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New Insights from Rodent Models of Fatty Liver Disease
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Abstract

Rodent models of fatty liver disease are essential research tools that provide a window into disease pathogenesis
and a testing ground for prevention and treatment. Models come in many varieties involving dietary and genetic
manipulations, and sometimes both. High-energy diets that induce obesity do not uniformly cause fatty liver
disease; this has prompted close scrutiny of specific macronutrients and nutrient combinations to determine
which have the greatest potential for hepatotoxicity. At the same time, diets that do not cause obesity or the
metabolic syndrome but do cause severe steatohepatitis have been exploited to study factors important to
progressive liver injury, including cell death, oxidative stress, and immune activation. Rodents with a genetic
predisposition to overeating offer yet another model in which to explore the evolution of fatty liver disease. In
some animals that overeat, steatohepatitis can develop even without resorting to a high-energy diet. Im-
portantly, these models and others have been used to document that aerobic exercise can prevent or reduce fatty
liver disease. This review focuses primarily on lessons learned about steatohepatitis from manipulations of diet
and eating behavior. Numerous additional insights about hepatic lipid metabolism, which have been gained
from genetically engineered mice, are also mentioned. Antioxid. Redox Signal. 15, 535–550.

Introduction

Animal models of human diseases are important re-
sources because they can be used to monitor complex

interactions among cells and tissues during the evolution of
an illness. The ultimate value of any animal model depends on
its reproducibility and the degree to which it mimics disease
in human beings. Most animal models of disease fall short of a
faithful replication of their human counterparts; nevertheless,
they are instructive because their unique features stimulate
hypotheses about disease pathogenesis. In the case of fatty
liver disease, rodents have been widely used as animal
models. This is due in part to their ready availability and in
part to the investigative advantage provided by genetically
engineered strains. Although large animals are being used on
a limited basis to study fatty liver disease, they will not be
discussed here. A major objective of fatty liver disease re-
search in rodents is to find the right combination of diet, ex-
ercise, and genetic background that will cause a syndrome
identical to human nonalcoholic fatty liver disease (NAFLD).
In advance of this goal, there are still lessons to be learned
from rodent models that reproduce some, if not all, attributes
of the human disease. One of the great benefits of animal
models is that they are rigorously controlled. Scrutinizing the
unique features of animal models of fatty liver disease that
lead to diverse outcomes will likely uncover information
critical to disease pathogenesis.

Using High-Energy Diets to Induce NAFLD:
The Importance of Diet Composition

Interest in the pathogenesis of obesity and the metabolic
syndrome has led to the marketing of scores of high-energy
diets. While these diets all have excess calories, they are not
standardized in macronutrient content or composition. Re-
searchers studying fatty liver disease have not undertaken a
concerted effort to employ a single dietary regimen as an ex-
perimental model; consequently, it is important to keep the
diet in mind when evaluating animal studies in which liver
disease is an outcome variable. High-energy diets can be
logically grouped by their relative carbohydrate (CHO) and
fat content (Table 1). On one end of the spectrum are diets very
high in sucrose but very low in fat (Table 1, VLF). These diets
rapidly induce fatty liver (72) but their ability to cause liver
injury is unproven. High-sucrose diets that contain a bit more
fat (Table 1, LF) also induce hepatic steatosis; by themselves,
however, they do not cause hepatic inflammation or raise
serum alanine aminotransferase (ALT) (28, 72). On the other
end of the nutrient spectrum are ketogenic diets, which are
very high in fat and contain almost no carbohydrate (Table 1,
KG). These diets modestly raise hepatic triglyceride content
but do not raise ALT outside the normal range (44). A large
intermediate group comprises ‘‘high-fat’’ and ‘‘very high-fat’’
diets with fat content ranging from 35% to 70% of total calo-
ries (Table 1, HF, VHF). These diets typically provoke fatty

Liver Center and Department of Medicine, University of California, San Francisco San Francisco, California.

ANTIOXIDANTS & REDOX SIGNALING
Volume 15, Number 2, 2011
ª Mary Ann Liebert, Inc.
DOI: 10.1089/ars.2010.3749

535



liver and in some instances, steatohepatitis. Viewing these
diets as a group, a trend emerges. Diets on either end of the
spectrum cause steatosis but tend not to cause steatohepatitis.
Diets in the middle, which contain a mix of nutrients, seem to
have the greatest potential to cause liver injury (Fig. 1A). Still,
there are important exceptions to the rule, as discussed below.

A popular mixed formula is the ‘‘Western diet’’ (TD88137)
enriched in saturated fat, cholesterol, and sucrose (30%). This
diet induces obesity, insulin resistance, and hepatic steatosis,

along with hepatic activation of cJun N-terminal kinase ( JNK)
and nuclear factor-jB (NF-jB) (73, 80). A similar diet
(RD12451) induces hepatic steatosis and upregulates hepatic
tumor necrosis factor (TNF) and interleukin-6 (IL-6) expres-
sion (88); the degree of actual liver injury caused by these
diets, however, has not been rigorously studied. Svegliati–
Baroni and colleagues (117) carefully evaluated liver injury in
rats fed a high-saturated fat diet (58% fat, 24% CHO) for 1–6
months. They found evidence of progressive biochemical and

FIG. 1. Impact of diet content and
composition on hepatic steatosis. Sche-
matized diagrams demonstrate the influ-
ence of diet content (A) and composition
(B) on the evolution of hepatic steatosis in
experimental animals. (A) Diets enriched
to the extreme in either carbohydrate or
fat tend not to provoke as much fatty liver
as diets that contain a mixture of carbo-
hydrate and fat. The outcome also de-
pends upon the composition of
carbohydrate and fat. (B) Diets that con-
tain unsaturated fat tend to provoke he-
patic steatosis even if paired with low
amounts of carbohydrate or complex car-

bohydrate (e.g., starch). The degree of steatosis increases if unsaturated fat is paired with simple sugar. Diets that contain
saturated fat cause relatively little steatosis when paired with low carbohydrate or complex carbohydrate. Steatosis increases
when saturated fat is paired with sugar, but the slope of the increase may be smaller than that for unsaturated fat. It should be
noted that most experimental formulas contain a mixture of carbohydrates and fats.

Table 1. Dietary Formulas Used in Studies of Experimental Fatty Liver

Formula
category

Fat
cal (%)

CHO
cal (%)

Fat source
(%)

CHO source
(%)

Duration
(wk) Formula # Ref.

