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Nonalcoholic fatty liver disease (NAFLD) is a disease of increasing interest, as its prevalence is on the
rise. NAFLD has been linked to metabolic syndrome, which is becoming more common due to the Western
diet. Because NAFLD can lead to cirrhosis and related complications including hepatocellular carcinoma,
the increasing prevalence is concerning, and medical therapy aimed at treating NAFLD is of great interest.
Researchers studying the effects of medical therapy on NAFLD use dietary mouse models. The two main types
of mouse model diets are the methionine- and choline-deficient (MCD) diet and the Western-like diet (WD).
Although both induce NAFLD, the mechanisms are very different. We reviewed several studies conducted
within the last 5 years that used MCD diet or WD mouse models in order to mimic this disease in a way most
similar to humans. The MCD diet inconsistently induces NAFLD and fibrosis and does not completely induce
metabolic syndrome. Thus, the clinical significance of the MCD diet is questionable. In contrast, WD mouse
models consisting of high fat, cholesterol, and a combination of high-fructose corn syrup, sucrose, fructose, or
glucose not only lead to metabolic syndrome but also induce NAFLD with fibrosis, making these choices most

suitable for research.
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is defined
as hepatic steatosis, the accumulation of fat in the liver,
in the absence of heavy alcohol use. Research pertaining
to NAFLD is of increasing interest because (i) it is the
most common cause of elevated liver enzymes in the US,
(i1) mortality among patients with NAFLD is significantly
higher than the mortality of the general population, and
(iii) end-stage liver disease secondary to nonalcoholic ste-
atohepatitis (NASH) is currently the third most common
indication for liver transplantation in the US'™*. NASH is
even expected to surpass hepatitis C and alcoholic liver
disease to become the most common indication in the
upcoming years’. Additionally, up to 20% of patients with

NASH will have progression of their disease to cirrhosis,
and patients with cirrhosis also have an increased risk of
developing hepatocellular carcinoma (HCC), which is
the third most common cause of cancer-related deaths
worldwide’®. NAFLD encompasses a spectrum of liver
diseases that can be further characterized as either nonal-
coholic fatty liver (NAFL) or NASH based on the pres-
ence or absence of inflammation and liver cell injury’.
NAFL is hepatic steatosis without inflammation and liver
cell injury, whereas the hallmark of NASH is hepatic
steatosis with evidence of inflammation and liver cell
injury. The pathogenesis of hepatic steatosis is thought to
be secondary to triglyceride accumulation due to both de
novo lipogenesis and elevated peripheral fatty acids and
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is also associated with insulin resistance®’. Additionally,
NAFL can progress to NASH with or without fibrosis'’.
In the US, approximately one third of the population
has NAFLD, and approximately 2%-5% have NASH'.
Figure 1 provides an overview of the progression of
NASH to NAFLD along with risk factors and statistical
data regarding incidences of progression including the risk
of HCC (reprinted from Calzadilla Bertot and Adams'").

The progression from NAFL to NASH is not fully
understood. One theory currently at the forefront is the
“two-hit hypothesis”'>"’. The accumulation of fat in the
liver is the “first hit,” as it results in the liver being at
increased susceptibility to further damage’. The “second
hit” is the effect of oxidative stress on the liver and results
in liver cell damage and inflammation, which signifies
the transition from NAFL to NASH".

The development of liver cirrhosis is dependent on the
accumulation of progressive diffuse fibrosis and hepatic
nodules, which cause the changes in liver architecture that
characterize cirrhosis'’. Although many cirrhotic patients
are initially asymptomatic, they are at risk of decompen-
sating and developing serious complications, including
but not limited to portal hypertension, ascites, spontane-
ous bacterial peritonitis, hepatorenal syndrome, hepatic
encephalopathy, and esophageal varices™®. NASH-induced
cirrhosis can also lead to end-stage liver disease, ultimately
requiring liver transplantation.

Given these serious implications of NAFLD, the fact
that the prevalence has increased is concerning. This
increase is likely due to the rising occurrence of the
components of metabolic syndrome, including hyperten-
sion, obesity, and diabetes mellitus>*'"°. According to the
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International Diabetes Federation, the national incidence
of metabolic syndrome in the US is approximately 39%'°.
Many studies have shown links between metabolic syn-
drome and NAFLD*'"'®,

When researching NAFLD, it is important to under-
stand what leads individuals to initially develop meta-
bolic syndrome. The Western diet, which is a diet high
in saturated fat, trans fat, and table sugar, is thought to
play a role in the development of metabolic syndrome
and has been shown to increase the risk of developing
it'>*’. Given the association between metabolic syndrome
and NAFLD in humans, researchers attempting to better
understand NAFLD have developed various mouse model
diets in order to mimic the Western diet. Specifically, the
interest in NAFLD mouse models lies within dietary
models as opposed to knockout models since they better
mimic the initial hepatic insult that causes the develop-
ment of NAFLD. Furthermore, the use of dietary mouse
models has increased recently, whereas the use of geneti-
cally altered models seems to be decreasing. Developing
an appropriate mouse model is key to creating a study
that could potentially help lead to a treatment of this rap-
idly growing disease. This article reviews several dietary
mouse models used in studies within the last 5 years in an
attempt to distinguish the diets that best mimic a Western
diet and lead to NASH with hepatic fibrosis.

