexity of the human disease, no single animal model to date fully recapitulates
the human disease state [59]. The failure of some compounds that showed a significant promise in
preclinical studies has raised a concern about the inadequacies of animal models for the disease.
ASP9831, a potent PDE4 inhibitor was being developed by Astellas Pharma to modulate cyclic
adenosine monophosphate activity. Compared to placebo, ASP9831 failed to improve the biochemical
parameters associated with NASH in a 12 week phase-II clinical trial [62]. Similarly, resveratrol was unable
to improve hepatic steatosis and insulin sensitivity at pharmacological doses in an 8-week study [63].

7. Studies in Human

Disease-mediated changes have been known to impact the abundance of drug disposition proteins
in the liver, hence leading to altered drug profiles [33,64-66]. Theoretically, an alteration in drug
disposition proteins could lead to undesirable pharmacokinetic and pharmacodynamic outcomes.
The systemic exposure of a substrate may increase if the CYP450 responsible for its metabolism and
clearance is reduced. The opposite is true when the expression is increased.

Clinical studies in NAFLD are currently limited but are critical to understanding the implication of
altered drug-metabolizing enzyme profile on the therapeutic result in the disease state. Current literature
on studies with human tissue is confounding, with reports of an increase, decrease or nonsignificant
change in the activity, protein, and/or mRNA levels of clinically relevant hepatic cytochrome P450
enzymes (Table 1). Genome-wide studies (GWAS) in NAFLD patients found no significant changes in
DME proteins between normal and steatotic livers at mRNA expression level [67,68]. However,
mRNA-based studies do not account for the potential contribution of post-transcriptional and
post-translational changes relevant to protein expression or enzyme activity. A comprehensive table of
alteration in drug metabolism enzyme expression or activity is given in Table 2. In general, a decrease
in CYP3A4 and CYP2E1 activity appears to be dominant in the studies in subjects and human
tissue [10,66,69]. Even though the effect of NAFLD on CYP450s has been extensively studied in vitro,
our understanding of the disease-associated impact on other DMEs is limited due to the scarcity of
studies. Similar to CYP450s, differential regulation appears to be at play for other DMEs including
UGTs and SULTs in human NAFLD. Studies in human tissue found a minimal effect of NAFLD on
UGT enzymes while a significant alteration was reported in hepatic sulfotransferase expression and
activity [70]. NASH-mediated upregulation of UGT1A9, 2B10, and 3A1 mRNA was reported in the
human liver [70]. It was also noteworthy that the protein expression of UGT1A9 and 1A6 decreased in
NASH [70]. Elevated SULT1C4 mRNA was seen in NASH, whereas SULT1A1 and 2A1 protein levels
were lower in disease samples compared to control samples [70].

Table 1. Changes in expression and activity levels of major cytochrome P450 enzymes in humans. CYP,
cytochrome P450; NASH: nonalcoholic steatohepatitis.

Enzyme Disease Stage mRNA Expression  Protein Expression  Activity Ref.
NAFLD T [71]

NAFLD o [72]

NAFLD l [73]

NAFLD progression l ! © [74]

CYP2E1 NASH ) [75]
NASH T [76]

NASH T [77]

NASH T [77]

NASH T [78]
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Table 1. Cont.

Enzyme Disease Stage mRNA Expression  Protein Expression  Activity Ref.
NASH 7 [79]

CYP2E1 NAFL © [80]
NAFL 7 [81]

NASH o l l [10]

NAFL o l l [10]

NAFLD progression o © © [74]

NAFLD o [82]

CYP3A4/5 Hepatocytes © [80]
Steatosis © [83]

NASH 7 [79]

NASH l [78]

NAFL © © [84]

NAFLD progression o 1 1 [74]

CYP1A2 NAFL l [80]
NAFL l [67]

NAFLD progression 7 7 T [74]

CYP2A6 NASH l [85]
NASH T [79]

NAFLD progression T o o [74]

CYP2B6 NASH l [86]
NASH ) [87]

CYP2C8 NAFLD progression © o o [74]
CYP2C9 NAFLD progression o “ T [74]
CYP2C19 NAFLD progression © ! ! [74]

Table 2. Drug metabolism enzymes localization and commonly catalyzed biotransformation reaction
in human liver [47].

Drug Metabolism . Localization in Common Biotransformation
Major Enzyme Isoform . .
Enzyme Human Liver Reaction
CYP1A2, CYP2B6,
CYP2C8, CYP2C9, . R
Cytochrome P450 CYPC19, CYP2D6, Microsomes Oxidation
CYP3A4/5
UGT1A1, UGT1A3,
Uridine 5'-diphospho UGT1A4, UGT1AS6, Microsomes Coniugation
glucuronosyltransferase UGT1A9, UGT2B7, Jug
UGT2B10, UGT2B15
SULT1A1, SULT1A3,
Sulfotransferases SULT1E1, SULT2A1, Cytosol Conjugation
SULT1B1
AKR1A1, AKR1B1, . .
Aldo-keto reductases AKRIC1, AKRID1 Cytosol, microsome Reduction
Flavin-containing FMO3, FMO4, FMO5 Microsomes Oxidation
monooxygenases
Monoamine oxidase MAO-A, MOA-B Cytosol Oxidation

N-acetyltransferases NAT1, NAT2 Cytosol, mitochondria Conjugation
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8. Physiologically Based Pharmacokinetic (PBPK) Model

Physiologically based pharmacokinetic (PBPK) modeling has seen a rise in the last decade
to support model-informed drug development [88]. PBPK modeling is a bottom—up simulation
approach that takes into account multiple parameters specific to the drug, physiology of the species
(different organs represented as compartments), and an understanding of the pharmacokinetic
properties of the drug of interest [89]. Applications of PBPK models ranges from the prediction of human
pharmacokinetics during first-in-human, drug-drug interaction as well as dosing recommendation in
a special population.

System- or population-specific physiological parameters that are essential for the prediction
of exposure include enzyme abundance, hepatic blood flow, and glomerular filtration rate.
Drug-dependent parameters required for model development include molecular weight, solubility,
permeability, blood-to-plasma ratio, and enzyme kinetics. An exhaustive list of different parameters
required for building a PBPK model is discussed elsewhere [89]. Therefore, in vitro and in vivo
parameters that accurately reflect the human disease are vital to predict and simulate in silico drug
exposure. Some commercial PBPK platforms such as GastroPlus (Simulation Plus Inc.), Simcyp
(Certara L.P.) PKSIM (Bayer), and CloePK (Evotec A.G.) are currently available.

Currently, there are insufficient data on the abundance of metabolic enzymes in NAFLD and there
has been a limitation in the development of PBPK models. While a significant amount of literature is
available for the levels of these proteins in healthy people, little is known about how NAFLD changes
the concentration of these enzymes in the human liver. The information is essential to determine
the influence of the disease on the drug disposition, but clinical studies in NAFLD subjects are
limited. The use of physiologically based pharmacokinetic models for prediction of pharmacokinetics
and drug metabolism in populations that present clinical challenges is increasing in popularity [90].
Vildhede et al. recently showed the promise of quantitative proteomics and a PBPK model for the
prediction of morphine pharmacokinetics in subjects with NAFLD [91].