Chow 10 78 Soybean oil (100) Sucrose:starch:maltodextrin
(14:65:21)

N/A AIN-93M American Institute
of Nutrition

VLF 2.6 77 Corn oil (100) Sucrose:starch:maltodextrin
(72:6:22)

2 TD03045 (72)

LF 12 70 Corn oil (100) Sucrose:starch (96:4) 8 TD02366 (28)

HF

37 39 Corn oil (100) Dextrose (100) 9 Custom liquid (19)
42 47 Milkfat:cholesterol

(99:1)
Sucrose:starch (70:30) 18-26 TD88137c (73, 80)

45 35 Lard:soybean
oil (88:12)

Sucrose:starch:maltodextrin
(50:21:29)

19 RD12451 (44, 88)

45 37 Lard (100) Sucrose:starch:maltodextrin
(48:19:33)

16 TD03350 (118)

VHF

59 27 Lard (100) Sucrose (100) 20 F3282 (34, 86, 120)
60 20 Lard:soybean

oil (91:9)
Sucrose:maltodextrin (65:35) 18 RD12492 (72)

70 11 Corn oil (100) Glucose:maltodextrin (75:25) 9 Custom liquid (7)

KG 91 0.4 Lard:butter:veg
oil (48:20:11)

Starch (100) 9 F3666 (44)

Trans-fat

45 37 HVO:soybean
oil (96:4)a

Sucrose:starch:maltodextrin
(50:18:32)

16 TD06303 (118)

60 21 HVO:coconut
oil (73:27)b

Sucrose:starch (62:38) 14 TD97070 (83)

a30% of fat is trans-fat.
b24% of fat is trans-fat.
c‘‘Western diet.’’
Table shows an extensive yet incomplete list of dietary formulas that have been used in rodents to model obesity, metabolic syndrome, and

fatty liver. Formulas are segregated along a spectrum of carbohydrate and fat content; standard chow is listed as a reference. Diets that
incorporate trans-fat are also listed. HF, high fat; HVO, hydrogenated vegetable oil (trans-fat); KG, ketogenic (all fat); LF, low fat; VHF, very
high fat; VLF, very low fat. Commercial formulas are made by the following vendors: F, Bio-Serv; RD, Research Diets; TD, Harlan Teklad. The
table highlights the wide variation in macronutrient content and composition among individual formulas.
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histologic liver injury, culminating in mild fibrosis at the
6-month time point. This was in association with obesity,
hyperglycemia, elevated serum TNF, and decreased serum
adiponectin, similar to human beings with nonalcoholic steato-
hepatitis (NASH) and the metabolic syndrome. Singh et al. (111)
reported that a similar diet (RD12492) also caused steatohepatitis
in mice after 4 months. The murine disease was characterized by
steatosis, liver cell death, ALT elevation, and mild histologic
inflammation in conjunction with marked activation of JNK.

The findings of Svegliati–Baroni and Singh are in sharp
contrast to the experience of two other groups who fed rats
high-saturated-fat diets for 4 months and achieved little in the
way of liver injury. Tetri and colleagues (118) found that a
lard-based diet (TD03350) provoked obesity and insulin re-
sistance but caused only mild hepatic steatosis without any
elevation in serum ALT. Likewise, Romestaing et al. (101)
reported that high-saturated fat diets comprising butter or
coconut oil as opposed to lard (67% fat calories) induced little
or no liver disease. Why the lard diet failed to induce more
steatosis is uncertain, given the similarity of the diet to one
that caused significant steatosis in mice (88). The lack of he-
patic steatosis in rodents fed butter or coconut oil, however,
could be due in part to the fact that these fats contain small-
and medium-chain fatty acids that utilize more energy for
their metabolism than long-chain fatty acids. Although in-
triguing, this cannot be the sole explanation, because diets
prepared exclusively with long-chain saturated fat also cause
less hepatic steatosis than those prepared exclusively with
unsaturated fat (105). In fact, mice fed diets with nothing but
long-chain saturated fat as a fat source experience less weight
gain, less insulin resistance, and less hepatic steatosis than
mice fed identical formulas containing pure monounsatu-
rated fat (105) (Fig. 2). The reason is that saturated fat stim-
ulates fatty acid oxidation in the liver, driven by PPARc
co-activator-1a (PGC-1a) and peroxisome proliferator acti-
vated receptor-a (PPARa) (13, 105).

Although saturated fat induces fatty acid oxidation in the
liver, it also stimulates hepatic lipogenesis (64, 105). Therefore,
when saturated fat is consumed together with sugar, any
potential benefit of the nutrient-induced increase in fatty acid
oxidation is likely to be offset by enhanced de novo lipid syn-
thesis. On the other hand, when saturated fat is consumed
without sugar, its pro-oxidative effects go unopposed. In-
deed, this is the situation created in the experiment by
Romestaing et al. (101), whose diet was highly enriched in
saturated fat but contained no simple sugar (only complex
carbohydrate). In the absence of dietary sugar, even a 70%
saturated fat diet caused minimal hepatic steatosis.

These findings are reminiscent of observations made in ex-
perimental models of alcoholic liver disease, in which ethanol-
containing diets prepared with saturated fat cause less liver
injury than those prepared with unsaturated fat (79, 102, 132).
Ethanol-containing diets are very low in carbohydrate (12%)
due to the substitution of ethanol for carbohydrate. Further-
more, ethanol diets are typically formulated with maltodextrin,
a starch-like polymer of glucose. Therefore, using saturated fat
in an ethanol diet should provoke more fatty acid oxidation
than using an unsaturated fat such as corn oil. This is indeed
the case: ethanol diets containing saturated fat cause greater
hepatic fatty acid oxidation than those containing unsaturated
fat, in association with the induction of PGC-1a and AMP-
activated protein kinase (AMPK) (132). The end result is the

prevention of alcoholic steatosis and reduced release of ALT
into the circulation. In experimental alcoholic liver disease, the
beneficial effect of dietary saturated fat has been attributed to
upregulation of adiponectin, which drives fatty acid oxidation
in hepatocytes and thus counteracts the tendency for ethanol to
promote steatosis by upregulating the lipogenic transcription
factor sterol regulatory element binding protein-1 (SREBP1)
(134). At present, the mechanism by which saturated fat in-
duces adiponectin is unclear. Also uncertain is whether adi-
ponectin is absolutely required for the saturated fat effect, or
whether saturated fat could still be effective in its absence.

Taken together, these experimental observations suggest
that dietary saturated fat, if consumed in the absence of sim-
ple sugar, is not a strong inducer of fatty liver disease (Fig. 1B).
Of course, in most instances, saturated fat is consumed to-
gether with at least some simple sugar, and thus diets that
incorporate both macronutrients are likely to be most repre-
sentative of the situation in human beings. Still, from an ex-
perimental point of view, it is of great interest to study the
influence of custom diets with defined macronutrient com-
position on fatty liver disease. In this fashion we can discern
the specific effects of individual macronutrients on fatty liver
disease, alone and in combination.