METHIONINE- AND CHOLINE-DEFICIENT
(MCD) DIET

Mouse model diets can be divided into two major
categories: (1) the MCD diet and (2) the Western-like
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Figure 1. Overview of the progression of nonalcoholic steatohepatitis (NASH) to nonalcoholic fatty liver disease (NAFLD) and
increased risk of hepatocellular carcinoma (HCC). Reprinted from Calzadilla Bertot and Adams'' per Creative Commons Attribution

(CC-BY) license.
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diet (WD). Although both diets lead to hepatic steatosis
in mice and can eventually lead to fibrosis, these pro-
cesses occur through different mechanisms. In the MCD
diet, the absence of methionine leads to hepatic injury,
inflammation, and fibrosis, and the deficiency of cho-
line leads to macrovesicular steatosis>. The MCD diet
mouse model has been used in several studies to induce
NASH with or without fibrosis. We review the effects of
the MCD diet at the various levels of the progression to
NASH and fibrosis.

Steatosis

The levels of intrahepatic triglycerides and lipid con-
tent can be used to measure hepatic steatosis, which is the
hallmark of NAFL. Studies by Kim et al.”, Sutti et al.”,
and Wehr et al.** have shown that feeding wild-type (WT)
mice the MCD diet for 4, 8, and 6 weeks, respectively,
resulted in elevated intrahepatic triglycerides and lipid
content, which indicates that the MCD diet led to hepatic
steatosis in these mice. Although the livers of these mice
become steatotic, the mechanism by which this occurs is
not pathologically similar to human NAFL. This is one
of the main criticisms of this dietary model in terms of
relevance to human disease.

Inflammation

NASH is distinguished from NAFL by the presence
of inflammation and liver cell injury. Histopathological
evaluation of liver tissue and measurements of the serum
levels of inflammatory cytokines, including tumor necro-
sis factor-o. (TNF-ov) and interleukin-6 (IL-6), are impor-
tant markers of hepatic inflammation, but ultimately
histological assessment is necessary to make this diag-
nosis. Liver cell injury is identified by hepatocyte bal-
loon degeneration and is another manifestation indicative
of the progression of NAFL to NASH”. In a study by
Matsunaga et al., C57BL/6J mice were fed either a nor-
mal diet or an MCD diet for 8 weeks, and those fed the
MCD diet developed increased hepatic inflammation as
determined via histopathology in liver sections wherein
increased fat droplets, increased inflammatory cell infil-
tration, and the presence of balloon degeneration in hepa-
tocytes were found”. Similar findings were established in
a study by Wang et al., which also showed the develop-
ment of inflammation after mice were fed an MCD diet
for only 2 weeks”. These findings were corroborated by
serum analysis, where increased levels of TNF-o and
IL-6 were noted in WT mice fed an MCD diet for 4, 8, or
2 weeks when compared to control diet in studies by Kim
etal., Matsunaga et al., and Wang et al., respectively ***%.
Similarly, a study by Tosello-Trampont et al. showed that
after only 10 days on the MCD diet, WT mice developed
increased expression of TNF-o**, indicating that NASH
may develop considerably early in this model.

Whereas NASH is largely identified by inflamma-
tion and liver cell injury, there is a subset of patients
that develop NASH with fibrosis. A study by Rolla et al.
examined the role of hepatic inflammation in the devel-
opment of NASH with fibrosis in the MCD diet mouse
model”. In that study, WT mice were fed an MCD diet for
8 weeks, subsequently developed NASH with fibrosis,
and were shown to have increased infiltration of T helper
17 (Th17) and T helper 22 (Th22) cells, which play a role
in inflammation. Infiltration of Th17 cells increased both
at the beginning of the development of NASH and at the
transition to NASH with fibrosis, and there was increased
infiltration of Th22 cells between these two phases™.
Considering that NAFL (which presents with little to no
fibrosis) can progress to NASH with significant fibro-
sis®, this association between inflammation, inflamma-
tory cell infiltration, and hepatic fibrosis development
gives important insight into the pathophysiology of these
diseases.