Hepatic blood flow is another critical parameter determining the rate of presentation of the drug
for its metabolism in the liver. The hepatic portal vein (HPV) supplies 70%, whereas the hepatic
artery (HA) is responsible for ~30% of the blood reaching the liver. The HPV supplies liver with
nutrients and xenobiotics absorbed in the GI tract and the HA is responsible for carrying oxygen.
Fat accumulation in hepatocytes was found to correlate with decreased HPV blood flow in NAFLD
patients [92]. Hepatocyte ballooning associated with NASH causes sinusoidal distortion, leading to
reduced intrasinusoidal volume and microvascular blood flow [93]. Impaired systemic circulation
and modification of cellular membrane may also interrupt oxygen availability in NAFLD, leading to
hypoxia and accelerated lipid droplet formation [94]. Blood flow change in early fibrosis has been
attributed to outflow blockage in the liver sinusoidal area [95]. The changes in hepatic blood flow
during different stages of NAFLD are given in Table 3 [96].

Additionally, enzyme distribution in mammalian liver exhibits metabolic zonation [97].
The expression of CYP450s and UGTs decreases with an increase in oxygen gradient, with higher
expression in the perivenous region than periportal [98,99]. Available evidence suggests that CYP450s
also exhibit a preferential induction in hepatocytes derived from the perivenous region of the liver [99].
Most studies lack in providing any information on the region from which the liver tissue is harvested
and used for evaluation of protein expression. Given the heterogeneous distribution of CYP450s in the
liver, the wide variability observed in the published studies with the human liver may be partially
explained by sampling from different regions of tissue. Therefore, whenever possible, the information
on the sampling region of the tissue used for a protein expression should be included with results.
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Table 3. Changes in hepatic blood flow in different stages of nonalcoholic fatty liver disease. Liver blood
flow in the disease state was studied using xenon computed tomography. THBF: total hepatic blood
flow; PVBEF: portal vein blood flow; HABF: hepatic artery blood flow.

mL/min/100 g Normal NAFL Early NASH Advanced NASH
THBF 940+ 178 66.4+10.6 524 +123 471 +13.2
PVBF 724 +16.2 416 £5.6 33.6=+7.0 284 +6.3
HABF 212+74 24.8 + 8.5 18.7+7.0 18.7 £ 8.4
Reference [100] [96]

9. Label-Free Quantitative Proteomics

Traditionally, the level of expression is determined using Western blotting but the last decade has
seen a rise in mass spectrometry-based methods for quantification of proteins. Omics technologies have
been used extensively in the quest to identify novel biomarkers for NAFLD [101]. Targeted proteomics
(SRSM, MRM) based approaches have also proven to be useful in quantification of DDPs. While the
targeted quantification represents the most robust method of choice for absolute quantification, cost and
significant time for optimization of mass spectrometer conditions for each targeted peptide limit its
application to a few target proteins.

In contrast, label-free quantification (LFQ) has emerged recently as an alternative approach for
comparative analysis of protein expression across different samples owing to the fast and low-cost of
this technique [102]. LFQ approaches are relatively inexpensive compared to targeted MRM methods
as there is no need to synthesize unique peptides for each protein and isotopically labeled isoforms
of this peptide as the internal standard. Accurate and robust quantification with LFQ approaches
is intricate, and different strategies for extracting quantitative data from LFQ analysis have been
developed [102]. A comprehensive cost comparison of various mass spectrometry-based techniques
reported significant cost savings with label-free-based quantitative proteomics [103].

Studies have shown that protein expression is a better surrogate than mRNA for the prediction of
functional activity of cytochrome P450 enzymes [104]. Data-dependent (DDA) and data-independent
analysis (DIA) are two common data collection modes in shotgun proteomics. In the DDA mode,
the most abundant ion species from a precursor scan (MS1) at a given retention time are selectively
selected for fragmentation (MS/MS). Alternatively, the precursors are selected in a specific m/z range
and are fragmented without any prioritization to their relative abundance. This approach offers a
more comprehensive and complete analysis of samples than traditional DDA. Sequential window
acquisition of all theoretical mass spectra (SWATH-MS) is one such DIA technique that provides an
alternative to DDA and targeted approaches for protein estimation [105]. As mentioned previously,
SWATH is a DIA technique in which all the precursors within a predefined m/z are fragmented,
and product ions of these precursors are recorded as a digital repository [106]. However, coeluting
precursors and fragments at any given RT in DIA data make it difficult to select the correct peak
without a robust spectral library. Therefore, a reference spectral library is often used for DIA and data
is further deconvoluted and extracted using software such as OpenSWATH, SWATH 2.0, Spectronaut
and Skyline [107]. A significant advantage of SWATH-MS over the other mass spectrometry methods
is related to the ability to perform retrospective mining of the data. The targeted protein extraction can
be improved by expanding the coverage of the reference spectral library and re-mining the DIA data.
For instance, if the researcher comes up with a new hypothesis in the future, SWATH-MS data would
allow interrogation of the existing data for additional protein/s of interest without the need for sample
digestion or data reacquisition (Figure 2). Such a strategy offers a tremendous benefit concerning the
saving of sample, time, and money:.
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Traditional MRM method

Develop new MS method for new analyte of interest and repeat the process

Data New

Data interpretation hypothesis

processing

SWATH-MS method

Develop library for analytes of interest and
remine the data without need for sample acquisitions

Figure 2. A graphical illustration of the advantage of SWATH-MS over the traditional MRM-based
quantification method. MRM, multiple reaction monitoring; SWATH-MS, sequential windowed analysis
of all the theoretical mass spectra.

Absolute protein concentrations are vital to simulate drug exposure using physiologically based
pharmacokinetic (PBPK) models. However, despite all the advantages, DIA approaches are relative,
and hence absolute protein concentration levels cannot be determined using techniques such as
SWATH-MS. Alternatively, a spike in standard or targeted approach for a protein of interest would
be needed to determine the protein levels. Global proteomics using DDA data and “total protein
approach (TPA)” can instead be used to estimate protein concentrations. TPA is widely accepted
and delivers protein concentrations without the need for the isotope-labeled spike in reference
peptides [108]. TPA assumes that a protein’s abundance with a cell as a fraction of total protein is
approximately the same as the proportion of its MS signal to the total MS signal of the cell. The absolute
protein concentration (p), expressed as mol/g of total protein can further be calculated as described
previously [108].