If dietary saturated fat does not by itself promote hepatic
steatosis, then what is the experience with unsaturated fat?
Unsaturated fat, if incorporated into a diet in an amount
sufficient to provide 35% or more of total calories, tends to
induce hepatic steatosis even if paired exclusively with complex
carbohydrate (62, 69, 125). Such diets cause hepatic mitochon-
drial abnormalities and oxidant stress, but in limited experi-
ence, have not induced ER stress or raised serum ALT levels (62,
69, 125). In contrast, when high-unsaturated fat diets are paired
with at least some simple sugar, more serious liver injury en-
sues. This is particularly true when rodents are intentionally
overfed high-unsaturated fat diets by intragastric infusion. In-
deed, using an intragastric overfeeding approach with a high-
unsaturated fat formula containing either glucose or glucose-
maltodextrin, Deng and colleagues (19) and Baumgardner et al.
(7) successfully produced hepatic steatosis, liver cell death and
ALT release, hepatic inflammation, and even hepatic fibrosis.
Notably, high-unsaturated fat formulas are uncommonly used
outside of liquid feeding paradigms because the relatively low
melting points of unsaturated fats make them suboptimal for
compounding into pellets. In addition, the expertise and care
required to accomplish intragastric overfeeding is beyond the
capability of many research groups.

Aside from carbohydrate and fat in general, specific mac-
ronutrients are now being scrutinized for their ability to
promote fatty liver disease. Diets containing 15% or more of
calories as trans-fats, for example, cause more hepatic stea-
tosis and ALT elevation than those lacking trans-fats (49, 118).
One group found that a trans-fat-enriched diet provoked
several features of steatohepatitis in mice, including hepato-
cyte ballooning, neutrophil infiltration, and induction of col-
lagen type 1 mRNA (81). Others, though, have failed to see
hepatic inflammation or fibrosis in response to a trans-fat diet,
even after 6 months of continuous feeding (49). Supplement-
ing diets with glucose- or fructose-sweetened water has also
been tested for its ability to accentuate steatohepatitis in ex-
perimental animals. Bergheim and colleagues (8) found that
supplementing a chow diet with fructose, but not glucose, for
8 weeks promoted hepatic steatosis in association with portal
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endotoxemia, hepatic induction of TNF, and mild neutro-
philic infiltration of the liver. Despite this, ALT levels re-
mained normal. Likewise, supplementation of a trans-fat diet
with a fructose-containing gel increased overall caloric intake
but did not significantly worsen liver injury (118). Our group
has recently tested the impact of fructose on liver injury by
comparing it directly to glucose as the sole carbohydrate in a
methionine-choline-deficient diet (see below). In this setting,
fructose stimulates more hepatic lipogenesis than glucose and
causes significantly more liver cell death than glucose (90).

Is there a unifying message that can be crafted from this
plethora of information on dietary nutrients? Some conclu-
sions appear valid. One is that sugar amplifies hepatic stea-
tosis, regardless of the fat composition of the diet. A second is
that fructose appears more toxic to the liver than other dietary
sugars, at least in limited studies. A third is that all types of
dietary fat contribute to hepatic steatosis, although perhaps
not to an equal degree. Saturated fat may have the weakest
impact on steatosis, with unsaturated and trans-fats having a

greater influence. It must be emphasized that these features
predict steatosis, which often, but not always, goes hand-
in-hand with steatohepatitis (40). Further study is necessary to
assess whether specific nutrient mixtures cause liver injury
out of proportion to their ability to induce hepatic steatosis.

Pathophysiologic Insights from High-Energy Feeding

Although not all high-energy diets cause significant liver
injury, those that do can be exploited to identify diet-induced
events that are critical to disease pathogenesis. For example,
high-energy diets that cause fatty liver disease typically do so
in association with obesity and systemic insulin resistance (17,
83, 111, 117) and are accompanied by the activation of in-
trahepatic stress signaling cascades (111). The role of these
factors is been explored using a combination of pharmaco-
logic and genetic approaches.

Obesity and systemic insulin resistance

Several recent studies have demonstrated that obesity is
associated with a pro-inflammatory state in adipose tissue,
and that this state of heightened inflammation can either
promote or enhance hepatic steatosis. Inflamed adipose tissue
appears to influence hepatic steatosis through the release of
pro-inflammatory cytokines such as monocyte chemoat-
tractant protein-1 (MCP-1) and TNF. Of the two cytokines,
MCP-1 appears particularly important; mice deficient in ei-
ther MCP-1 or its receptor are resistant to diet-induced hepatic
steatosis (43, 126). Inflamed adipose tissue also produces
adiponectin, but at lower levels than normal adipose tissue
(37). This relative deficiency of adiponectin in obesity may
contribute to hepatic steatosis by reducing fatty acid oxidation
(119) or enhancing lipogenesis in the liver (128, 140). In sup-
port of this concept, adiponectin-deficient mice develop
worse liver disease than wild-type mice when fed a high-
energy diet (5, 140). In addition, adiponectin treatment (128)
or overexpression (45) limits fatty liver disease due to exces-
sive dietary intake. To address the role of peripheral insulin
resistance in promoting fatty liver disease, rodents fed high-
energy diets have been treated with insulin-sensitizing agents
to assess their impact on hepatic outcome. In one study, mice
fed a high-energy diet for 23 weeks and then treated with
pioglitazone for an additional 8 weeks exhibited normal in-
sulin sensitivity at the end of the study but showed no im-
provement in hepatic steatosis or serum ALT (17). By contrast,
mice fed a high-energy diet for 8 weeks and then treated with
an adenovirus expressing exendin-4 (a long-acting agonist of
glucagon-like peptide receptor-1) while continuing the diet
for 15 more weeks showed improvements in both glucose
utilization and hepatic steatosis (106). Anti-inflammatory
drugs have also been used to reduce insulin resistance in the
setting of high-energy feeding, based on evidence that insulin
resistance is the consequence of a diet-induced pro-inflam-
matory state (11). Unfortunately, the impact of these agents on
hepatic steatosis was not directly assessed. Overall, experi-
ments with insulin sensitizers show mixed results in their
ability to reduce diet-induced hepatic steatosis.

Endoplasmic reticulum stress

High-energy feeding causes endoplasmic reticulum (ER)
stress in the liver (86), and ER stress in turn stimulates hepatic

FIG. 2. Saturated fat induces less steatosis than unsatu-
rated fat. Photomicrographs depict liver histology in mice
fed diets identical in nutrient composition except for fat. One
diet was formulated with pure long-chain saturated fat
(palmitate); the other was formulated with pure unsaturated
fat (oleate). Diets were administered for 3 weeks.
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steatosis (42, 57, 103). The role of ER stress in the pathogenesis
of fatty liver disease is the subject of another article in this
Forum (30a), and thus will not be covered in detail here.
Briefly, ER stress activates several intracellular signaling
cascades that culminate in hepatic lipogenesis (57, 103). In-
terventions that block ER stress, in turn, reduce diet-induced
hepatic lipid accumulation (42, 85, 115). From the point of
view of liver disease, it is important to note that ER stress
clearly influences hepatic lipid homeostasis and may also
provoke hepatocellular injury (125). In the setting of ER stress,
liver injury can be mediated by molecules such as JNK and C/
EBP homologous protein (CHOP). JNK undoubtedly con-
tributes to cell death in the setting of diet-induced fatty liver
(111), but the role of CHOP is less clear (87). Another means by
which ER stress could induce liver injury is through induction
of the ER-bound transcription factor, CREBH (137). CREBH
activates the transcription of two pro-inflammatory proteins,
serum amyloid P and C-reactive protein, which may play a
role in the inflammation seen in fatty livers.

