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Abstract

Nonalcoholic fatty liver disease (NAFLD), is a problem of increasing
significance worldwide and is comprised of a spectrum of disease from hepatic
statuses to nonalcoholic steatohepatitis (NASH), fibrosis, cirrhosis and even
hepatocellular carcinoma (HCC). NAFLD has become one of the most common
causes of liver disease and is related to the increasing prevalence of obesity,
diabetes, hyperlipidemia and sedentary lifestyle. As there are no approved
medical treatments for NAFLD at this time and the information is limited
regarding the molecular mechanisms driving disease progression there has
been extensive research using murine models of NAFLD to mimic the human
disease. Furthermore, there is a paucity of molecular markers that can reliable
predict NAFLD and the progression within this spectrum of disease to end-
stage liver disease. This article will review the different dietary murine models
of NAFLD and how they relate to human NAFLD and longitudinal means of
measuring disease prediction and progression.
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Introduction

The expanding epidemic of worldwide obesity is paralleled by the
increasing incidence of Nonalcoholic fatty liver disease (NAFLD),
resulting in NAFLD becoming the most frequent disease of the liver.
NAFLD is defined as evidence of hepatic steatosis (via imaging or
histology) with no secondary causes of hepatic fataccumulation as seen
in alcohol consumption, medications, or hereditary disorders [1]. In
the majority of NAFLD patients, there is an association with metabolic
risk factors such as obesity, diabetes mellitus, insulin resistance,
sedentary lifestyle and hyperlipidemia. NAFLD is a spectrum of
disease from simple steatosis to nonalcoholic steatohepatitis (NASH),
fibrosis, cirrhosis and even hepatocellular carcinoma (HCC). NASH
implies that there is hepatocyte injury (ballooning) in the presence of
steatosis with lobular inflammation with or without fibrosis [2]. Not
all patients progress from simple steatosis to NASH and the cause of
this progression is not well understood. NAFLD is associated with
a 15-20% risk of progression to cirrhosis, and cirrhosis inherently
carries the risk of hepatocellular carcinoma [3].

There are multiple causes of hepatic fat accumulation, but the
main contributing factor seems to be the over intake of nutrition,
especially fat, fructose and sucrose acting as a catalyst for hepatic

lipogenesis. This so called “Western-diet” has been increasing
worldwide and as a consequence so has the incidence of NAFLD.
Hepatic fat accumulation has been linked to type 2 Diabetes Mellitus
(T2D) and hepatic insulin resistance [4,5]. The estimates of worldwide
prevalence of NAFLD ranges from 6-33% with a median of 20% in the
general population with estimated prevalence of 3-5% for NASH [6].

There are currently no approved medical therapies for the
treatment of NASH with the mainstay of treatment being weight
reduction and exercise. To develop future therapies for NAFLD/
NASH animal models are currently being implemented to further
characterize the disease. While there are many different animal
models, murine models constitute the bulk of research used to
elucidate the mechanisms behind NAFLD/NASH. The range of
models consists of diet induced, genetically altered mice or genetically
altered mice receiving specialty diets. Furthermore, liver biopsy
remains the gold standard for the diagnosis of NASH although this
procedure carries increased morbidity and mortality compared to
other, less reliable means such as imaging studies. This review will
focus on different dietary murine models of NAFLD, longitudinal
evaluations of NASH and potential predictors of NASH and how they
relate to human disease. Genetic models of NAFLD have produced a
wealth of knowledge regarding this disease process, but are beyond
the scope of this paper.