10. Concluding Remarks

The pandemic of NAFLD (or MAFLD) is upon us, and a widespread effort is currently underway to
address different aspects of this multifaceted and complex metabolic disease. There is a lack of predictive
biomarkers for NAFLD to delineate NASH from NAFL in human and mass spectrometry-based
proteomics may hold promise to fill this gap. A lack of good preclinical models to recapitulate the
spectrum of the disease also remains a significant challenge and care should be taken when extrapolating
results from preclinical species to humans. The risk of alterations in the drug disposition proteins
remains high in NAFLD due to significant structural and pathophysiological changes in the liver,
the primary organ for drug disposition. PBPK models have been used recently to simulate the exposure
of various drugs in special populations. However, most of our understanding of these models comes
from research performed in healthy individuals, but little is known about the physiological changes of
CYP450s in NAFLD. Moreover, after drug administration, there is also a need to understand how drug
disposition proceeds in these disease/target populations. Two of the critical parameters governing
the exposure include enzyme kinetics and the expression of proteins involved in the disposition of
the compound. In summary, it is of paramount importance to determine how the disease alters the
expression of the proteins involved in the disposition of the drugs. Additionally, to improve translation
ability and accuracy of simulation models, it is essential to understand how the pharmacokinetics and
other physiological parameters change in NAFLD.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8247/13/9/222/s1,
Table S1: Therapeutic agents currently being developed for the treatment of NAFLD.


http://www.mdpi.com/1424-8247/13/9/222/s1

Pharmaceuticals 2020, 13, 222 10 of 15

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Ahmed, M. Non-alcoholic fatty liver disease in 2015. World ]. Hepatol. 2015, 7, 1450-1459. [CrossRef] [PubMed]
Mikolasevic, I.; Milic, S.; Turk Wensveen, T.; Grgic, I.; Jakopcic, L; Stimac, D.; Wensveen, E,; Orlic, L. Nonalcoholic
fatty liver disease—A multisystem disease? World ]. Gastroenterol. 2016, 22, 9488-9505. [CrossRef] [PubMed]
Eslam, M.; Sanyal, A.].; George, ].; International Consensus, P. MAFLD: A Consensus-Driven Proposed
Nomenclature for Metabolic Associated Fatty Liver Disease. Gastroenterology 2020, 158, 1999-2014. [CrossRef]
[PubMed]

Lonardo, A.; Byrne, C.D.; Caldwell, S.H.; Cortez-Pinto, H.; Targher, G. Global epidemiology of nonalcoholic
fatty liver disease: Meta-analytic assessment of prevalence, incidence, and outcomes. Hepatology 2016, 64,
1388-1389. [CrossRef] [PubMed]

Younossi, Z.M.; Koenig, A.B.; Abdelatif, D.; Fazel, Y.; Henry, L.; Wymer, M. Global epidemiology of
nonalcoholic fatty liver disease-Meta-analytic assessment of prevalence, incidence, and outcomes. Hepatology
2016, 64, 73-84. [CrossRef]

Chalasani, N.; Younossi, Z.; Lavine, J.E.; Diehl, A.M.; Brunt, EM.; Cusi, K.; Charlton, M.; Sanyal, A.].
The diagnosis and management of non-alcoholic fatty liver disease: Practice Guideline by the American
Association for the Study of Liver Diseases, American College of Gastroenterology, and the American
Gastroenterological Association. Hepatology 2012, 55, 2005-2023. [CrossRef]

Leoni, S.; Tovoli, E; Napoli, L.; Serio, I.; Ferri, S.; Bolondi, L. Current guidelines for the management of
non-alcoholic fatty liver disease: A systematic review with comparative analysis. World ]. Gastroenterol. 2018,
24,3361-3373. [CrossRef]

Geisler, C.E.; Renquist, B.J. Hepatic lipid accumulation: Cause and consequence of dysregulated
glucoregulatory hormones. J. Endocrinol. 2017, 234, R1-R21. [CrossRef]

McCullough, A J. Pathophysiology of nonalcoholic steatohepatitis. J. Clin. Gastroenterol. 2006, 40, S17-529.
[CrossRef]

Jamwal, R.; de la Monte, S.M.; Ogasawara, K.; Adusumalli, S.; Barlock, B.B.; Akhlaghi, F. Nonalcoholic Fatty
Liver Disease and Diabetes Are Associated with Decreased CYP3A4 Protein Expression and Activity in
Human Liver. Mol. Pharm. 2018, 15, 2621-2632. [CrossRef]

Farrell, G.C.; Larter, C.Z. Nonalcoholic fatty liver disease: From steatosis to cirrhosis. Hepatology 2006, 43,
599-S112. [CrossRef] [PubMed]

Takaki, A.; Kawai, D.; Yamamoto, K. Molecular mechanisms and new treatment strategies for non-alcoholic
steatohepatitis (NASH). Int. |. Mol. Sci. 2014, 15, 7352-7379. [CrossRef] [PubMed]

Kleiner, D.E.; Brunt, E.M.; Van Natta, M.; Behling, C.; Contos, M.].; Cummings, O.W.,; Ferrell, L.D.; Liu, Y.C,;
Torbenson, M.S.; Unalp-Arida, A.; etal. Design and validation of a histological scoring system for nonalcoholic
fatty liver disease. Hepatology 2005, 41, 1313-1321. [CrossRef] [PubMed]

Bedossa, P.; Poitou, C.; Veyrie, N.; Bouillot, J.L.; Basdevant, A.; Paradis, V.; Tordjman, J.; Clement, K.
Histopathological algorithm and scoring system for evaluation of liver lesions in morbidly obese patients.
Hepatology 2012, 56, 1751-1759. [CrossRef]

Brunt, EM.; Janney, C.G.; Di Bisceglie, A.M.; Neuschwander-Tetri, B.A.; Bacon, B.R. Nonalcoholic
steatohepatitis: A proposal for grading and staging the histological lesions. Am. J. Gastroenterol. 1999, 94,
2467-2474. [CrossRef]

Brunt, E.M. Nonalcoholic Fatty Liver Disease: Pros and Cons of Histologic Systems of Evaluation. Int. J.
Mol. Sci. 2016, 17, 97. [CrossRef]

Chalasani, N.; Younossi, Z.; Lavine, J.E.; Charlton, M.; Cusi, K.; Rinella, M.; Harrison, S.A.; Brunt, EM.;
Sanyal, A.J. The diagnosis and management of nonalcoholic fatty liver disease: Practice guidance from the
American Association for the Study of Liver Diseases. Hepatology 2018, 67, 328-357. [CrossRef]

Younossi, Z.M.; Blissett, D.; Blissett, R.; Henry, L.; Stepanova, M.; Younossi, Y.; Racila, A.; Hunt, S,;
Beckerman, R. The economic and clinical burden of nonalcoholic fatty liver disease in the United States and
Europe. Hepatology 2016, 64, 1577-1586. [CrossRef]


http://dx.doi.org/10.4254/wjh.v7.i11.1450
http://www.ncbi.nlm.nih.gov/pubmed/26085906
http://dx.doi.org/10.3748/wjg.v22.i43.9488
http://www.ncbi.nlm.nih.gov/pubmed/27920470
http://dx.doi.org/10.1053/j.gastro.2019.11.312
http://www.ncbi.nlm.nih.gov/pubmed/32044314
http://dx.doi.org/10.1002/hep.28584
http://www.ncbi.nlm.nih.gov/pubmed/27038241
http://dx.doi.org/10.1002/hep.28431
http://dx.doi.org/10.1002/hep.25762
http://dx.doi.org/10.3748/wjg.v24.i30.3361
http://dx.doi.org/10.1530/JOE-16-0513
http://dx.doi.org/10.1097/01.mcg.0000168645.86658.22
http://dx.doi.org/10.1021/acs.molpharmaceut.8b00159
http://dx.doi.org/10.1002/hep.20973
http://www.ncbi.nlm.nih.gov/pubmed/16447287
http://dx.doi.org/10.3390/ijms15057352
http://www.ncbi.nlm.nih.gov/pubmed/24786095
http://dx.doi.org/10.1002/hep.20701
http://www.ncbi.nlm.nih.gov/pubmed/15915461
http://dx.doi.org/10.1002/hep.25889
http://dx.doi.org/10.1111/j.1572-0241.1999.01377.x
http://dx.doi.org/10.3390/ijms17010097
http://dx.doi.org/10.1002/hep.29367
http://dx.doi.org/10.1002/hep.28785