In NASH, inflammation is a reversible state as demon-
strated by Itagaki et al. In their study, WT mice were fed
an MCD diet, and after being on the diet for only 2 weeks
developed severe steatohepatitis. Furthermore, after 16
weeks of MCD feeding, these mice exhibited hepatic
fibrosis®'. After completing 30 weeks on the MCD diet,
mice were then switched back to the control diet for 16
weeks, after which time the degree of steatohepatitis
returned to normal®’. These findings are clinically rel-
evant because weight loss through diet and exercise has
been shown to improve hepatic steatosis, lobular inflam-
mation, hepatocyte ballooning injury, and the NASH his-
tological activity score (NAS) in humans®.

Fibrosis

In human patients with NASH, the severity of meta-
bolic syndrome positively correlates with the degree
of hepatic fibrosis and other adverse effects, including
increased risk of cardiovascular disease and develop-
ment of type 2 diabetes mellitus®. Since fibrosis is the
precursor lesion of cirrhosis, it is important to under-
stand the mechanisms underlying the development of
fibrosis in NAFLD. Several studies have shown that an
MCD diet can eventually induce hepatic fibrosis in WT
mice™?***3%% however, the time required for mice to
develop fibrosis while on an MCD diet varies. In studies
by Katsura et al.”” and Simon et al.*®, mice fed an MCD
diet for 15 or 2 weeks, respectively, developed fibrosis.
It is also unclear if longer feeding time on an MCD diet
results in more severe fibrosis. In humans, hepatic fibro-
sis does not significantly change in response to weight
loss through diet and exercise®, identifying that other
interventions may be necessary to ameliorate hepatic
fibrosis. The notion that hepatic fibrosis may not be ame-
liorated by diet change alone was shown in the study by



Itagaki et al., in which WT mice were fed an MCD diet
for 30 weeks, developed steatohepatitis with fibrosis, and
were subsequently switched to a control diet for 16 weeks
with the degree of steatohepatitis returning to normal but
fibrosis persisting’'.

Although fibrosis was found to occur in several stud-
ies wherein the MCD diet was utilized, many studies in
which mice were fed an MCD diet for similar amounts of
time did not develop hepatic fibrosis. For instance, in four
studies, WT mice were fed the MCD diet for time periods
varying from 2 to 8 weeks and developed hepatic steato-
sis or even severe steatohepatitis, but hepatic fibrosis was
not noted”>****, The heterogeneity of hepatic fibrosis fol-
lowing consumption of an MCD diet may be due to vary-
ing strains and their response to the MCD diet.

Other Findings

Several studies have shown that feeding WT mice an
MCD diet for as few as 2 weeks and up to 15 weeks resulted
in elevated liver enzymes, including aspartate transami-
nase (AST) and alanine transaminase (ALT)>***'">* In
the study by Itagaki et al., WT mice were fed an MCD
diet for 30 weeks total and developed increased levels of
AST and ALT at only 2 weeks®'. AST and ALT continued
to increase and peaked at 16 weeks. At 30 weeks, AST
and ALT decreased but remained elevated from normal.
Interestingly, after completing 30 weeks on the MCD diet,
mice were switched back to a control diet for 16 weeks,
after which time the levels of AST and ALT returned to
normal, indicating that the elevations in AST and ALT
were reversible’. In one study by Katsura et al., alkaline
phosphatase (ALP), which can also be used as a marker
for liver disease, was found to be elevated in WT mice
that were fed an MCD diet for 15 weeks”. These labora-
tory findings of elevations in serum levels of AST, ALT,
and ALP can also be seen in humans with NAFLD but are
not necessary for diagnosis**™.

Although WD in humans leads to factors contributing
to metabolic syndrome, including increased levels of
serum triglycerides, cholesterol, and glucose, the MCD
diet mouse model has had mixed results. Four studies
showed that mice fed an MCD diet for as few as
2 weeks but up to 7 weeks developed no change or had
decreased levels of serum triglycerides, cholesterol, and
glucose’**** In contrast, in a study by Kim et al., mice
that were fed an MCD diet for 4 weeks developed ele-
vated serum triglycerides and total cholesterol levels™.
The reasoning for these differential changes noted in levels
of serum triglycerides and total cholesterol between these
studies is unknown, since feeding duration, age at start of
feeding, and background of the mice are comparable™.
Thus, between 2 and 7 weeks, the effects of the MCD diet
on serum cholesterol and triglycerides is still variable,
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and further studies measuring these levels after a longer
time period on the MCD diet may be beneficial.

In addition to causing hyperlipidemia, the WD is also
linked to insulin resistance in humans. However, a study
by Rinella and Green showed that mice fed an MCD
diet for 10 or 28 days had significantly decreased fasting
serum glucose than mice fed a normal chow diet®. This
indicates that the MCD diet did not induce insulin resis-
tance among these mice and again challenges the clinical
relevance of the MCD diet.

