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Abstract
Background—Alcoholic and non-alcoholic steatohepatitis are leading causes of liver diseases
worldwide. While of different etiology, these share common pathophysiological mechanisms and
feature abnormal fat metabolism, inflammation and fibrosis. Micro-RNAs (miRNA) are highly
conserved non-coding RNAs that control gene expression at the post-transcriptional level either
via the degradation of target mRNAs or the inhibition of translation. Each miRNA controls the
expression of multiple targets; miRNAs have been linked to regulation of lipid metabolism and
inflammation.

Methods—We fed Lieber-DeCarli alcohol or methionine-choline-deficient (MCD) diets to
C57Bl6 and analyzed livers for histopathology, cytokines by ELISA, ALT by biochemical assay,
and microRNA profile by microarray.

Results—Both Lieber-DeCarli and MCD diets lead to development of liver steatosis, liver
injury, indicated by increased ALT, and elevated levels of serum TNFα, suggesting that animal
models portray the pathophysiological features of alcoholic and non-alcoholic fatty liver,
respectively. We identified that Lieber-deCarli diet up-regulated 1% and down-regulated 1% of
known miRNA; MCD diet up-regulated 3% and down-regulated 1% of known miRNA, compared
to controls. Of miRNAs that changed expression levels, five miRNAs were common in alcoholic
and non-alcoholic fatty livers: the expression of both miR-705 and miR-1224 was increased after
Lieber-DeCarli or MCD diet feeding. In contrast, miR-182, miR-183, and miR-199a-3p were
downregulated in Lieber-deCarli feeding, while MCD diet lead to their up-regulation, compared to
corresponding controls.

Conclusions—Our findings indicate etiology-specific changes in miRNA expression profile
during steatohepatitis models, which opens new avenues for research in the pathophysiology of
alcoholic and non-alcoholic fatty liver diesase.
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INTRODUCTION
Steatohepatitis (SH) is an emerging liver disease worldwide that often precedes liver
fibrosis, failure and hepatocellular cancer (Bugianesi et al., 2002; Day C.P., 2005; Morgan
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TR et al., 2004). While the steatohepatitis may occur as a result of chronic alcohol abuse
(alcoholic fatty liver and steatohepatitis) or accompany the metabolic syndrome without a
history of alcohol abuse (non-alcoholic fatty liver and steatohepatitis), these entities have
common histopathology features and share components of common mechanisms of liver
injury (Tsukamoto H et al., 2008). Both alcoholic and non-alcoholic liver diseases feature
steatosis, inflammation and progression to liver fibrosis (Morita et al., 2003; Brunt 2001).
Particularities at the levels of transcription, translation and function of proteins were
reported in both types of fatty liver diseases, however an unambiguous difference in protein
regulation that could set aside alcoholic and non-alcoholic etiologies is yet to be identified.

The groundbreaking discovery of the first microRNA (miRNA) in 1993 followed by
intensive research efforts identified over a thousand distinct miRNAs in mammalian cells
and indicated that miRNAs negatively regulate protein expression at the point of protein
translation; hence, they are fundamental regulators of cellular processes (Ambros V., 2004).
More important, the miRNA profile is emerging as an important contributor to many normal
homeostatic processes, including metabolic pathways (Wilfred BR et al., 2007; Esau C et
al., 2006), cellular stress (S.N. Bhattacharyya et al., 2006), immune defense, inflammation
(Chong MM et al., 2008, Tili E et al., 2007, Liston A et al., 2008), and tissue remodeling
(Davis BN et al., 2008). More important, miRNA play a critical role in human diseases,
including autoimmunity, pathologic inflammation (Schickel R et al., 2008; Mattes J et al.,
2008), and tumor control (Wong QW et al., 2008; Varnholt H et al., 2008; Tryndyak VP et
al., 2008; Connolly E et al., 2008). More recently Pietrzykowski et al discovered that
posttranscriptional regulation of BK channel splice variant stability by miR-9 underlies
neuroadaptation to alcohol (Pietrzykowski AZ. et al., 2008), and Tang et al identified an
effect of alcohol on miR-212 expression in intestinal epithelial cells (Tang Y. et al., 2008);
these reports indicated that miRNA could play a role in alcohol-induced pathology. The
microRNA expression pattern and their role in liver diseases are largely unknown.