Pharmaceuticals 2020, 13, 222 11 of 15

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Kalia, H.S.; Gaglio, P.J. The Prevalence and Pathobiology of Nonalcoholic Fatty Liver Disease in Patients of
Different Races or Ethnicities. Clin. Liver Dis. 2016, 20, 215-224. [CrossRef]

Margariti, E.; Deutsch, M.; Manolakopoulos, S.; Papatheodoridis, G.V. Non-alcoholic fatty liver disease may
develop in individuals with normal body mass index. Ann. Gastroenterol. 2012, 25, 45-51.

Anderson, E.L.; Howe, L.D.; Jones, H.E.; Higgins, ].P.; Lawlor, D.A; Fraser, A. The Prevalence of Non-Alcoholic
Fatty Liver Disease in Children and Adolescents: A Systematic Review and Meta-Analysis. PLoS ONE 2015,
10, €0140908. [CrossRef]

Bush, H.; Golabi, P.; Younossi, Z.M. Pediatric Non-Alcoholic Fatty Liver Disease. Children 2017, 4, 48.
[CrossRef] [PubMed]

Romeo, S.; Kozlitina, J.; Xing, C.; Pertsemlidis, A.; Cox, D.; Pennacchio, L.A.; Boerwinkle, E.; Cohen, J.C.;
Hobbs, H.H. Genetic variation in PNPLA3 confers susceptibility to nonalcoholic fatty liver disease. Nat. Genet.
2008, 40, 1461-1465. [CrossRef] [PubMed]

Sookoian, S.; Pirola, C.J. Genetic predisposition in nonalcoholic fatty liver disease. Clin. Mol. Hepatol. 2017,
23, 1-12. [CrossRef] [PubMed]

Sliz, E.; Sebert, S.; Wurtz, P; Kangas, A.J.; Soininen, P; Lehtimaki, T.; Kahonen, M.; Viikari, J.; Mannikko, M.;
Ala-Korpela, M.; et al. NAFLD risk alleles in PNPLA3, TM6SF2, GCKR and LYPLAL1 show divergent
metabolic effects. Hum. Mol. Genet. 2018, 27,2214-2223. [CrossRef] [PubMed]

Mancina, R-M.; Dongiovanni, P.; Petta, S.; Pingitore, P.; Meroni, M.; Rametta, R.; Boren, J.; Montalcini, T.;
Pujia, A.; Wiklund, O.; et al. The MBOAT7-TMC4 Variant rs641738 Increases Risk of Nonalcoholic Fatty
Liver Disease in Individuals of European Descent. Gastroenterology 2016, 150, 1219-1230. [CrossRef]
Sookoian, S.; Flichman, D.; Garaycoechea, M.E.; Gazzi, C.; Martino, J.S.; Castano, G.O.; Pirola, C.J. Lack of
evidence supporting a role of TMC4-rs641738 missense variant-MBOAT?7- intergenic downstream variant-in
the Susceptibility to Nonalcoholic Fatty Liver Disease. Sci. Rep. 2018, 8, 5097. [CrossRef]

Sattar, N.; Forrest, E.; Preiss, D. Non-alcoholic fatty liver disease. BM] 2014, 349, g4596. [CrossRef]
Decarie, P.O.; Lepanto, L.; Billiard, ].S.; Olivie, D.; Murphy-Lavallee, J.; Kauffmann, C.; Tang, A. Fatty liver
deposition and sparing: A pictorial review. Insights Imaging 2011, 2, 533-538. [CrossRef]

Younossi, Z.M.; Stepanova, M.; Rafiq, N.; Makhlouf, H.; Younoszai, Z.; Agrawal, R.; Goodman, Z. Pathologic
criteria for nonalcoholic steatohepatitis: Interprotocol agreement and ability to predict liver-related mortality.
Hepatology 2011, 53, 1874-1882. [CrossRef]

Angulo, P. Diagnosing steatohepatitis and predicting liver-related mortality in patients with NAFLD:
Two distinct concepts. Hepatology 2011, 53, 1792-1794. [CrossRef] [PubMed]

Brunt, E.M; Kleiner, D.E.; Behling, C.; Contos, M.].; Cummings, O.W.,; Ferrell, L.D.; Torbenson, M.S.; Yeh, M.
Misuse of scoring systems. Hepatology 2011, 54, 369-370. [CrossRef] [PubMed]

Gandhi, A.; Moorthy, B.; Ghose, R. Drug disposition in pathophysiological conditions. Curr. Drug Metab.
2012, 13, 1327-1344. [CrossRef] [PubMed]

Sumida, Y.; Seko, Y.; Yoneda, M.; Japan Study Group of, N. Novel antidiabetic medications for non-alcoholic
fatty liver disease with type 2 diabetes mellitus. Hepatol. Res. 2016, 47, 266-280. [CrossRef] [PubMed]
Barb, D.; Portillo-Sanchez, P.; Cusi, K. Pharmacological management of nonalcoholic fatty liver disease.
Metabolism 2016, 65, 1183-1195. [CrossRef]

Takei, Y. Treatment of non-alcoholic fatty liver disease. |. Gastroenterol. Hepatol. 2013, 28, 79-80. [CrossRef]
[PubMed]

Marchesini, G.; Petta, S.; Dalle Grave, R. Diet, weight loss, and liver health in nonalcoholic fatty liver disease:
Pathophysiology, evidence, and practice. Hepatology 2016, 63, 2032-2043. [CrossRef]

Vilar-Gomez, E.; Martinez-Perez, Y.; Calzadilla-Bertot, L.; Torres-Gonzalez, A.; Gra-Oramas, B.;
Gonzalez-Fabian, L.; Friedman, S.L.; Diago, M.; Romero-Gomez, M. Weight Loss Through Lifestyle
Modification Significantly Reduces Features of Nonalcoholic Steatohepatitis. Gastroenterology 2015, 149,
367-378.e5. [CrossRef]

Zivkovic, AM.; German, J.B.; Sanyal, A.J. Comparative review of diets for the metabolic syndrome:
Implications for nonalcoholic fatty liver disease. Am. J. Clin. Nutr. 2007, 86, 285-300. [CrossRef]