Although weight gain secondary to WD contributes
to developing metabolic syndrome, which is associated
with NAFLD in humans, the MCD diet mouse model has
consistently been shown to induce weight loss****. Loss
in body mass resulting from the MCD diet is thought to
be secondary to increased metabolic activity”’. This sig-
nifies an important difference between the effects of the
MCD diet mouse model and a typical WD consumed
by humans.

It is important to note that many of the referenced
studies use either the C57BL/6 mouse strain or substrains
that are derived from the C57BL/6 background. It has
previously been reported that mice with a C57BL/6
background are more susceptible to liver injury than other
mouse strains**°. Specifically, it has been shown that
C57BL/6N mice are more susceptible to developing NASH
than C3H/HeN mice following MCD feeding’'. It is
apparent that there are strain differences in susceptibility
to MCD-induced damage, which can affect the outcome
of the study.

As stated previously, the MCD diet has been shown
to induce NAFLD and hepatic fibrosis in mice in several
studies. However, the clinical relevance of this mouse
model diet is questionable, as it does not mirror a diet
consumed by humans. In addition, the MCD diet does
not lead to features of metabolic syndrome in mice,
despite metabolic syndrome playing an important role in
the development of NAFLD in humans. It has also been
noted that there is a high mortality among some strains
of mice subjected to the MCD diet™. This questions the
clinical significance of using the MCD diet mouse model
to research NAFLD.

WESTERN-LIKE DIET (WD)

As previously stated, a Western diet is a diet high in
saturated fat, trans-fat, and table sugar'®*. In humans,
this type of diet has been shown to induce obesity, meta-
bolic syndrome, NAFL, and, potentially, NASH'"*. In
contrast to the MCD diet, researchers have turned to
another type of dietary animal model wherein the compo-
sition of the diet more closely mimics a Western diet™. In
the liver, a high-fat diet (HFD) leads to exaggerated free
fatty acid levels, which induce hepatic insulin resistance,
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decreased fatty acid oxidation, and de novo lipogenesis
in hepatocytes, causing weight gain and hepatic steato-
sis”. Specifically, excessive saturated fat consumption
increases hepatocyte endoplasmic reticulum stress and
hepatic steatosis™. Furthermore, a diet containing high
cholesterol and high cholate induces atherogenesis, apo-
ptosis, and inflammation, and high cholesterol alongside
a HFD promotes hepatic inflammation®*°. These effects
explain why the addition of certain dietary components is
more likely to recapitulate pathogenesis associated with
human NAFL progression to NASH.

The WD mouse model was designed to induce hepatic
steatosis, NASH, and hepatic fibrosis in a pathophysio-
logical manner similar to that observed in humans. Unlike
the MCD diet mouse model, the composition of the WD
used can vary greatly and is largely left to the preference
of the researchers. For this reason, hepatic changes seen
in mice fed a WD are highly variable depending on the
content of the diet. For the sake of this review, we refer
to this type of dietary model as a WD since some of these
diets do not appropriately reflect the correct composition of
a traditional, human Western diet. As well, it is worth not-
ing that the terminology for this type of diet ranges from
cafeteria diet to obesogenic diet to HFD, so currently
there is no distinct term for this dietary model’™’. We
review the effects of WD mouse models used in several
studies based on the levels of advancement from NAFL
to NASH with hepatic fibrosis.

Steatosis

Several WD models have been shown to lead to hepatic
steatosis. In a study by Lian et al., WT mice that were fed a
HFD diet (containing 60% calories from fat) for 16 weeks
had increased liver weight, intrahepatic triglycerides, and
hepatic steatosis on liver histology®. Aside from just
administration of a HFD, some researchers have consid-
ered the role that added cholesterol has during NAFLD.
In humans, dietary cholesterol is not a major contributor
to serum cholesterol levels; however, the American Heart
Association still recommends that humans consume less
than 300 mg of dietary cholesterol per day® . In a study
by Schierwagen et al., mice were fed a HFD (21% of fat
from coconut oil and 19.5% from casein) supplemented
with high cholesterol (1.25% of diet) for 7 weeks, and
mice subsequently showed increased intrahepatic triglyc-
eride levels, indicative of hepatic steatosis*.