Using MCD or CD Diets to Induce NAFLD:
Reproducible Liver Injury

Certain dietary manipulations cause rapid-onset steatohe-
patitis, which makes them attractive for investigative studies.
This is true of diets lacking methionine and/or choline, which
are critical precursors of phosphatidylcholine (Fig. 3). Phos-
phatidylcholine is essential for the assembly of very low
density lipoprotein (VLDL) particles; therefore, animals defi-
cient in methionine or choline develop hepatic steatosis be-
cause they cannot efficiently secrete hepatic triglyceride.
Methionine and choline deprivation also induces the uptake
of fatty acids by the liver (96). Taken together, these dual
consequences (increased fatty acid uptake and impaired tri-
glyceride disposal) set the stage for marked hepatic steatosis.
Many investigators use a methionine-choline-deficient
(MCD) diet, which is completely devoid of both nutrients.
Recently there has been an increase in the use of diets deficient
in choline alone (48). Choline-deficient (CD) formulas also
cause steatohepatitis, but the time-course of disease is pro-
tracted in comparison to that caused by MCD formulas. CD
diets are also known for their ability to provoke hepatic fi-
brosis and hepatocellular carcinoma (136). Importantly, many
commercial CD and MCD formulas not only lack methionine
and choline but also contain excess sucrose and fat. These
lipogenic substrates accelerate disease to the point that stea-
tohepatitis can develop within 2 weeks (16).

Importantly, unlike high-calorie diets, MCD and CD diets
do not cause fatty liver disease as part of the metabolic syn-
drome. Instead, mice fed MCD and CD formulas remain
insulin-sensitive in peripheral tissues and normoglycemic
when compared to nutritionally matched controls (48, 97),
although they exhibit hepatic insulin resistance (108). MCD
feeding also causes weight loss due to muscle wasting and a
diet-induced hypermetabolic state (100); CD diets do not
cause weight loss (48). Although the inability of MCD and CD
diets to induce the metabolic syndrome prevents them from
being touted as models of human fatty liver disease, their
ability to cause severe and progressive steatohepatitis suits
them well to mechanistic studies of fat-related liver injury.
Accordingly, MCD and CD diets have been extensively uti-
lized to address the pathophysiology of fatty liver disease.

Pathophysiologic Insights from CD and MCD Feeding

Involvement of JNK1 in disease pathogenesis

Several highlights have emerged from recent studies of
MCD or CD-fed rodents. One is that the activation of JNK1 in
the liver is critical to the development and progression of fatty
liver disease. Global knockout of JNK1 ameliorates many of
the features of MCD-mediated steatohepatitis, including
hepatocellular apoptosis, ALT release, and hepatic inflam-
mation (107); importantly, JNK1 deficiency also reduces
MCD-mediated hepatic steatosis, implying that hepatic lipid
accumulation in this model is more complex than the net re-
sult of increased fatty acid uptake and reduced triglyceride
secretion. Curiously, JNK1-/- mice fed a CD rather than MCD
diet do not have reduced hepatic steatosis, but all other
features of fatty liver disease are moderately suppressed
including—in this more severe model—hepatic fibrosis.(48)
Although fatty acids activate JNK1 in hepatocytes (66), Kupf-
fer cell-derived JNK1 appears important to the pathogenesis

FIG. 3. Steatohepatitis induced by an MCD diet. Photo-
micrographs illustrate liver histology in mice fed a control
diet (methionine-choline-sufficient, MCS) and a nutrient-
matched MCD diet for 3 weeks. Mice fed the MCS diet have
normal histology, whereas mice fed the MCD diet have
steatosis and foci of hepatic inflammation.
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of fatty liver disease. This is based on experiments in which
chimeric mice with wild-type hepatocytes but JNK1-deficient
Kupffer cells developed less liver disease than wild-type mice
in response to a CD diet (48).

Impact of oxidant stress on disease outcome

Second, recent studies using the MCD diet to induce stea-
tohepatitis have shed light on the relationship between oxi-
dative stress and fatty liver disease. Three independent
groups addressed this question by feeding an MCD diet to
mice lacking the master antioxidant defense regulator nuclear
factor E2-related factor-2 (nrf2) (16, 116, 139). Nrf2 controls the
induction of several compounds involved in antioxidant
defense, including heme oxygenase-1 (HO-1), glutamate-
cysteine ligase (gclc), and NAD(P)H dehydrogenase quinone
1 (nqo1) (47); consequently, nrf2-deficient mice are unable to
mount an appropriate antioxidant defense when needed.
When nrf2-deficient mice were fed MCD formulas, they de-
veloped no more hepatic steatosis than wild-type mice. They
did, however, display exaggerated oxidant stress in the form
of increased tissue levels of oxidized glutathione, mal-
ondialdehyde, and 4-hydroxynonenal (16, 116). These chan-
ges were accompanied by a significant increase in hepatic
inflammation and hepatic fibrosis. Interestingly, two of the
three groups found that excess oxidant stress caused by nrf2
deficiency did not result in an increase in serum ALT (16, 139).
Perhaps more importantly, one group experimentally re-
versed MCD-mediated oxidant stress by knocking out Kelch-
like-ECH-associated protein 1 (keap1), an inhibitor of nrf2,
but despite this, achieved no improvement in serum ALT
(139). These findings suggest that oxidant stress in a fatty liver
has a more pronounced effect on hepatic inflammation and
fibrosis than it does on hepatocellular injury. This concept has
some support in the form of earlier work in which elimination
of oxidant stress from the livers of MCD-fed mice by altering
the fat composition of the diet improved hepatic inflamma-
tion but had no effect on hepatocellular injury (58). Still, such a
theory remains to be substantiated. To date, studies that have
employed pharmacologic agents to inhibit oxidant stress in
MCD-fed mice have demonstrated improvements in hepatic
inflammation and fibrosis, without clearly distinguishing the
effect from an improvement in hepatocellular injury (89, 124).
Inhibiting oxidant stress by knocking out thioredoxin binding
protein-2 (tbp2), however, improves hepatic inflammation
and fibrosis and at the same time significantly lowers serum
ALT (1). In addition, treating MCD-fed mice with hemin to
induce HO-1 reduces hepatic lipid peroxidation by 50% and
reduces serum ALT by 40% (135).