Musso, G.; Gambino, R.; Pacini, G.; De Michieli, F; Cassader, M. Prolonged saturated fat-induced,
glucose-dependent insulinotropic polypeptide elevation is associated with adipokine imbalance and liver
injury in nonalcoholic steatohepatitis: Dysregulated enteroadipocyte axis as a novel feature of fatty liver.
Am. J. Clin. Nutr. 2009, 89, 558-567. [CrossRef]


http://dx.doi.org/10.1016/j.cld.2015.10.005
http://dx.doi.org/10.1371/journal.pone.0140908
http://dx.doi.org/10.3390/children4060048
http://www.ncbi.nlm.nih.gov/pubmed/28598410
http://dx.doi.org/10.1038/ng.257
http://www.ncbi.nlm.nih.gov/pubmed/18820647
http://dx.doi.org/10.3350/cmh.2016.0109
http://www.ncbi.nlm.nih.gov/pubmed/28268262
http://dx.doi.org/10.1093/hmg/ddy124
http://www.ncbi.nlm.nih.gov/pubmed/29648650
http://dx.doi.org/10.1053/j.gastro.2016.01.032
http://dx.doi.org/10.1038/s41598-018-23453-9
http://dx.doi.org/10.1136/bmj.g4596
http://dx.doi.org/10.1007/s13244-011-0112-5
http://dx.doi.org/10.1002/hep.24268
http://dx.doi.org/10.1002/hep.24403
http://www.ncbi.nlm.nih.gov/pubmed/21557278
http://dx.doi.org/10.1002/hep.24347
http://www.ncbi.nlm.nih.gov/pubmed/21488072
http://dx.doi.org/10.2174/138920012803341302
http://www.ncbi.nlm.nih.gov/pubmed/22746301
http://dx.doi.org/10.1111/hepr.12856
http://www.ncbi.nlm.nih.gov/pubmed/28019064
http://dx.doi.org/10.1016/j.metabol.2016.04.004
http://dx.doi.org/10.1111/jgh.12242
http://www.ncbi.nlm.nih.gov/pubmed/24251709
http://dx.doi.org/10.1002/hep.28392
http://dx.doi.org/10.1053/j.gastro.2015.04.005
http://dx.doi.org/10.1093/ajcn/86.2.285
http://dx.doi.org/10.3945/ajcn.2008.26720

Pharmaceuticals 2020, 13, 222 12 of 15

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Abdelmalek, MLE; Suzuki, A.; Guy, C.; Unalp-Arida, A.; Colvin, R.; Johnson, R.J.; Diehl, A.M.; Nonalcoholic
Steatohepatitis Clinical Research, N. Increased fructose consumption is associated with fibrosis severity in
patients with nonalcoholic fatty liver disease. Hepatology 2010, 51, 1961-1971. [CrossRef] [PubMed]
Stanhope, K.L.; Schwarz, ]. M.; Keim, N.L.; Griffen, S.C.; Bremer, A.A.; Graham, J.L.; Hatcher, B.; Cox, C.L.;
Dyachenko, A.; Zhang, W.; et al. Consuming fructose-sweetened, not glucose-sweetened, beverages increases
visceral adiposity and lipids and decreases insulin sensitivity in overweight/obese humans. J. Clin. Investig.
2009, 119, 1322-1334. [CrossRef] [PubMed]

Ryan, M.C.; Itsiopoulos, C.; Thodis, T.; Ward, G.; Trost, N.; Hofferberth, S.; O'Dea, K.; Desmond, P.V,;
Johnson, N.A.; Wilson, A.M. The Mediterranean diet improves hepatic steatosis and insulin sensitivity in
individuals with non-alcoholic fatty liver disease. . Hepatol. 2013, 59, 138-143. [CrossRef] [PubMed]
Perazzo, H.; Dufour, J.E. The therapeutic landscape of non-alcoholic steatohepatitis. Liver Int. 2017, 37,
634-647. [CrossRef]

Sumida, Y.; Yoneda, M. Current and future pharmacological therapies for NAFLD/NASH. . Gastroenterol.
2018, 53, 362-376. [CrossRef]

Zanger, U.M.; Schwab, M. Cytochrome P450 enzymes in drug metabolism: Regulation of gene expression,
enzyme activities, and impact of genetic variation. Pharmacol. Ther. 2013, 138, 103-141. [CrossRef]

Penner, N.; Woodward, C.; Prakash, C. Drug Metabolizing Enzymes and Biotransformation Reactions.
In ADME-Enabling Technologies in Drug Design and Development; Surapaneni, D.Z.a.S., Ed.; John Wiley & Sons,
Inc.: New York, NY, USA, 2012; pp. 545-565.

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

Santhekadur, PK.; Kumar, D.P; Sanyal, A.]. Preclinical models of non-alcoholic fatty liver disease. |. Hepatol.
2018, 68, 230-237. [CrossRef]

Trak-Smayra, V.; Paradis, V.; Massart, ].; Nasser, S.; Jebara, V.; Fromenty, B. Pathology of the liver in obese
and diabetic ob/ob and db/db mice fed a standard or high-calorie diet. Int. J. Exp. Pathol. 2011, 92, 413-421.
[CrossRef]

Canet, M.J.; Hardwick, R.N.; Lake, A.D.; Dzierlenga, A.L.; Clarke, ].D.; Cherrington, N.J. Modeling human
nonalcoholic steatohepatitis-associated changes in drug transporter expression using experimental rodent
models. Drug Metab. Dispos. 2014, 42, 586-595. [CrossRef]

Fisher, C.D.; Jackson, J.P,; Lickteig, A.J.; Augustine, L.M.; Cherrington, N.J. Drug metabolizing enzyme
induction pathways in experimental non-alcoholic steatohepatitis. Arch. Toxicol. 2008, 82, 959-964. [CrossRef]
[PubMed]

Kim, S.; Sohn, I.; Ahn, J.I; Lee, K.H.; Lee, Y.S.; Lee, Y.S. Hepatic gene expression profiles in a long-term
high-fat diet-induced obesity mouse model. Gene 2004, 340, 99-109. [CrossRef] [PubMed]

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. [CrossRef]
[PubMed]

Stephenson, K.; Kennedy, L.; Hargrove, L.; Demieville, J.; Thomson, ].; Alpini, G.; Francis, H. Updates on
Dietary Models of Nonalcoholic Fatty Liver Disease: Current Studies and Insights. Gene Expr. 2018, 18, 5-17.
[CrossRef]

Asgharpour, A.; Cazanave, 5.C.; Pacana, T.; Seneshaw, M.; Vincent, R.; Banini, B.A.; Kumar, D.P; Daita, K,;
Min, HK.; Mirshahi, F; et al. A diet-induced animal model of non-alcoholic fatty liver disease and
hepatocellular cancer. J. Hepatol. 2016, 65, 579-588. [CrossRef]

Fujii, M.; Shibazaki, Y.; Wakamatsu, K.; Honda, Y.; Kawauchi, Y.; Suzuki, K.; Arumugam, S.; Watanabe, K.;
Ichida, T.; Asakura, H.; et al. A murine model for non-alcoholic steatohepatitis showing evidence of association
between diabetes and hepatocellular carcinoma. Med. Mol. Morphol. 2013, 46, 141-152. [CrossRef]
Tsuchida, T.; Lee, Y.A.; Fujiwara, N.; Ybanez, M.; Allen, B.; Martins, S.; Fiel, M.I.; Goossens, N.; Chou, H.I;
Hoshida, Y.; et al. A simple diet- and chemical-induced murine NASH model with rapid progression of
steatohepatitis, fibrosis and liver cancer. J. Hepatol. 2018, 69, 385-395. [CrossRef]