Whereas the above dietary models more closely mimic
human Western diet consumption and the development
of NAFLD, they still do not encompass all aspects of
a typical Western diet consumed by humans, primarily
the added table sugar. The liver is known for its role in
maintaining glucose homeostasis and metabolizing car-
bohydrates“; therefore, it is necessary to understand the

impact that increased sugar consumption may have on
liver injury. Specifically, sucrose (table sugar) has been
highlighted for its impact on insulin sensitivity and lipid
metabolism®. Several studies using a WD mouse model
consisting of HFD, high cholesterol, and sucrose have
been demonstrated to increase hepatic steatosis in WT
mice®®, In a study by Dorn et al., mice were fed a diet
consisting of 15% pork lard, 15% beef tallow, 4% palmitic
acid, 4% stearic acid, 0.2% cholesterol, and 30% sucrose
for 12 weeks and developed both micro- and macrove-
sicular steatosis®. In a study by Gariani et al., mice were
also fed a HFD supplemented with sucrose and showed
evidence of macrovesicular steatosis on histological
staining, but microvesicular steatosis was not noted®’.

Similar to WD models involving sucrose, studies on
the impact that the addition of high-fructose corn syrup
will have on liver injury have become an increased topic
of interest. High-fructose corn syrup is considered more
lipogenic than sucrose, thereby leading to increased devel-
opment of NAFLD®. For these reasons, many studies
have analyzed the impact of a WD containing HFD with
high cholesterol and added high-fructose corn syrup on
NASH in mice**™. Interestingly, in a study by Mells
et al., researchers compared WD mouse models contain-
ing 45% of its calories from fat, in which 30% of the fat
consisted of partially hydrogenated vegetable oil, and
high-fructose corn syrup with or without 0.2% choles-
terol”’. While mice fed the WD with and without cho-
lesterol for 16 weeks resulted in hepatocyte ballooning,
increased intrahepatic lipid content, and the presence of
Mallory bodies consistent with NASH, there were some
differences between the two groups™. For instance, mice
fed the WD with cholesterol had significantly heavier
livers (58% heavier than those without cholesterol)®. As
well, hepatic steatosis was present in both groups but was
primarily found as microvesicular fat in mice fed a WD
with cholesterol versus macrovesicular fat in those fed a
WD without cholesterol™.

Inflammation

Many variations of the WD have also been shown
to lead to hepatic inflammation. However, two studies
mentioned previously that did not include added sugar
were not noted to lead to hepatic inflammation in WT
mice,** indicating the significant role sugar may play
in the inflammatory process. In the study by Dorn et al.,
mice were fed a HFD with cholesterol and sucrose (15%
pork lard, 15% beef tallow, 4% palmitic acid, 4% stearic
acid, 0.2% cholesterol, and 30% sucrose) for 12 weeks
and developed hepatic inflammation as indicated by
increased inflammatory cell inflitration®. HFD supple-
mented with two sugars was also shown to induce hepatic
inflammation. In a study by Machado et al. (Fig. 2), mice
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Figure 2. (A) Liver-to-body weight (LBW) ratio, serum aminotransferases [alanine transaminase (ALT) and aspartate transami-
nase (AST)] and alkaline phosphatase (ALP) from mice fed chow, methionine- and choline-deficient (MCD), or Western diets.
(B) Hematoxylin and eosin (H&E) staining of representative liver sections from mice (left) and NASH patients with mild or severe
fibrosis (right). (C) Oil red O staining of representative liver sections from mice (left) and liver lipid levels (right). (D) qRT-PCR analy-
sis of liver genes encoding lipid metabolic enzymes. The results were normalized to chow diet-fed mice and graphed as mean+SEM.
*p<0.05 and **p<0.005, control versus experimental diet; #p <0.05 and ##p <0.005, MCD versus Western diet. Reprinted with per-

mission from Machado et al.* per Creative Commons Attribution (CC-BY) license.

fed a WD with high-fructose corn syrup (42 g/L glucose
and fructose, 55% and 45%, respectively) for 16 weeks
developed elevated liver enzymes and histological evi-
dence of hepatic inflammation; however, these findings
were significantly greater in MCD-fed mice™.

Fibrosis

Hepatic fibrosis was not seen in all previously men-
tioned WD models. In the study by Schierwagen et al., in
mice fed a HFD (21% of fat from coconut oil and 19.5%
from casein) supplemented with high cholesterol (1.25%

of diet) for 7 weeks, hepatic fibrosis did not occur®. In
contrast, in the study by Dorn et al., a HFD with choles-
terol and sucrose led to NASH as well as the early stages
of hepatic fibrosis®. This diet, which includes sucrose
(table sugar), is clinically relevant as it closely mimics
a typical human WD and induces metabolic syndrome,
which likely plays a role in the development of NASH
with fibrosis in both humans and mice.