Based on the pathogenesis of steatohepatitis, we analyzed the hypothesis that alcoholic and
non-alcoholic fatty livers may exhibit signature miRNA profiles. Our data indicate that
animals fed Lieber-deCarli alcohol diet or methionine-choline deficient (MCD) diet share
common alterations in miRNA profile, however they also have distinct microRNA
signatures.

MATERIALS AND METHODS
Animals and Experimental Protocols

Three-month old, female C57BL/6 mice were housed in a specific pathogen-free, climate-
controlled animal facility under a 12-hour light-dark cycle, and were cared for in accordance
with the IACUC regulations at the University of Massachusetts Medical School. All animals
had unrestricted access to water during the entire duration of the experiment. The starting
weight in all mice was 22.6±2.3g.

To induce alcoholic liver disease, mice received Lieber-DeCarli diet (Bio-Serv, Frenchtown,
NJ) with 4.5% (volume/volume) ethanol (32.4% ethanol-derived calories) for 5 weeks; pair-
fed control mice were fed an equal amount of calories as their alcohol-fed counterparts with
the alcohol-derived calories substituted with dextran-maltose. During the 5 weeks feeding
the mice gained comparable weigh in both alcohol-fed (+15±3.38g) and pair-fed
(+15.6±3.54g) groups.

To induce non-alcoholic steatohepatitis, mice were fed with a methionine-choline-deficient
(MCD) diet or a methionine-choline-supplemented (MCS) diet for 5 weeks; the latter
control diet was identical in composition to the MCD diet but was supplemented with L-
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methionine (1.7 g/kg) and choline bitartrate (14.48 g/kg) (Dyets Inc., Bethlehem, PA).
Methionine and choline deprivation blocks hepatic lipid secretion by disruption of
phosphatidylcholine transfer and thus creates steatotic livers (Vance et al., 1985; Yao et al.,
1988). During the MCD diet feeding the mice lost weight (−6.7±0.7g), in contrast to MCS
diet-fed (+7.2±2.1g) control group.

Biochemical assays
Serum alanine aminotransferase (ALT) was determined using a kinetic method (ALT
Liquid, Advanced Diagnostics Inc., South Plainfield, NJ). Liver triglyceride levels were
measured as previously described, using commercial kits (Triglyceride TG H R2 994-40491,
Triglyceride TG H R1 994-40391, and Lipid Calibrator 996-41791, Wako Chemicals USA
Inc., Richmond, VA).

Histopathological Analysis
Sections of formalin-fixed, paraffin-embedded livers were stained with hematoxylin and
eosin to assess for histologic features of steatohepatitis. The histopathology analysis was
performed in a blinded fashion.

Cytokine Measurements
Serum TNFα level was determined using the Pierce SearchLight Multiplex Cytokine array
(Pierce Biotechnology, Inc., Woburn, MA).

microRNA analysis
Total RNA was isolated from snap-frozen livers with organic and solid-phase extraction
using mirVana miRNA Isolation Kit, which allows for miRNAs preservation (Applied
Biosystems/Ambion, Austin, TX, catalog #1560), and quantified by spectrophotometry
(BioPhotometer, Eppendorf, Westbury, NY). Total liver RNA (5 μg) samples were analyzed
for miRNA profile at LC Sciences LLC (Houston, TX) using miRNA Microarray Service.
The miRNA probe layout in the selected region is shown in Supplemental Table 1. All probe
sequences in the array (MRA#1002) were based on Sanger miRBase Release 8.1, which
represents the updated validated mouse miRNA sequences. The samples were paired
randomly and RNA was labeled with Cy3 dye (in green color) or Cy5 dye (in red color);
within the same experiments the colors were rotated to provide a color bias-free analysis.
The labeled RNA was hybridized with the probe-containing chip, which detected miRNA
transcripts listed in Sanger miRBase Release 10.1. The Cy3 and Cy5 provided information
on the level of expression of distinct miRNAs in individual samples, and the ratio sensed the
differential expression of miRNAs between the corresponding samples. The plots of
representative Cy3, Cy5 and Cy3/Cy5 ratio for Lieber-deCarli and MCD diet fed groups are
shown in Supplemental Figure 1. The background was calculated from the median of 5%
and 25% of low intensity wells; the blank wells were excluded from the background
calculation. The probes where the systematic dye bias was identified were excluded from the
calculations. The signals are presented after background subtraction, normalization and
detection evaluation.