Factors underlying hepatocellular injury

Third, the MCD model has placed important focus on he-
patocyte lipotoxicity as a component of fatty liver disease.
Indeed, MCD feeding is unique in that it causes marked ele-
vation of serum ALT in conjunction with histologic evidence
of steatohepatitis (55, 58, 104). Although some of the increase
in serum ALT may be due to a diet-related induction of en-
zyme expression in hepatocytes (65), there is independent
proof that MCD feeding causes apoptotic and necrotic hepa-
tocyte death (27, 58, 127, 130). Cell death in the MCD model of
steatohepatitis appears mediated by free fatty acids or acyl-
glycerol intermediates. This is based on evidence that in-

hibiting their incorporation into triglycerides markedly
increases hepatocellular injury (130). Furthermore, cell death
(measured by terminal deoxynucleotidyl transferase dUTP
nick end labeling) is enhanced specifically when MCD-fed
mice are treated with agents that inhibit diacylglycerol
transferase-2 (DGAT2) rather than DGAT1 (129, 130). This
suggests that fatty acids arising from de novo lipogenesis,
which are preferentially handled by DGAT2 (122), are more
hepatotoxic than those reaching the liver from the circulation.
A similar increase in liver cell death occurs when an MCD
formula is fed to mice lacking the enzyme stearoyl CoA
desaturase-1 (SCD1) (61). SCD1 converts toxic long-chain
saturated fatty acids to nontoxic monounsaturated fatty acids
(30) and has recently been shown to have preferential activity
toward fatty acids produced in the liver from dietary sugar
(72). Taken together, these findings suggest that saturated
fatty acids derived from de novo lipogenesis are important
mediators of hepatocellular death in fatty liver disease. Recent
experiments have confirmed this by showing that MCD for-
mulas lacking sugar fail to cause liver disease (91), whereas
MCD formulas that incorporate pure fructose, a highly lipo-
genic substrate, into the MCD formula, enhance its ability to
cause hepatocyte death (90) (Fig. 4). The fact that MCD-
mediated steatohepatitis is dependent on de novo lipogenesis
emphasizes the potential danger of this pathway in human
beings. It should be noted, however, that MCD diets will tend
to accentuate the adverse effect of de novo lipogenesis on the
liver, because MCD feeding also suppresses SCD1 (100),
presumably in an effort to preserve hepatic phospholipid (22).

Innate immune regulation of steatohepatitis

CD and MCD models of steatohepatitis have also been
used to address the role of the innate immune system in dis-
ease pathogenesis. One of the first observations made in this
regard was that MCD-fed animals display hepatic upregula-
tion of Toll-like receptor-4 (TLR4) and its co-receptors CD14
and MDR2 (99). A causal role for TLR4 in MCD-mediated
liver disease was demonstrated in experiments with TLR4
mutant mice, in which diet-induced hepatic inflammation and
hepatocellular injury were significantly reduced (99). Similar
results were obtained with Kupffer cell depletion, thus iden-
tifying Kupffer cells as an important TLR4-expressing popu-
lation. Recent attention has focused on the dual intracellular
signaling pathways that can be activated by engagement of
TLR4. It can signal through myeloid differentiation primary
response gene 88 (MyD88), which leads to the activation of
NF-jB, or alternatively through TIR-domain-containing
adapter-inducing interferon-b (TRIF), which leads to the
activation of type I interferons. MCD feeding induces MyD88
expression in the liver (121) as does excess dietary fructose
(112). Genetic deletion of MyD88 ameliorates steatohepatitis
and liver fibrosis in mice fed a CD diet, assigning a causal role
to the MyD88 signaling pathway (71). Interestingly, in
experimental alcoholic steatohepatitis, it is the MyD88-
independent pathway that appears critical in the pathogene-
sis of liver injury (36). This represents a unique distinction
between alcoholic and nonalcoholic steatohepatitis.

Other TLRs besides TLR4 are emerging as participants in
the pathogenesis of fatty liver disease. Deng et al. (20) dem-
onstrated that activation of TLR7 on immature hepatic mye-
loid cells can enhance steatosis and promote ALT release in
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mice fed a high-fat diet. Importantly, this pathway was not
active spontaneously in high-fat-fed mice (which did not ex-
hibit baseline liver injury); instead, it required exogenous
administration of a TLR7 agonist. New evidence also impli-
cates TLR9 as an important contributor to steatohepatitis.
TLR9 is an important receptor for DNA from bacteria or dying
cells; in the latter case, its activation serves as a means to
amplify tissue injury once a disease process has begun (76).
Activation of TLR9 on Kupffer cells stimulates the secretion of
IL-1b. IL-1b, in turn, promotes hepatic steatosis, hepatocyte
death, and liver fibrosis (71). These effects, which require
MyD88, suggest the existence of an auto-amplification
mechanism that perpetuates steatohepatitis.

An important, TLR-independent aspect of immune regu-
lation that has been investigated in CD as well as non-CD
models of fatty liver disease is steatosis-related alteration of
hepatic natural killer T (NKT) cells. These regulatory T cells
were initially found to be reduced in number in the livers of
genetically obese (ob/ob) mice (31), and a similar reduction was
subsequently reported in wild-type mice fed a high-fat diet
(60). One presumed mechanism of NKT cell depletion was by
apoptosis, mediated by Kupffer cell-derived IL-12 (60).
Adoptive transfer of NKT cells can ameliorate hepatic stea-
tosis (24); this implies that NKT cells play an active role in
preventing hepatic fat accumulation and possibly also ad-
verse events downstream of steatosis. In the CD model of
fatty liver disease, hepatic NKT cells also progressively de-
cline in number (51). CD-fed mice that are depleted of
Kupffer cells as a local source of IL-12, however, maintain
their NKT cells. Unlike in the adoptive transfer study, in the
CD feeding study mice that maintained normal numbers of
NKT cells did not resist hepatic steatosis. One possible ex-
planation for this is that hepatic steatosis in CD- and MCD-fed
mice is influenced heavily by lipid retention, which may not
be amenable to NKT cell regulation. Unfortunately, although
CD feeding, which can produce progressive steatohepatitis,
held promise to delineate the role of NKT cells in actual
liver injury, the mice in this study did not develop significant
liver disease. Consequently, the impact of hepatic NKT cell
depletion on outcomes other than steatosis in fatty liver dis-
ease remains uncertain.

Dysregulation of adiponectin signaling

One notable feature of MCD-fed mice is that serum levels of
adiponectin are normal or even increased compared to diet-
matched controls, even in the face of hepatic steatosis (18, 54,
107). This is not entirely unexpected, since MCD-fed mice do
not develop obesity, which is typically a prerequisite to a
decline in circulating adiponectin. Nevertheless, because
adiponectin facilitates the maintenance of lipid homeostasis in
liver (128), MCD-fed mice have been characterized as being in
a state of adiponectin resistance.(54) Adiponectin promotes
fatty acid oxidation by activating AMPK and PPARa (41); it
also has anti-inflammatory properties, which are mediated
through an IL-10/HO-1 axis (68). Therefore, adiponectin re-
sistance may play a role in both the steatosis and inflamma-
tion that occur in response to MCD feeding. This notion was
proven directly in experiments in which MCD-fed mice with
improved adiponectin signaling due to adenovirus-mediated
overexpression of adiponectin receptor-2 were spared from MCD-
mediated hepatic steatosis, oxidant stress, and fibrosis (119).