Some studies used a WD mouse model containing
HFD, cholesterol, and two types of sugar, fructose and
glucose (a high-fructose corn syrup equivalent)*®”". In
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these two studies by Machado et al., mice that were fed
a HFD (with 0.2% cholesterol diet from Teklad Research
supplemented with high-fructose corn syrup equivalents)
for 16 weeks developed NASH coupled with fibrosis*®”".
However, in the study by Machado et al., consumption
of this diet led to hepatic inflammation and fibrosis but
to a lower degree than mice fed an MCD diet for only
8 weeks (Fig. 2)*. In a different study by Machado et al.,
this diet resulted in increased body weight and abdomi-
nal adipose tissue, elevated levels of serum cholesterol
and triglycerides, glucose intolerance, and insulin resis-
tance’'. Mice were even noted to have developed overt
type 2 diabetes mellitus*. The addition of fructose and
glucose (a high-fructose corn syrup equivalent) to a HFD
and high-cholesterol diet resulted in both NASH with
fibrosis and metabolic syndrome, making this WD mouse
model a useful tool due to its clinical relevance.

In one study by Jiang et al., mice fed WD (with 40%
energy from fat, 12% saturated fat, 2% cholesterol, and
supplemented with high-fructose corn syrup) developed
hepatocyte ballooning, lipoapoptosis, necroinflammation,
steatosis, fibrosis, and increased serum levels of ALT.
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In addition, some studies have shown that after feeding
WT mice the WD for 16 weeks, characteristics indica-
tive of metabolic syndrome, including obesity and insu-
lin resistance, were induced”. In the study by Mells
et al., mice fed a HFD (with 45% calories from fat and
30% of fat was partially hydrogenated vegetable oil)
with or without 0.2% cholesterol developed fibrosis, but
increased markers of dense collagen deposition, which are
indicators of fibrosis, and increased levels of profibrotic
cytokines, leptin, and IL-6 were present in mice fed a WD
with cholesterol versus WD without cholesterol™. Thus,
a WD consisting of high fat, high-fructose corn syrup,
and high cholesterol given to mice for 16 weeks resulted
in increased degrees of fibrosis when compared to the
same diet without cholesterol. Likewise, in a study by
Ichimura et al., Sprague—-Dawley rats fed a HFD and
high-cholesterol diet (consisting of either 1.25% or 2.5%
cholesterol) for 18 weeks developed NASH as well as
cirrhosis, but rats fed a HFD without cholesterol for the
same time period only developed hepatic steatosis and
inflammation without fibrosis’. Interestingly, in humans,
dietary cholesterol has been shown to not significantly

Western-like Diet
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Figure 3. The main mechanisms regulating pathogenesis of NAFLD and NASH with fibrosis in the MCD and Western-like diet
(WD) animal models are depicted. Following MCD feeding for various times, it has been shown that mice had increased steatosis,
inflammation, hepatic fibrosis, and liver damage, which mimic human NASH pathogenesis. However, mice fed the MCD diet did
not develop metabolic syndrome or insulin resistance and showed weight loss and increased mortality, which are not similar to the
human NASH phenotype. Following feeding of WD in mice, of varying compositions and durations, it is mainly noted that mice
had increased steatosis, inflammation, fibrosis, liver damage, visceral fat formation, metabolic syndrome, insulin resistance, and
weight gain, all of which closely mimic the pathogenesis of human NASH. Further, the development of cirrhosis has been shown
in rats fed WD, which mimics complications associated with end-stage human NASH disease.
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Table 1. Comprehensive Table With Mouse Models of Nonalcoholic Fatty Liver Disease (NAFLD) and Nonalcoholic Steatohepatitis