Statistical Analysis
There were 3–6 mice in each experimental group. Statistical significance was determined
using Student t-test for microRNA Microarray analysis and non-parametric Kruskal-Wallis
and Mann-Whitney tests for all other parameters; data were considered statistically
significant at a p<0.05.
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RESULTS and DISCUSSIONS
Experimental models of alcoholic and non-alcoholic fatty liver share features of liver
steatosis, impaired lipid metabolism, pro-inflammatory activation and liver damage

Steatohepatitis of alcoholic and non-alcoholic etiology share multiple features, such as
steatosis, inflammation and sometimes fibrosis, to result in liver damage and progression to
liver failure (Day et al., 2005; Tsukamoto et al, 2008). Our goal in this study was to identify
if alcoholic and non-alcoholic fatty livers share the same similarity at the level of miRNA
expression, by using the Lieber-DeCarli (alcoholic) and the MCD (non-alcoholic) diet-
induced fatty liver models.

Feeding of alcohol-containing Lieber-deCarli diet (Lieber et al., 1965) to C57Bl6 mice
resulted in liver steatosis (Fig 1A) and increased liver triglycerides (Fig 1B), compared to
pair-fed animals. Alcohol-enriched diet caused liver damage, as suggested by elevated levels
of serum ALT (Fig 1C) and created a pro-inflammatory state, indicated by increased levels
of serum TNFα (Fig 1D), compared to alcohol-free counterparts. These characteristics
closely resembled the features of alcoholic liver disease in humans (McCullough et al.,
1998); we thus concluded that Lieber-deCarli diet induced features of alcoholic liver disease
in mice. We next compared the blood alcohol levels (BAL) in Lieber-deCarli alcohol diet
fed animals. As shown in Fig 1E, no alcohol was detected in blood of dextrane-maltose-
enriched Lieber-deCarli pair-fed animals. In contrast, alcohol was detected in blood of
animals fed alcohol-containing Lieber-deCarli diet.

For a model of non-alcoholic stateohepatitis we fed a methionine-choline deficient diet to
C57Bl6 mice; this diet is well established and frequently employed in hepatology research to
create steatotic livers (Yamaguchi et al, 2007, 2008; Rahman et al., 2008). The MCD
feeding resulted in liver steatosis (Fig 1A) and increased liver triglycerides (Fig 1B),
compared to methionine-choline supplemented (MCS) diet animals. Further, MCD diet
caused elevation in serum levels of ALT (Fig 1C) and TNFα (Fig 1D), indicative of liver
damage and inflammation, respectively. These data suggested that both alcohol-containing
Lieber-deCarli and MCD diets cause steatohepatitis.