FIG. 4. Dietary sugar is critical to the pathogenesis of
steatohepatitis in the MCD model. Photomicrographs il-
lustrate liver histology in mice fed MCD diets containing
glucose, fructose, or starch as carbohydrate. Diets were ad-
ministered for 3 weeks. Mice fed MCD with glucose devel-
oped macrovesicular steatosis and had a mean ALT value of
471 IU/L. Mice fed MCD with fructose had mixed macro-
vesicular and microvesicular steatosis and had a mean ALT
value of 928 IU/L. Mice fed MCD with starch had minimal
steatosis and had a mean ALT of 93 IU/L. Data from (90, 91).
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Other factors under investigation

Many factors aside from those cited above are currently
under investigation in animal models of steatohepatitis.
Among these are targeted studies of the involvement of nu-
clear receptors in the pathogenesis of experimental fatty liver
disease. In addition to PPARa and PPARc, whose expression
and activity have been explored in MCD-fed mice, experi-
ments are expanding to include retinoid X receptor (RXR),
farnesoid X receptor (FXR), and constitutive androstane re-
ceptor (CAR). RXR deficiency predisposes to MCD-mediated
steatohepatitis, as might be expected based on its partnership
with PPARa (32). FXR agonists, which are known for their
ability to induce the synthesis of molecules involved in he-
patic lipid export, improve MCD-mediated liver injury but
interestingly not by reducing hepatic steatosis (138). CAR
agonists have met with mixed results when tested in MCD-
fed mice. In one study, CAR activation worsened MCD-
mediated liver disease and CAR deficiency was protective
against steatohepatitis (131). This contrasts with another re-
port in which a CAR agonist improved MCD-induced liver
disease (6). Further work will be required for a clear picture to
emerge from these studies.

MicroRNAs, which are known to influence a number of
processes pertinent to fatty liver disease (14), are beginning to
be explored in experimental animals. This work is limited, but
studies indicate that miRNA regulation in experimental alco-
holic fatty liver disease is distinct from that in MCD-related
nonalcoholic fatty liver disease (23). Other studies have pointed
to miR-21, -122, and -335 as regulators of lipid homeostasis, but
these miRNAs have not been evaluated directly in the setting of
experimental steatohepatitis (25, 78, 123).

Special considerations with CD and MCD diets

A major selling point for the use of CD or MCD diets, in
addition to their ability to cause serious liver injury, is that
they ideally lead to a consistent outcome in comparison to that
seen with the array of commercial high-energy diets. This is
only partly true, for two reasons. First, there are species,
strain, and sex differences in the response of rodents to MCD
feeding (46, 92). Second, the macronutrient composition of
MCD and CD formulas varies among vendors, which may
influence experimental results (Table 2). A third issue is that in
an effort to offset the weight loss caused by MCD feeding,
some investigators have fed MCD formulas to rodents with
background predispositions to obesity and fatty liver (84, 104,

129). This permits more prolonged study, with the evolution of
hepatic fibrosis, but can cause difficulty in deciphering exper-
imental results. These limitations are not meant to discourage
the use of CD or MCD formulas, but instead to encourage the
informed design and interpretation of future studies.

Overeating as a Means of Inducing NAFLD

Some investigators argue that simple overeating, rather
than more extreme manipulation of dietary macronutrients,
constitutes the best experimental approach to studying stea-
tohepatitis because it most closely reflects a major risk factor
for fatty liver disease in human beings. Overeating can be
accomplished in wild-type animals by intragastric infusion of
a liquid diet. When normal rats are overfed chow-equivalent
diets at 117% of their necessary calories, they gain weight and
become hyperglycemic but develop little evidence of steato-
hepatitis (7). On the other hand, mice fed 130%–185% of daily
calorie requirements for 9 weeks develop clinical and bio-
chemical evidence of fatty liver disease (19). Interestingly,
some mutant rodents that spontaneously overeat develop
fatty liver even on a chow formula. This is true of leptin-
deficient (ob/ob) mice, cholecystokinin-1 (CCK1) receptor-de-
ficient (Otsuka Long–Evans Tokushima Fatty; OLETF) rats
and Alms1-deficient (foz/foz) mice, which eat at least 20%
more calories per day than their wild-type counterparts (Table
3). Leptin deficiency causes far broader phenotypic abnor-
malities than overeating, which limits the use of ob/ob mice as
a faithful model of human steatohepatitis (26, 56, 59). Still, ob/
ob mice are continuing to provide critical information re-
garding the role of leptin in hepatic lipid metabolism. In this
regard, leptin has been recently shown to avert hepatic stea-
tosis not by increasing local fat oxidation, but instead by re-
ducing fatty acid synthesis and enhancing hepatic VLDL
secretion (110). This has prompted the notion that leptin en-
ables the liver to rid itself of fat for catabolism at another, yet
unspecified site.

Unlike the metabolic derangements seen in ob/ob mice,
those in OLETF rats are entirely attributable to excess food
intake (74). These rats have a defect in the satiety signal me-
diated by CCK1 as well as the loss of CCK1-mediated inhi-
bition of the orexigenic neuropeptide Y in the brain. These
combined defects cause the rats to eat larger meals as well as
eat more frequently. Interestingly, CCK1 receptor-deficient
mice do not have the same phenotype as rats; the reason is
that mice do not express CCK1 receptors in the brain, and thus

Table 2. CD and MCD Formulas

Formula
category

Fat
cal (%)

CHO
cal (%)

Fat
source (%)

CHO
source (%) Formula # Manufacturer Ref.

MCS, MCD 31 55 HVO:corn oil
(67:33)a

Sucrose:starch (67:33) 518811, 518810 Dyets (139)

MCS, MCD 21 62 Corn oil (100) Sucrose:starch (69:31) 960441, 960439 MP Biomedicals (1, 96, 100, 130)
MCS, MCD 22 63 Corn oil (100) Sucrose:starch (69:31) 94149, 90262 Harlan Teklad
CSAA, CDAA 32 54 HVO:corn oil

(67:33)
Sucrose:starch (66:34) 518754, 518753 Dyets (48, 71)

a21% of fat as trans-fat.
Table illustrates the macronutrient composition of CD and MCD formulas, as well as their matched control formulas, where available.