Dietrich, C.G.; Rau, M.; Jahn, D.; Geier, A. Changes in drug transport and metabolism and their clinical
implications in non-alcoholic fatty liver disease. Expert Opin. Drug Metab. Toxicol. 2017, 13, 625-640. [CrossRef]
Zhong, F.; Zhou, X; Xu, J.; Gao, L. Rodent Models of Nonalcoholic Fatty Liver Disease. Digestion 2019, 1-14.
[CrossRef]


http://dx.doi.org/10.1002/hep.23535
http://www.ncbi.nlm.nih.gov/pubmed/20301112
http://dx.doi.org/10.1172/JCI37385
http://www.ncbi.nlm.nih.gov/pubmed/19381015
http://dx.doi.org/10.1016/j.jhep.2013.02.012
http://www.ncbi.nlm.nih.gov/pubmed/23485520
http://dx.doi.org/10.1111/liv.13270
http://dx.doi.org/10.1007/s00535-017-1415-1
http://dx.doi.org/10.1016/j.pharmthera.2012.12.007
http://dx.doi.org/10.5507/bp.2010.017
http://dx.doi.org/10.1016/j.jhep.2017.10.031
http://dx.doi.org/10.1111/j.1365-2613.2011.00793.x
http://dx.doi.org/10.1124/dmd.113.055996
http://dx.doi.org/10.1007/s00204-008-0312-z
http://www.ncbi.nlm.nih.gov/pubmed/18488193
http://dx.doi.org/10.1016/j.gene.2004.06.015
http://www.ncbi.nlm.nih.gov/pubmed/15556298
http://dx.doi.org/10.1248/bpb.29.1634
http://www.ncbi.nlm.nih.gov/pubmed/16880618
http://dx.doi.org/10.3727/105221617X15093707969658
http://dx.doi.org/10.1016/j.jhep.2016.05.005
http://dx.doi.org/10.1007/s00795-013-0016-1
http://dx.doi.org/10.1016/j.jhep.2018.03.011
http://dx.doi.org/10.1080/17425255.2017.1314461
http://dx.doi.org/10.1159/000501851

Pharmaceuticals 2020, 13, 222 13 of 15

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Miiller, EA; Sturla, S.J. Human in vitro models of nonalcoholic fatty liver disease. Curr. Opinion Toxicol.
2019, 16, 9-16. [CrossRef]

Ratziu, V.; Bedossa, P.; Francque, S.M.; Larrey, D.; Aithal, G.P.; Serfaty, L.; Voiculescu, M.; Preotescu, L.;
Nevens, F; De Ledinghen, V.; et al. Lack of efficacy of an inhibitor of PDE4 in phase 1 and 2 trials of patients
with nonalcoholic steatohepatitis. Clin. Gastroenterol. Hepatol. 2014, 12, 1724-1730. [CrossRef] [PubMed]
Chachay, V.S.; Macdonald, G.A.; Martin, ].H.; Whitehead, ].P.; O'Moore-Sullivan, T.M.; Lee, P.; Franklin, M.;
Klein, K.; Taylor, PJ.; Ferguson, M.; et al. Resveratrol does not benefit patients with nonalcoholic fatty liver
disease. Clin. Gastroenterol. Hepatol. 2014, 12, 2092-2103. [CrossRef]

Evers, R.; Piquette-Miller, M.; Polli, ] W.; Russel, EG.M.; Sprowl, ].A.; Tohyama, K.; Ware, ].A.; de Wildt, S.N.;
Xie, W.; Brouwer, K.L.R,; et al. Disease-Associated Changes in Drug Transporters May Impact the
Pharmacokinetics and/or Toxicity of Drugs: A White Paper From the International Transporter Consortium.
Clin. Pharmacol. Ther. 2018, 104, 900-915. [CrossRef] [PubMed]

Cobbina, E.; Akhlaghi, F. Non-alcoholic fatty liver disease (NAFLD)—Pathogenesis, classification, and effect
on drug metabolizing enzymes and transporters. Drug Metab. Rev. 2017, 49, 197-211. [CrossRef] [PubMed]
Merrell, M.D.; Cherrington, N.J. Drug metabolism alterations in nonalcoholic fatty liver disease. Drug Metab.
Rev. 2011, 43, 317-334. [CrossRef]

Greco, D.; Kotronen, A.; Westerbacka, J.; Puig, O.; Arkkila, P.; Kiviluoto, T.; Laitinen, S.; Kolak, M.; Fisher, R.M.;
Hamsten, A.; et al. Gene expression in human NAFLD. Am. J. Physiol. Gastrointest Liver Physiol. 2008, 294,
1281-1287. [CrossRef]

Lake, A.D.; Novak, P; Fisher, C.D.; Jackson, ]J.P.; Hardwick, R.N.; Billheimer, D.D.; Klimecki, W.T.;
Cherrington, N.J. Analysis of global and absorption, distribution, metabolism, and elimination gene
expression in the progressive stages of human nonalcoholic fatty liver disease. Drug Metab. Dispos. 2011, 39,
1954-1960. [CrossRef]

Woolsey, S.J.; Mansell, S.E.; Kim, R.B.; Tirona, R.G.; Beaton, M.D. CYP3A Activity and Expression in
Nonalcoholic Fatty Liver Disease. Drug Metab. Dispos. 2015, 43, 1484-1490. [CrossRef]

Hardwick, R.N.; Ferreira, D.W.; More, VR,; Lake, A.D.; Lu, Z.; Manautou, ].E,; Slitt, A.L.; Cherrington, N.]J.
Altered UDP-glucuronosyltransferase and sulfotransferase expression and function during progressive
stages of human nonalcoholic fatty liver disease. Drug Metab. Dispos. 2013, 41, 554-561. [CrossRef]
Kohjima, M.; Enjoji, M.; Higuchi, N.; Kato, M.; Kotoh, K.; Yoshimoto, T.; Fujino, T.; Yada, M.; Yada, R.;
Harada, N.; et al. Re-evaluation of fatty acid metabolism-related gene expression in nonalcoholic fatty liver
disease. Int. . Mol. Med. 2007, 20, 351-358. [CrossRef]

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]

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

Fisher, C.D,; Lickteig, A.J.; Augustine, L.M.; Ranger-Moore, J.; Jackson, J.P.; Ferguson, S.S.; Cherrington, N.J.
Hepatic cytochrome P450 enzyme alterations in humans with progressive stages of nonalcoholic fatty liver
disease. Drug Metab. Dispos. 2009, 37, 2087-2094. [CrossRef] [PubMed]

Baker, S.S.; Baker, R.D.; Liu, W.; Nowak, N.J.; Zhu, L. Role of alcohol metabolism in non-alcoholic
steatohepatitis. PLoS ONE 2010, 5, €9570. [CrossRef]

Chalasani, N.; Gorski, J.C.; Asghar, M.S.; Asghar, A.; Foresman, B.; Hall, S.D.; Crabb, D.W. Hepatic cytochrome
P450 2E1 activity in nondiabetic patients with nonalcoholic steatohepatitis. Hepatology 2003, 37, 544-550.
[CrossRef]