(NASH) Including Diet Composition, Strains, and Outcomes

Dietary Model of Treatment
NAFLD Composition Strain Length Phenotypes/Outcomes
WD 45% kcal fat (20% partially hydroge- C57BL/6J 16 weeks Steatosis, increased triglycerides,
nated vegetable oil)+ HFCS +0.2% increased liver weight, fibrosis
cholesterol
MCD?* N/A C57BL/6] 4 weeks Steatosis, elevated triglycerides
MCD?*» N/A C57BL/6J 8 weeks Inflammation, steatosis, elevated
triglycerides, increased serum liver
enzymes
MCD?* N/A C57BL/6] 6 weeks Inflammation, steatosis, elevated
triglycerides, increased serum liver
enzymes
MCD?» N/A C57BL/6] 8 weeks Inflammation, steatosis
MCD?* N/A C57BL/6] 2 weeks Inflammation, steatosis
MCD¥ N/A C57BL/6J 10 days Inflammation, steatosis
MCD* N/A C57BL/6] 8 weeks Inflammation, steatosis, fibrosis
MCD* N/A C57BL/6]  Upto Steatohepatitis, increased serum liver
16 weeks enzymes, fibrosis, inflammation
MCD?* N/A C57BL/6J 8 weeks Steatohepatitis, increased serum liver
enzymes, fibrosis, inflammation
MCD* N/A C57BL/6J 15 weeks Steatohepatitis, increased serum liver
enzymes, fibrosis, inflammation
MCD*» N/A C57BL/6] 4 weeks Steatohepatitis, increased serum liver
enzymes, fibrosis, inflammation
MCD?* N/A C57BL/6] 6 weeks Steatohepatitis, increased serum liver
enzymes, fibrosis, inflammation
MCD?¥ N/A C57BL/6J 2 and 4 Fibrosis, elevated triglycerides, steato-
weeks sis, increased serum liver enzymes
MCD?* N/A C57BL/6J 2 weeks Fibrosis, steatosis, increased serum
liver enzymes
MCD* N/A C57BL/6J 7 weeks Fibrosis, steatosis
HFD* 21% fat from coconut oil + 19.5% fat 7 weeks
from casein+ 1.25% cholesterol
MCD* N/A FVB/NJ 10-28 days  Increased serum liver enzymes, fibrosis,
steatohepatitis
MCD and WD*  N/A and 45% kcal from fat (saturated C57BL/6J  8/16 weeks Steatosis, inflammation, ductular reac-
fat)+ 0.2% cholesterol + fructose and tion, fibrosis, type 2 diabetes (MCD
glucose (55% and 45%, respectively, induced features mimicking human
w/w) NAFLD to NASH)
MCD* N/A C57BL/6N 6 weeks Fibrosis, inflammation, steatosis,
and C3H/ increased serum liver enzymes (not as
HeN severe as C57BL/6N)
HFD + HFHS> 44.6% kcal from fat (61% saturated fatty C57BL/6J  Upto 18 Macrovesicular steatosis, fibrosis,
acids) +40.6% kcal from carbohydrates weeks inflammation
(sucrose 340 g/kg)
HFD> 60% kcal from fat C57BL/6J 16 weeks Steatosis, increased liver weight and
triglycerides
WD¥ 21% kcal fat+0.2% cholesterol C57BL/6]  10-12 weeks Steatosis, increased liver weight and
triglycerides
MCD% N/A C57BL/6J 8 weeks Insulin resistance, elevated triglycer-
ides, glucose intolerance, increased
adipose tissue
HFD + HFCS®%7  44.6% kcal from fat (61% saturated fatty C57BL/6J Upto 16 Steatosis
acids) +40.6% kcal from carbohydrates weeks

(sucrose 340 g/kg)

(continued)
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Dietary Model of Treatment

NAFLD Composition Strain Length Phenotypes/Outcomes

HFD + HFCS™ 45% kcal from fat (saturated fat)+0.2%  C57BL/6] 16 weeks Steatosis and fibrosis coupled with
cholesterol + fructose and glucose (55% NASH
and 45%, respectively, w/w)

HFD"! +1.25% or 2.5% cholesterol Sprague— 18 weeks NASH, cirrhosis, fibrosis, inflammation

Dawley
HFD™* 40% of energy from fat with 30% of 8 weeks Glucose intolerance, insulin resistance,

fat from lard, 30% from butterfat, and
30% from Crisco and liquid fructose
and sucrose (42 g/L total at a ratio of
55% fructose to 45% sucrose)

adipose tissue dysfunction, increased
levels of intrahepatic triglycerides,
plasma ALT, liver weight, hepatic
fibrosis, and inflammation

HFD, high-fat diet [also consistent with Western-like diet (WD)]; HFCS, high-fructose corn syrup; MCD, methionine- and choline-

deficient diet.

impact serum levels of cholesterol, thus having less
impact on metabolic syndrome®"®. The effect of dietary
cholesterol on human NAFL disease progression remains
unclear.

Other Findings

Although several models using the MCD diet did not
reproduce metabolic syndrome in mice as mentioned
previously, many WD models did. In a study by Lian et
al., WT mice that were fed a HFD diet (containing 60%
calories from fat) for 16 weeks had increased weight
gain, which is an indicator of NAFLD and metabolic syn-
drome®. In a study by Schierwagen et al., a HFD (21%
of fat from coconut oil and 19.5% from casein) supple-
mented with high cholesterol (1.25% of diet) was given
to WT mice for 7 weeks*. Further, mice fed this diet
developed increased levels of serum glucose but did not
have significantly increased body weight*. In addition, in
a study by Mells et al., researchers compared WD mouse
models containing 45% of its calories from fat, in which
30% of the fat consisted of partially hydrogenated veg-
etable oil, and high-fructose corn syrup with or without
0.2% cholesterol®. Mice fed the WD with and without
cholesterol for 16 weeks developed obesity, insulin resis-
tance, higher serum blood glucose, and increased visceral
fat*. This questions the significance of cholesterol in the
development of metabolic syndrome in mice.