CDAA, choline-deficient, amino acid-defined; CSAA, choline-sufficient, amino acid-defined; MCD, methionine-choline-deficient; MCS,
methionine-choline-sufficient. Note the use of trans-fat in some MCS and MCD formulas.
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there is no central nervous system cross-talk between CCK1
and neuropeptide Y in this species to influence appetite (9).
OLETF rats develop hepatic steatosis beginning at 8 weeks of
age that progresses steadily to week 40 (95). By week 40, the
rats exhibit several signs of steatohepatitis, including hepa-
tocyte ballooning, ALT elevation, hepatic TNF induction, in-
flammatory infiltrates, and pericentral fibrosis (95, 109).
Rector and colleagues (95) recently examined the hepatic
mitochondria of OLETF rats at 40 weeks of age and found
them to have reduced protein content and abnormal ultra-
structure. They also noted that hepatocytes from OLETF rats
of all ages have a reduced ability to oxidize fatty acids com-
pletely to CO2. Incomplete fatty acid oxidation can cause ox-
idative stress (75); this was also evident in the livers of OLETF
rats. These observations suggest that incomplete fatty acid
oxidation is an important mechanism underlying experi-
mental fatty liver disease. The data supplement findings from
other groups that implicate incomplete fatty acid oxidation as
a cause of muscle insulin resistance (50). Importantly, if the
theory of incomplete fatty acid oxidation holds true in liver, it
will resolve an apparent paradox in experimental models of
alcoholic and nonalcoholic fatty liver disease, namely that
despite a strong association between steatohepatitis and oxi-
dative stress, stimulating fatty acid oxidation in a fatty liver
improves, rather than exacerbates, steatosis and liver injury
(29, 38, 77, 109).

The newest model of hyperphagia is the foz/foz mouse, a
spontaneous mutant with an 11-base-pair deletion in the
alms1 gene on chromosome 6 (4). Alms1 muations in humans
cause Alström syndrome, an autosomal recessive disorder
with a multi-organ phenotype, including stunted growth,
cardiomyopathy, obesity, diabetes, and fatty liver. Why the
mutation causes increased food intake is unknown. Foz/foz
mice are not hyperphagic from birth, but acquire this behavior
within 60 days of age. Adult males eat 40% more food than
their wild-type littermates. Foz/foz mice fed standard chow for
300 days develop pericentral steatosis but exhibit no further
biochemical or histologic signs of liver disease. When foz/foz
mice are fed a high-fat diet, however, they develop more se-
vere liver disease than wild-type mice, including severe
steatosis, hepatocyte ballooning, ALT elevation, hepatic in-
flammation, and pericellular and perivenular fibrosis (3).
Genes governing fatty acid uptake and lipogenesis are ex-
pressed at high levels in the livers of foz/foz mice regardless of
diet. Genes regulating fatty acid oxidation and secretion are
also upregulated, but only when the mice are fed a chow diet.
Although some of the changes may be nutrient-related, the
data suggest that foz/foz mice cannot adapt to diet-induced
steatosis by upregulating pathways of fat oxidation or dis-
posal in the liver. Such a defect could be prompted by low
circulating adiponectin, which is present in foz/foz mice.

The Role of Exercise in Modulating
Experimental NAFLD

The fact that aerobic exercise can reduce hepatic steatosis
and improve serum ALT levels in humans with fatty liver
disease (39, 113) has stimulated interest in the role of physical
activity in the pathogenesis of steatohepatitis. The impact of
exercise on fatty liver disease in experimental animals was
first addressed in rats that were forced into sedentary be-
havior through hindlimb unloading (98). Rats rendered sed-
entary for 3 weeks while eating a sucrose- and fat-enriched
diet developed three times as much hepatic steatosis and
slightly more hepatic inflammation as rats with unrestricted
ambulation. This was associated with endotoxemia, which
occurred in sedentary rats regardless of diet. Why sedentary
behavior would lead to endotoxemia was unexplained. Al-
though intriguing, this finding has yet to be reproduced. Se-
dentary behavior was also examined by Tetri and colleagues
(118), together with a high-fat, fructose-supplemented diet in
an effort to model the American Lifestyle-Induced Obesity
Syndrome (ALIOS). Although sedentary behavior may have
contributed to liver disease in this study, physical activity was
not directly tested as an outcome variable. Rector and col-
leagues (94) employed a different strategy by adding, rather
than subtracting, the opportunity for physical activity to rats
with a predisposition to fatty liver disease. They used OLETF
rats, which, as mentioned above, develop steatohepatitis due
to overeating even if fed a chow diet. OLETF rats that were
offered a running wheel for 16 weeks were less obese and had
fewer features of the metabolic syndrome than rats main-
tained in standard caging. Active rats also had significantly
less hepatic steatosis than control rats even though serum
ALT levels were comparable. Importantly, physical activity
prompted more complete oxidation of fatty acids in the liver
and reduced the expression of several genes involved in
hepatic lipogenesis. In a followup study, the same group
examined whether the cessation of voluntary exercise in
OLETF rats would prompt the redevelopment of fatty liver
disease (93). They showed that the beneficial effects of 16
weeks of physical activity on fatty acid oxidation and hepatic
lipogenesis could be completely reversed by one week of
inactivity, even though gross changes in hepatic steatosis or
liver injury were not apparent. These findings underscore the
degree to which exercise can modulate metabolic activity
in the liver and its potential to reduce the risk of fatty liver
disease.

Genetic Manipulation of Hepatic Lipid Homeostasis

Although many animal studies addressing fatty liver
disease are based on manipulations of diet and exercise,
others have focused on genetic manipulation of metabolic or

Table 3. Rodent Models of Overfeeding

Animal model Genetic defect Phenotype Ref.

Intragastric overfeeding None (wild-type) Steatohepatitis in 9 weeks at 130%–185% of calories (19)
Ob/ob mice Leptin-null Steatohepatitis in 10-14 weeks on standard diet (63)
Foz/foz mice Alms1-null Steatohepatitis in 300 days on high-fat diet (3)
OLETF rats CCKR1-null Steatohepatitis in 40 weeks on chow diet (95)

Table depicts the characteristics of four rodent models of overfeeding that have been used in the study of fatty liver disease.
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disease-related pathways in an effort to identify events that
leading to hepatic steatosis—or worse. A comprehensive
summary of these studies is beyond the scope of this review,
but select examples are provided to highlight recent obser-
vations.

Endocannabinoids as mediators of fatty liver disease

Endocannabinoids can contribute to fatty liver disease in
part through their orexigenic effects that are mediated through
CB1 receptors in the brain and peripheral nervous system (52).
Endocannabinoids also promote hepatic steatosis directly by
stimulating CB1 receptors in the liver that enhance lipogenesis
and suppress fatty acid oxidation (82). Blockade of CB1 sig-
naling in the liver protects mice from diet-induced fatty liver
and ALT elevation by increasing energy expenditure and fatty
acid oxidation (83). CB2 receptors, which are present in adipose
tissue, also contribute to fatty liver disease. Through these
receptors, endocannabinoids promote adipose tissue inflam-
mation, which modulates hepatic lipid accumulation and
pro-inflammatory cytokine expression (21). The role of endo-
cannabinoids in fatty liver is the subject of a recent review (67).