Analysis and Interpretation

Dietary Murine Models of NAFLD
Methionine and Choline Deficient (MCD) Diet

In contrast to the over-nutrition that is seen in NAFLD patients a
common mouse model of NAFLD, the MCD diet, isanutrient deficient
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dietary model of NAFLD. This diet generally consists of sucrose, low
amounts of fat content, and deficiencies in methionine and chorine.
This model has been shown to develop histopathological features
such as lobular inflammation, macrovesicular steatosis, varying
degrees of fibrosis, and necrosis associated with NASH [7,8]. Hepatic
steatosis occurs in 1-2 weeks in the MCD diet secondary to enhanced
uptake of fatty acids and decreased hepatic secretion of very-low-
density lipoproteins [9,10]. However, the histological distribution of
hepatic steatosis is periportal in MCD mice and not perivenous as
seen in humans [11]. Mice later show lobular inflammation and both
perisinusoidal and pericentral fibrosis. There are marked elevations
of aspartate aminotransferase (AST) and alanine aminotransferase
(ALT) as soon as 2 weeks after starting the MCD diet and at levels
that are generally higher than in humans [9]. The MCD diet causes
oxidative stress via impaired p-oxidation, as well as changes in pro-
inflammatory cytokine and adipokine expression related to liver
injury. It was recently shown that mice fed an MCD diet share the
most similarity to drug transporter expression in human NASH
[8]. and this may be an important consideration for future drug
development. Despite the many advantages of the MCD diet, these
mice lack a similarity of metabolic features seen in human NASH
patients. In the MCD diet mice lose weight from baseline compared
to control mice, in contrast to the obesity related to human disease.
The common hyperglycemia and insulin resistance seen in human
NASH is also absent in MCD fed mice. There also exists variability
within and between mouse strains that should be considered when
utilizing this model. It was discovered that the gut microbiota may
be playing a role in human NASH that actually produces a choline
deficiency. The gut microbiota that results from a high fat diet can
lead to the formation of intestinal microbiota that convert choline to
methylamines, reducing plasma phosphatidylcholine [12,13].

High-Fat Diet (HFD)

In line with the over nutrition seen in humans, mice fed a HFD
show similar metabolic features seen in human NASH with obesity,
impaired glucose tolerance, insulin resistance, dyslipidemia and
increased expression of regulators oflipogenesis and proinflammatory
cytokines [14]. There have been numerous mouse models using a
HFD with varying compositions of fat (% of saturated fat) at different
content levels (30-70% of total calories), and varying mouse strain
resulting in variability of steatosis, inflammation, fibrosis and
tumorgenesis [15,16]. Epidemiological studies have linked Type
2 diabetes (T2D) with numerous cancer types and the strongest
relationship has been with hepatocellular carcinoma [17]. The HFD
model mice exhibit characteristics of T2D so it is not surprising to see
tumor formation in this model. The level of fibrosis seen in these mice
is in general less than that seen in the MCD diet and takes a longer
duration of feeding to produce. C57BL/6 mice are a very common
mouse strain used due to their similar susceptibility to the metabolic
syndrome seen in human NASH and the development of the full
spectrum of histologic changes. A C57BL/6 HFD fed mouse can be
pushed towards developing significant sinusoidal and pericellular
fibrosis at nine weeks with forced, gastric cannula feeds [18]. HFD
fed mice develop the full spectrum of disease seen in humans from
simple steatosis to tumorgenesis, however, fully developed cirrhosis
is not often seen. Cirrhosis may not be necessary for the progression

of tumors in these mice as is the case in human NASH patients. While
the drug transporter profile in HFD fed mice is similar to that seen in
human NASH, there are more similarities to mice fed an MCD diet
[8]. The inflammation induced by HFD in mice can also be seen in
the intestine, depending on the gut microbiata, leading to bacterial
translocation or absorbed bacterial metabolites contributing to
NAFLD/NASH [12]. A recent study showed that the microbiota of
C57BL/6 mice fed a HFD differs depending on the extent of metabolic
disease (hyperglycemia vs euglycemia) and when these microbiata
were transferred to germ-free mice there was a similar level of disease
seen in recipient mice compared to donor mouse with the germ-free
mouse receiving microbiota from the mouse susceptible to metabolic
disease developing steatohepatitis and the absence of steatohepatitis
in the germ-free mouse receiving the microbiota of the mouse without
signs of metabolic disease [19].

High-Fructose and Western Diets

Other murine models of NAFLD have incorporated high-
frucotse in both solid and liquid diet formats with both HFD and with
standard diets. Regardless of format, a high-fructose diet produced
insulin resistance and NAFLD with some weight gain but not as
much as that seen with a HFD [20,21]. The high-fructose diet also
causes elevation in inflammatory markers, possibly due to increased
intestinal translocation of endotoxin [20].