Orellana, M.; Rodrigo, R.; Varela, N.; Araya, J.; Poniachik, J.; Csendes, A.; Smok, G.; Videla, L.A. 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. [CrossRef]

Weltman, M.D.; Farrell, G.C.; Hall, P; Ingelman-Sundberg, M.; Liddle, C. Hepatic cytochrome P450 2E1 is
increased in patients with nonalcoholic steatohepatitis. Hepatology 1998, 27, 128-133. [CrossRef]

Niemela, O.; Parkkila, S.; Juvonen, R.O.; Viitala, K.; Gelboin, H.V.; Pasanen, M. Cytochromes P450 2A6, 2E1,
and 3A and production of protein-aldehyde adducts in the liver of patients with alcoholic and non-alcoholic
liver diseases. J. Hepatol. 2000, 33, 893-901. [CrossRef]


http://dx.doi.org/10.1016/j.cotox.2019.03.001
http://dx.doi.org/10.1016/j.cgh.2014.01.040
http://www.ncbi.nlm.nih.gov/pubmed/24530600
http://dx.doi.org/10.1016/j.cgh.2014.02.024
http://dx.doi.org/10.1002/cpt.1115
http://www.ncbi.nlm.nih.gov/pubmed/29756222
http://dx.doi.org/10.1080/03602532.2017.1293683
http://www.ncbi.nlm.nih.gov/pubmed/28303724
http://dx.doi.org/10.3109/03602532.2011.577781
http://dx.doi.org/10.1152/ajpgi.00074.2008
http://dx.doi.org/10.1124/dmd.111.040592
http://dx.doi.org/10.1124/dmd.115.065979
http://dx.doi.org/10.1124/dmd.112.048439
http://dx.doi.org/10.3892/ijmm.20.3.351
http://www.ncbi.nlm.nih.gov/pubmed/18672640
http://www.ncbi.nlm.nih.gov/pubmed/16142397
http://dx.doi.org/10.1124/dmd.109.027466
http://www.ncbi.nlm.nih.gov/pubmed/19651758
http://dx.doi.org/10.1371/journal.pone.0009570
http://dx.doi.org/10.1053/jhep.2003.50095
http://dx.doi.org/10.1016/j.hepres.2005.10.001
http://dx.doi.org/10.1002/hep.510270121
http://dx.doi.org/10.1016/S0168-8278(00)80120-8

Pharmaceuticals 2020, 13, 222 14 of 15

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Donato, M.T.; Lahoz, A.; Jimenez, N.; Perez, G.; Serralta, A.; Mir, ].; Castell, J.V.; Gomez-Lechon, M.]. Potential
impact of steatosis on cytochrome P450 enzymes of human hepatocytes isolated from fatty liver grafts.
Drug Metab. Dispos. 2006, 34, 1556-1562. [CrossRef]

Emery, M.G.; Fisher, ] M.; Chien, ].Y.; Kharasch, E.D.; Dellinger, E.P.; Kowdley, K.V.; Thummel, K.E. CYP2E1
activity before and after weight loss in morbidly obese subjects with nonalcoholic fatty liver disease.
Hepatology 2003, 38, 428-435. [CrossRef]

Bell, L.N.; Temm, C.J.; Saxena, R.; Vuppalanchi, R.; Schauer, P; Rabinovitz, M.; Krasinskas, A.; Chalasani, N.;
Mattar, S.G. Bariatric surgery-induced weight loss reduces hepatic lipid peroxidation levels and affects
hepatic cytochrome P-450 protein content. Ann. Surg. 2010, 251, 1041-1048. [CrossRef] [PubMed]

Donato, M.T.; Jimenez, N.; Serralta, A.; Mir, J.; Castell, J.V.; Gomez-Lechon, M.]. Effects of steatosis on
drug-metabolizing capability of primary human hepatocytes. Toxicol. In Vitro 2007, 21, 271-276. [CrossRef]
[PubMed]

Kolwankar, D.; Vuppalanchi, R.; Ethell, B.; Jones, D.R.; Wrighton, S.A.; Hall, S.D.; Chalasani, N. Association
between nonalcoholic hepatic steatosis and hepatic cytochrome P-450 3A activity. Clin. Gastroenterol. Hepatol.
2007, 5, 388-393. [CrossRef] [PubMed]

Rubio, A.; Guruceaga, E.; Vazquez-Chantada, M.; Sandoval, J.; Martinez-Cruz, L.A.; Segura, V.; Sevilla, J.L.;
Podhorski, A.; Corrales, EJ.; Torres, L.; et al. Identification of a gene-pathway associated with non-alcoholic
steatohepatitis. . Hepatol. 2007, 46, 708-718. [CrossRef] [PubMed]

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

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

Shebley, M.; Sandhu, P.; Emami Riedmaier, A.; Jamei, M.; Narayanan, R.; Patel, A ; Peters, S.A.; Reddy, V.P;
Zheng, M.; de Zwart, L.; et al. Physiologically Based Pharmacokinetic Model Qualification and Reporting
Procedures for Regulatory Submissions: A Consortium Perspective. Clin. Pharmacol. Ther. 2018, 104, 88-110.
[CrossRef]

Zhuang, X.; Lu, C. PBPK modeling and simulation in drug research and development. Acta Pharm. Sin. B
2016, 6, 430-440. [CrossRef]

Sager, ].E.; Yu, J.; Ragueneau-Majlessi, I.; Isoherranen, N. Physiologically Based Pharmacokinetic (PBPK)
Modeling and Simulation Approaches: A Systematic Review of Published Models, Applications, and Model
Verification. Drug Metab. Dispos. 2015, 43, 1823-1837. [CrossRef]

Vildhede, A.; Kimoto, E.; Pelis, R.M.; Rodrigues, A.D.; Varma, M.V.S. Quantitative Proteomics and Mechanistic
Modeling of Transporter-Mediated Disposition in Nonalcoholic Fatty Liver Disease. Clin. Pharmacol. Ther.
2020, 107, 1128-1137. [CrossRef]

Shigefuku, R.; Takahashi, H.; Kato, M.; Yoshida, Y.; Suetani, K.; Noguchi, Y.; Hatsugai, M.; Nakahara, K;
Ikeda, H.; Kobayashi, M.; et al. Evaluation of hepatic tissue blood flow using xenon computed tomography
with fibrosis progression in nonalcoholic fatty liver disease: Comparison with chronic hepatitis C. Int. J.
Mol. Sci. 2014, 15, 1026-1039. [CrossRef] [PubMed]

Farrell, G.C.; Teoh, N.C.; McCuskey, R.S. Hepatic microcirculation in fatty liver disease. Anat. Rec. (Hoboken)
2008, 291, 684-692. [CrossRef] [PubMed]

Anavi, S.; Madar, Z.; Tirosh, O. Non-alcoholic fatty liver disease, to struggle with the strangle: Oxygen
availability in fatty livers. Redox. Biol. 2017, 13, 386-392. [CrossRef]

Hirooka, M.; Koizumi, Y.; Miyake, T.; Ochi, H.; Tokumoto, Y.; Tada, F.; Matsuura, B.; Abe, M.; Hiasa, Y.
Nonalcoholic fatty liver disease: Portal hypertension due to outflow block in patients without cirrhosis.
Radiology 2015, 274, 597-604. [CrossRef] [PubMed]