The impact of fructose consumption is an area of inter-
est since it has been implicated in the development of type
2 diabetes mellitus and NAFLD"*"*. In a study by Luo et
al., researchers used a WD mouse model that consisted
of high-fat content (40% of energy from fat with 30% of
fat from lard, 30% from butterfat, and 30% from Crisco)
and liquid fructose and sucrose (42 g/L total at a ratio of
55% fructose to 45% sucrose)”. Researchers found that
this diet caused increased glucose intolerance, insulin

resistance, and adipose tissue dysfunction”. In addition,
there were increased levels of intrahepatic triglycerides,
plasma ALT, liver weight, hepatic fibrosis, and hepatic
inflammation”. This diet resulted in similar results as the
WD consisting of high fat, cholesterol, and one type of
sugar (either fructose or glucose), making it a reasonable
mouse model option as it also induced NASH with fibro-
sis and features of metabolic syndrome.

Similar to the MCD section, many of the referenced
studies that use WD models utilize either the C57BL/6
mouse strain or the substrains that are derived from the
C57BL/6 background. As previously stated, mice with a
C57BL/6 background are more susceptible to liver injury
than other mouse strains**’. Notably, in the choline- and
folate-deficient diet model of NAFL, it was shown that
sensitivity to liver injury was strain dependent, with the
order being A/J=C57BL/6J=C3H/HeJ < 129S1/SvimJ=
CAST/EiJ <PWK/PhJ<WSB/EiJ*”. While strain differ-
ences in susceptibility to a WD are currently unknown, it
is possible that differences do exist based on the afore-
mentioned studies.

FUTURE PERSPECTIVES AND CONCLUSIONS

Mouse model diets used to induce NASH with hepatic
fibrosis are crucial to research involving the development
of treatments of NAFLD and ways to slow progression
to fibrosis. As discussed previously, mouse model diets
can vary greatly, and the chosen model can result in dif-
fering outcomes (Fig. 3). It is important when choosing a
mouse model to induce NASH with hepatic fibrosis that
the model results in progression of disease in a similar
manner as in humans. Aside from dietary models, there
are multiple genetic mouse models used to mimic NAFL/
NASH, such as ob/ob mice (mutation in the leptin gene),
db/db mice (mutation in the leptin receptor gene), and foz/
Jfoz mice (mutation in Alms1 gene, essential for primary
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ciliary function)’. In humans, there are certain genetic
polymorphisms that are strongly associated with sus-
ceptibility to NAFL/NASH, such as mutations in genes
encoding for lipid metabolism, glucose metabolism,
hypertension, or inflammation”’. However, it is important
to note that the genetic mouse models of NAFL/NASH
do not overlap with these genetic polymorphisms. For
this reason, we did not discuss the role that knockout
models play in mimicking fatty liver, since these models
do not appropriately reflect human disease. However, it is
apparent that genetics play an important role in the devel-
opment of NAFL/NASH and should not be discounted.

While an MCD diet mouse model is sometimes suc-
cessful in causing NASH with fibrosis, its inability to
induce features of metabolic syndrome and the fact that
humans do not consume this type of diet make it a less-
appealing model. In contrast, WD mouse models are
based on the idea that by mimicking a Western diet that
humans consume, mice fed a WD will develop NASH
with fibrosis in a way parallel to humans. While the WD
model more closely mimics human disease progression
from NAFL to NASH, neither the MCD diet nor the WD
mouse models have been shown to induce cirrhosis, which
can be an end-stage complication in patients with severe,
untreated NASH. The lack of cirrhosis development in
mouse models of NAFL/NASH is a major downfall of
murine models, and more research is necessary to evalu-
ate this problem. However, one study discussed above
involving Sprague-Dawley rats fed a WD was shown to
progress to cirrhosis”. Changes in WD composition or
duration of feeding should be implemented to produce
cirrhosis in mouse models.

As described above, the definition of a WD can differ
based on composition and the percentage and type of fat,
cholesterol, and sugar used (Table 1). A typical human
diet contains ~33% of calories from fat’®, while the fat
content in the aforementioned WD models varies from
21% to 60%. Similarly, cholesterol content in a typical,
human Western diet is ~300-400 mg of cholesterol per
day (i.e., less than 0.0001%), whereas the cholesterol
content in the aforementioned WD models varies from
0.2% to 2.5%"°. As well, duration of feeding for the WD
studies ranges from 7 to 18 weeks; therefore, duration of
feeding needs to be further studied. It is essential that the
diet compositions are optimized to more closely mimic
not only a human diet but also disease progression. Being
able to appropriately address these areas of concern is
proving difficult, and more research is necessary to help
identify the most appropriate mouse dietary models of
NAFL and NASH. Overall, we would recommend the
WD for modeling NAFL/NASH, since it most closely
mimics human pathophysiology; however, further work
is necessary to further improve this model.
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