Western diets are considered high in both fat content and
fructose and provide the most congruent comparison to the spectrum
of metabolic diseases, including NAFLD, seen in humans. Mice fed
a Western diet exhibit obesity, insulin resistance, dyslipidemia,
hyperglycemia and NAFLD. In particular a Western diet has
demonstrated an increased patterns of inflammation, fibrosis,
endoplasmic reticulum stress and lipoapoptosis in mice [22]. The
same study also demonstrated increased steatohepatitis and fibrosis in
Western diet compared to HFD and the Western diet demonstrated
steatohepatitis with ballooning on histology [22]. Interestingly, a study
using ezetimibe, an inhibitor of intestinal cholesterol absorption,
was able to reduce hepatic steatosis, serum cholesterol and insulin
resistance in mice fed a HFD, but not in a high-fructose diet [21], this
study may lead to further insights in the mechanisms leading to more
sever metabolic disease and more aggressive forms of NAFLD.

Longitudinal Evaluation of NASH and potential predictors
Liver Biopsy

While Liver biopsy is the gold standard for diagnosis of NAFLD/
NASH there has been limited experience with survival liver biopsy
mouse models. Clapper [23] has demonstrated that C57BL/6 mice
fed a HFD with high fructose content exhibit varying degrees of
NAFLD including hepatic steatosis, hepatic steatosis with fibrosis,
and cirrhosis at ~20 weeks. The investigators in this study were
also able to perform survival surgery liver biopsies in mice, with a
>99% survival rate, and were able to run gene and protein analyses
on the biopsy samples [23]. Survival liver biopsies in mouse models
of NAFLD may provide a means of correctly stratifying treatment
response to the heterogeneity of disease seen at the same time point
in isogenic mice. The same limitations seen in human liver biopsy
of not obtaining a representative samples, cost, morbidity, and rare
mortality also exist for mouse liver biopsies.
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Imaging

While hepatic steatosis is often an incidental finding on CT
scans and MRI done for other purposes, and can reliable be seen
with ultrasound, steatohepatitis and fibrosis are more elusive to
detect on imaging. In fact, ultrasound has proven to be an effective
non-invasive means of detecting liver lesions in humans and is the
standard to monitor cirrhotic patients for progression of disease to
HCC [24]. High-frequency ultrasound has also been used in models
of NAFLD to specifically look for more advanced lesions such as
metastatic changes or HCC, but more recent studies have shown
that high-frequency ultrasound can detect earlier lesions that lead
to HCC and may be able to play a more prognostic role before the
development of full blown HCC [25] in models that lack the level
of fibrosis and cirrhosis seen in humans. Other studies have used
potential biomarkers for NAFLD associated with mitochondrial
dysfunction with PET imaging to stage liver disease in a MCD model
of NAFLD with promising results linking the expression of the
marker of mitochondrial dysfunction to the progression of disease
within the spectrum of NAFLD to fibrosis [26]. While there are
insights to imaging mouse models of NAFLD, there still exists a gap
in understanding the progression of disease beyond the establishment
of simple hepatic steatosis.

Biochemical Predictors of NASH

Common Laboratory Findings

For most patients the signs of liver disease are noticed with routine
laboratory testing with a primary physician. Commonly elevated
alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) levels may reflect the presence of hepatic inflammation,
steatosis and eventual fibrosis although they are uncommonly greater
than four times the upper limit of normal. Separation of other liver
diseases has been attempted. Although levels of ALT tend to be higher
in patients with NAFLD compared to those without, population
cohort studies have demonstrated that ALT levels are within normal
limits in nearly 80% of patients with fatty liver [27]. Furthermore,
aminotransferase levels tend to fall over time as hepatic steatosis and
inflammation improves as fibrosis progresses [28]. When fibrosis
becomes advanced, the ALT : AST ratio may become reversed, or the
levels of both may become normal [29]. Several studies of hepatology
clinic patients undergoing liver biopsy and morbidly obese individuals
undergoing bariatric surgery have found ALT levels to be higher in
the presence of NASH than in those with simple steatosis, although
this has not been universally observed [30-33]. To further complicate
matters, several series have reported a similar range of histological
changes among patients with raised and normal ALT levels [34,35].
For example receiver operator characteristic (ROC) curve analysis,
the accuracy of ALT for determining NASH in 139 patients with
NAFLD was only 0.58 (95% CI 0.49-0.68) [36]. Poor diagnostic
accuracy was also found in 54 NAFLD patients in a Turkish study
where ALT and AST both provided area under the curve (AUC)
values of 0.61 for distinguishing NASH from simple steatosis [37]. In
a study of 233 women undergoing bariatric surgery, the adjustment
of different ALT cut-offs for diagnosing NASH improved sensitivity
for the diagnosis of NASH (42% to 72%); however, this was at the
expense of specificity, which fell from 80 to 42% [38].