Shigefuku, R.; Takahashi, H.; Kobayashi, M.; Ikeda, H.; Matsunaga, K.; Okuse, C.; Matsumoto, N.;
Maeyama, S.; Sase, S.; Suzuki, M.; et al. Pathophysiological analysis of nonalcoholic fatty liver disease
by evaluation of fatty liver changes and blood flow using xenon computed tomography: Can early-stage
nonalcoholic steatohepatitis be distinguished from simple steatosis? J. Gastroenterol. 2012, 47, 1238-1247.
[CrossRef] [PubMed]


http://dx.doi.org/10.1124/dmd.106.009670
http://dx.doi.org/10.1053/jhep.2003.50342
http://dx.doi.org/10.1097/SLA.0b013e3181dbb572
http://www.ncbi.nlm.nih.gov/pubmed/20485142
http://dx.doi.org/10.1016/j.tiv.2006.07.008
http://www.ncbi.nlm.nih.gov/pubmed/16950596
http://dx.doi.org/10.1016/j.cgh.2006.12.021
http://www.ncbi.nlm.nih.gov/pubmed/17368239
http://dx.doi.org/10.1016/j.jhep.2006.10.021
http://www.ncbi.nlm.nih.gov/pubmed/17275126
http://dx.doi.org/10.1007/s11695-010-0078-2
http://www.ncbi.nlm.nih.gov/pubmed/20119733
http://dx.doi.org/10.1111/j.1872-034X.2008.00399.x
http://dx.doi.org/10.1002/cpt.1013
http://dx.doi.org/10.1016/j.apsb.2016.04.004
http://dx.doi.org/10.1124/dmd.115.065920
http://dx.doi.org/10.1002/cpt.1699
http://dx.doi.org/10.3390/ijms15011026
http://www.ncbi.nlm.nih.gov/pubmed/24424317
http://dx.doi.org/10.1002/ar.20715
http://www.ncbi.nlm.nih.gov/pubmed/18484615
http://dx.doi.org/10.1016/j.redox.2017.06.008
http://dx.doi.org/10.1148/radiol.14132952
http://www.ncbi.nlm.nih.gov/pubmed/25302830
http://dx.doi.org/10.1007/s00535-012-0581-4
http://www.ncbi.nlm.nih.gov/pubmed/22576023

Pharmaceuticals 2020, 13, 222 15 of 15

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Jungermann, K.; Kietzmann, T. Oxygen: Modulator of metabolic zonation and disease of the liver. Hepatology
2000, 31, 255-260. [CrossRef]

Kietzmann, T. Metabolic zonation of the liver: The oxygen gradient revisited. Redox. Biol. 2017, 11, 622-630.
[CrossRef]

Lindros, K.O. Zonation of cytochrome P450 expression, drug metabolism and toxicity in liver. Gen. Pharmacol.
1997, 28, 191-196. [CrossRef]

Carlisle, K.M.; Halliwell, M.; Read, A.E.; Wells, PN. Estimation of total hepatic blood flow by duplex
ultrasound. Gut 1992, 33, 92-97. [CrossRef]

Pirola, C.J.; Sookoian, S. Multiomics biomarkers for the prediction of nonalcoholic fatty liver disease severity.
World . Gastroenterol. 2018, 24, 1601-1615. [CrossRef]

Wong, ].W.; Cagney, G. An overview of label-free quantitation methods in proteomics by mass spectrometry.
Methods Mol. Biol. 2010, 604, 273-283. [CrossRef]

Al Feteisi, H.; Achour, B.; Barber, ].; Rostami-Hodjegan, A. Choice of LC-MS methods for the absolute
quantification of drug-metabolizing enzymes and transporters in human tissue: A comparative cost analysis.
AAPS |. 2015, 17, 438-446. [CrossRef] [PubMed]

Jamwal, R.; Barlock, B.J.; Adusumalli, S.; Ogasawara, K.; Simons, B.L.; Akhlaghi, F. Multiplex and Label-Free
Relative Quantification Approach for Studying Protein Abundance of Drug Metabolizing Enzymes in Human
Liver Microsomes Using SWATH-MS. ]. Proteome Res. 2017, 16, 4134—4143. [CrossRef] [PubMed]

Gillet, L.C.; Navarro, P; Tate, S.; Rost, H.; Selevsek, N.; Reiter, L.; Bonner, R.; Aebersold, R. Targeted data
extraction of the MS/MS spectra generated by data-independent acquisition: A new concept for consistent
and accurate proteome analysis. Mol. Cell Proteomics 2012, 11. [CrossRef] [PubMed]

Rosenberger, G.; Koh, C.C.; Guo, T.; Rost, H.L.; Kouvonen, P; Collins, B.C.; Heusel, M; Liu, Y.; Caron, E.;
Vichalkovski, A.; et al. A repository of assays to quantify 10,000 human proteins by SWATH-MS. Sci. Data
2014, 1, 140031. [CrossRef] [PubMed]

Navarro, P; Kuharev, J.; Gillet, L.C.; Bernhardt, O.M.; MacLean, B.; Rost, H.L.; Tate, S.A.; Tsou, C.C.; Reiter, L.;
Distler, U,; et al. A multicenter study benchmarks software tools for label-free proteome quantification.
Nat. Biotechnol. 2016, 34, 1130-1136. [CrossRef] [PubMed]

Wisniewski, ].R.; Hein, M.Y.; Cox, J.; Mann, M. A “proteomic ruler” for protein copy number and concentration
estimation without spike-in standards. Mol. Cell Proteomics 2014, 13, 3497-3506. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/hep.510310201
http://dx.doi.org/10.1016/j.redox.2017.01.012
http://dx.doi.org/10.1016/S0306-3623(96)00183-8
http://dx.doi.org/10.1136/gut.33.1.92
http://dx.doi.org/10.3748/wjg.v24.i15.1601
http://dx.doi.org/10.1007/978-1-60761-444-9_18
http://dx.doi.org/10.1208/s12248-014-9712-6
http://www.ncbi.nlm.nih.gov/pubmed/25663651
http://dx.doi.org/10.1021/acs.jproteome.7b00505
http://www.ncbi.nlm.nih.gov/pubmed/28944677
http://dx.doi.org/10.1074/mcp.O111.016717
http://www.ncbi.nlm.nih.gov/pubmed/22261725
http://dx.doi.org/10.1038/sdata.2014.31
http://www.ncbi.nlm.nih.gov/pubmed/25977788
http://dx.doi.org/10.1038/nbt.3685
http://www.ncbi.nlm.nih.gov/pubmed/27701404
http://dx.doi.org/10.1074/mcp.M113.037309
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Pathogenesis, Epidemiology and Risk Factors 
	Classification Systems for NAFLD 
	Treatment Strategies to Manage NAFLD 
	Drug Metabolism Enzymes and NAFLD 
	Preclinical Studies 
	Studies in Human 
	Physiologically Based Pharmacokinetic (PBPK) Model 
	Label-Free Quantitative Proteomics 
	Concluding Remarks 
	References