Sirtuins as master regulators
of lipid synthesis and oxidation

Sirtuins are a family of NAD + -dependent protein deace-
tylases that play a central role in the regulation of metabolism
(10). In the liver, Sirtuin 1 (SIRT1) deacetylates peroxisome
proliferator activated receptor-c co-activator-1a (PGC-1a),
which is critical for the activation of gluconeogenesis during
fasting. PGC-1a is also a co-activator for peroxisome pro-
liferator activated receptor-a (PPARa) (108). In the deacety-
lated (active) state, PGC-1a partners with PPARa to promote
the transcription of PPARa-dependent genes. Mice with a
liver-specific deletion of SIRT1 have impaired PPARa sig-
naling, which results in a reduction in fatty acid oxidation
(81). Consequently, when liver-specific SIRT1-null mice are
fed a high-fat diet, they develop hepatic steatosis. In addition,
they develop signs of ER stress and modest, but significant,
increases in hepatic pro-inflammatory cytokines (81). The re-
sults are similar to those reported previously in mice with
PPARa deficiency (reviewed in (86)).

SIRT1 also plays a role in hepatic steatosis due to excessive
alcohol consumption. Ethanol reduces SIRT1 activity, which
leads to hyperacetylation of PPARa, decreased PPARa activ-
ity, and hepatic steatosis (133). Reduced SIRT1 activity in
ethanol-fed animals also affects SREBP1; in this case, how-
ever, hyperacetylation leads to increased SREBP1 activity and
increased hepatic lipogenesis. SIRT1, therefore, is in a pivotal
position to regulate all aspects of lipid metabolism in the al-
coholic and nonalcoholic fatty liver. Interestingly, resveratrol,
a polyphenol present in the skin of red grapes, activates SIRT1
(53). A recent study demonstrated that activation of SIRT1
underlies the ability of resveratrol to limit experimental al-
coholic fatty liver (2).

SIRT3 also influences lipid metabolism in the liver. It is
located in the mitochondrial matrix, where it regulates the
acetylation of mitochondrial enzymes. A major target of
SIRT3 is long-chain acyl-CoA dehydrogenase (LCAD). In the
absence of SIRT3, LCAD is hyperacetylated and in an inactive
state. Mice deficient in SIRT3 have impaired ability to oxidize

fatty acids during fasting (35). Whether SIRT3 influences fatty
liver disease is currently unknown.

Novel findings from manipulation of lipogenic genes

The influence of lipogenic enzymes on hepatic steatosis and
steatohepatitis has been the subject of extensive study, using
mice with genetic under- or overexpression of lipogenic genes
or their transcriptional activators. This topic has been ele-
gantly reviewed by Strable and Ntamb (114). Some experi-
ments emphasize specific points: for example, mice lacking
acetyl-CoA carboxylase-1 (ACC1) or SCD1 are protected from
carbohydrate-induced hepatic steatosis but not fat-induced
hepatic steatosis (33, 70, 72), which underscores the inde-
pendent contributions of dietary carbohydrate and fat to fatty
liver. Second, mice with a liver-specific knockout of fatty acid
synthase (FAS) paradoxically develop fatty liver in response
to a high-carbohydrate diet, rather than being spared from it
(13). FAS deficiency is accompanied by decreased PPARa
activity and decreased fatty acid oxidation, which is the likely
reason for steatosis. This prompted the theory that newly
synthesized fatty acids are natural ligands for PPARa, and
one relevant fatty acid species has just been identified as 1-
palmitoyl-2-oleoyl-sn-glycerol-3-phosphocholine (12). Third,
silencing of DGAT2 in the liver prevents triglyceride synthe-
sis, as expected, but also suppresses hepatic lipogenesis and
stimulates fatty acid oxidation. This emphasizes the degree of
interconnection among metabolic pathways in hepatocytes
(15). Finally, liver-specific overexpression of DGAT2 pro-
vokes hepatic steatosis but does not cause insulin resistance or
glucose intolerance (73), which argues that hepatic steatosis is
insufficient by itself to induce the metabolic syndrome. These
represent only a few of many insights gained from basic
studies of hepatic lipid metabolism. Even though these works
may not address hepatic steatosis as a clinical entity, they
serve to inform other studies that focus on hepatic steatosis as
a liver disease with the potential to progress to steatohepatitis,
hepatic fibrosis, and hepatocellular carcinoma.

Conclusion

Rodent models have enabled many important discoveries
about hepatic steatosis and steatohepatitis that would not be
possible in humans. These studies have detected differences in
the ability of individual dietary macronutrients to induce
steatosis and liver injury; they have also shown that factors
provoking lipotoxicity may not be the same as those that in-
duce oxidant stress or hepatic fibrosis. In addition, experiments
in mice have permitted fine dissection of pathogenic events that
are liver-specific from those that involve bone marrow-derived
cells. They are continually evolving to reveal which cellular
derangements (e.g., in lipid synthesis or lipid oxidation or both)
are key to the pathogenesis of liver injury. Rodent studies of
fatty liver are useful because each one accentuates the impact of
an individual variable (e.g., diet, inflammation, exercise) on
liver-related outcome. Their true value emerges when data
from numerous studies are viewed in aggregate, creating a
composite picture of the effects of multiple variables as may be
faced by humans at risk for fatty liver disease.
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Abbreviations Used

ACC1¼ acetyl CoA carboxylase-1
ALIOS¼American Lifestyle-Induced Obesity Syndrome

ALT¼ alanine aminotransferase
AMPK¼AMP-activated protein kinase

CAR¼ constitutive androstane receptor
CCK¼ cholecystokinin

CD¼ choline-deficient
CDAA¼ choline-deficient, amino acid-supplemented

CHO¼ carbohydrate
CHOP¼C/EBP homologous protein
CSAA¼ choline-sufficient, amino acid-supplemented
DGAT¼diacylglycerol transferase

ER¼ endoplasmic reticulum
FAS¼ fatty acid synthase
FXR¼ Farnesoid X receptor
Gclc¼ glutamate-cysteine ligase

HF¼high fat
HO-1¼heme oxygenase-1

IL¼ interleukin
JK¼ cJun N-terminal kinase

Keap1¼Kelch-like-ECH-associated protein 1
KG¼ ketogenic
LF¼ low fat

MCD¼methionine-choline-deficient

MCP-1¼monocyte chemoattractant protein-1

MCS¼methionine-choline-sufficient

miRNA¼microRNA

MyD88¼myeloid differentiation primary response

gene 88

NAFLD¼nonalcoholic fatty liver disease

NASH¼nonalcoholic steatohepatitis

NF-jB¼nuclear factor-jB

Nfr2¼nuclear factor E2-related factor-2

NKT¼natural killer T

Nqo1¼NAD(P)H dehydrogenase quinone 1

OLETF¼Otsuka Long-Evans Tokushima Fatty

PGC1a¼PAR gamma co-activator-1a
PPR¼peroxisome proliferator activated receptor

RXR¼ retinoid X receptor

SCD1¼ stearoyl CoA desaturase-1

SIRT¼ sirtuin

SREBP1¼ sterol regulatory element binding protein-1

TLR¼Toll-like receptor

TNF¼ tumor necrosis factor

TRIF¼TIR-domain-containing adapter-inducing

interferon-b
VLDL¼very low density lipoprotein

VLF¼very low fat
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