In summery patients with NAFLD who have high levels of

ALT are therefore more likely to have NASH; however, NASH and
advanced fibrosis cannot be excluded on the basis of a normal ALT
level. Also ALT levels cannot distinguish NAFLD or NASH from
other liver diseases.

Markers of cell death as a Marker of NASH

The single most promising plasma biomarker for the diagnosis
and grading of NASH is the caspase-generated CK-18 fragment (CK-
18) concentration. In past studies apoptosis has been noted as being
one of the key pathways of liver injury and cell death in patients with
NASH [39]. CK-18 is a major intra-hepatic intermediate filament
protein that is cleaved by caspase enzymes during apoptosis and was
thought to be a possible marker. Cytokeratin-18(CK-18) has been
found to be increased in NASH compared with simple steatosis and
can be assessed in the plasma [32,36]. It has also been noted that CK-
18 fragment levels are higher in NASH patients compared to those
with simple steatosis and fall with weight loss induced by bariatric
surgery [32,36]. However, further studies on the value of CK-18 in
NASH have met mixed results.

The Pioneering work mentioned above by Feldstein [36]
showed promising results for CK-18 in predominantly Caucasian
populations with a relatively small number of patients [32,36]. More
recent data have somewhat less convincing, with a sensitivity and
specificity for NASH and fibrosis in the 0.65 to 0.75 and 0.75 to 0.85
range, respectively [40-43]. Larger studies have been consistent with
the current findings about the modest correlation of CK-18 with
NASH and fibrosis [41-44]. Of note, CK-18 alone was not able to
clearly discriminate between mild to moderate/severe grades of
fibrosis and its predictive value was not significantly superior to that
of ALT [45]. Despite these shortcomings it is possible that the future
of CK-18, and of non-invasive testing for NASH, may be in targeting
high-risk patients (i.e., with the metabolic syndrome and/or T2DM)
with a combination of simple relevant metabolic measurements such
as adipose tissue insulin resistance (Adipo-IR index = fasting FFA
x insulin) [46,47]. plasma adiponectin [48] and/or with additional
specific circulating markers of apoptosis (i.e., soluble Fas and soluble
Fas ligand) as suggested in pilot studies [40,43,49]. In addition, recent
studies have demonstrated that circulating oxidized fatty acids are
novel biomarkers for the non-invasive diagnosis of NASH. Because
these biomarkers can reflect the levels of cell death and oxidative
stress, two key pathological mechanisms of liver injury in NASH,
future studies to assess the potential synergistic effects of measuring
both types of biomarkers simultaneously are warranted [50,51].
Currently that is the focus of future studies, investigating the best
combination of factors to provide the best diagnostic value while also
gauging the severity of NASH.

Conclusion

As discussed in this review, there are many different dietary
mouse models of NAFLD/NASH being implemented to elucidate
the true molecular and metabolic nature of NAFLD onset and it’s
progression through the spectrum of disease from simple steatosis
to more advanced disease with fibrosis, cirrhosis and HCC. While
there exists varying degrees of metabolic disease and liver damage
between the different dietary models, each has provided insight into
different aspects of NAFLD and will play a role in future discovery

Submit your Manuscript | www.austinpublishinggroup.com

Austin J Clin Med 1(2): id1010 (2014) - Page - 03



Hae-Ki Min

Austin Publishing Group

depending on the hypothesis being questioned. Regardless of the
dietary model used, there is heterogeneity of disease progression
within these models, despite the mice being isogenic, that needs
to be sorted via liver biopsy, imaging system or new biochemical
markers so that future therapeutic studies can make more meaningful
comparisons. The fact that the isogenic mice have such varying
levels of disease from steatosis to tumor formation at the same time
point only further demonstrates that there are epigenetic factors at
play and as mentioned earlier the gut microbiota may play a pivotal
role. With more clinically meaningful and accurate models a clearer
understanding behind the interplay between NAFLD, obesity, and
insulin resistance can be unraveled and medical therapies can be
developed to treat this ever growing epidemic.
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