Alcoholic and non-alcoholic fatty livers show different microRNA expression profiles
We next quantified the expression of known and predicted microRNAs in the liver of
animals fed Lieber-deCarli alcohol diet or MCD diet, and their respective controls. As
shown in Fig 2, clustering of microRNA probes revealed that multiple microRNA were
expressed in the liver of control, healthy animals. The majority of liver microRNA were
expressed at similar levels in animals fed Lieber-DeCarli diet (Fig 2A) or methionine-
choline deficient diet (Fig 2E), compared to corresponding diet controls (Supplementary
Figure 1). We identified that 2% of the known microRNA showed changes their expression
levels upon Lieber-deCarli feeding compared to pair-fed controls (Fig 2B). Likewise, 4% of
microRNA were modulated in animals fed MCD diet compared to MCS-diet-fed controls
(Fig 2F). Among genes that changed their expression levels as a result of steatohepatitis, 1%
of known miRNA were up-regulated and 1% were down-regulated during Lieber-deCarli
alcohol diet feeding (Fig 2B), while MCD feeding caused up-regulation of 3% and down-
regulation of 1% of known microRNA (Fig 2F). Figure 2C,D shows the patterns of
microRNA expression in ASH model which was modulated significantly (featuring p<0.05
(Fig 2C) or p<0.01 (Fig 2D)); similar information from the MCD diet model is shown in Fig
2G,H. We further observed that three microRNAs were differentially expressed depending
on the etiology of steatohepatitis: feeding of alcohol-containing diet caused down-regulation
of miR-182, miR-183, and miR-199a-3p, while feeding of MCD diet resulted in up-
regulation of these three microRNAs (Table 3). In contrast, miR-705 and miR-1224
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expression was increased in steatohepatitis of both alcoholic and non-alcoholic etiology
(Table 3). These data suggested that steatohepatitis of alcoholic and non-alcoholic etiology
modulates expression of microRNA in the liver. Further, similarities and distinct signature
of microRNA expression were identified in alcoholic and non-alcoholic fatty liver models.

Steatohepatitis, either of alcoholic or non-alcoholic etiology, is a major clinical challenge;
identification of fundamentals and fine details of the pathogenesis of steatohepatitis is
emergent and will likely influence the disease management. To date there is no clear
understanding of the sequence of events in development of steatohepatitis and pathogenesis-
based approaches to diagnosis, management and disease prediction are emergent. Here we
investigated the microRNA profile of steatohepatitis using animal models of ASH and
NASH and discovered common features and unique microRNA signatures of these diseases.

We identified that SH changes was associated with changes of a limited number of known
microRNA. Based on our results, we predict that the combined changes in the levels of
expression of miR-182, miR-183, miR-199a-3p, miR-705 and miR-1224 provide a signature
of SH. More importantly, we identified specificity of each microRNA profile with regard to
SH pathogenesis. We found that alcohol (Lieber-deCarli diet)-induced steatohepatitis leads
to down-regulation of several microRNA, including miR-27b, miR-214, miR-199a-3p,
miR-182, miR-183, miR-200a, and miR-322. microRNAs are thought to control expression
of more then one, and sometimes thousands of target mRNAs (Ambros 2004). Mammalian
microRNAs generally negatively regulate gene expression by repressing translation,
possibly through effects on mRNA stability and/or the translation process itself (Wong et al.,
2008; Varnholt et al., 2008; Tryndyak et al., 2008). Since the microRNAs inhibit protein
expression, we predict that impaired expression of some microRNAs would allow over-
expression of target proteins. For example, miR-27 levels are rapidly altered by histone
deacetylase inhibition (Scott et al., 2006) and impaired miR-27 expression in ASH could
result from emerging role of epigenetic events in the actions of alcohol (Choudhury M et al.,
2008; Shukla et al, 2008). miR-214 is a marker of aging in the liver (Maes et al., 2008).
TGFβ inhibits miR-200a expression (Gregory et al., 2008), and relevant to this, an increased
TGFβ signaling was reported in ASH (Tsukamoto et al 1990). Further, impaired expression
of miR-200 family, including miR-200a, results in upregulation of ZEB1 and ZEB2 proteins
(Gregory et al., 2008). Consistent with down-regulation of miR-200a, we identified increase
in ZEB1 expression in Lieber-deCarli alcohol diet-fed animals; there was no change in
miR-200a in MCD diet-fed mice and their ZEB1 expression was comparable to pair-fed
controls (data not shown). miR-200a also regulates Hedgehog signaling (Katoh et al, 2008),
which has a role in alcoholic liver disease severity in mice and humans (Jung et al., 2008).
miR-322 tightly regulates the function of epidermal growth factor receptor (Ramasamy et
al., 2007), which affects hepatocyte proliferation (Zhang et al., 1999) and is key for liver
protection against alcohol-induced injury and sensitization to bacterial lipopolysaccharide in
alcoholic liver diseae models (Deaciuc et al., 2002). It is intriguing that miR-182, miR-183,
and miR-199a-3p were up-regulated in NASH model, in contrast to their down-regulation in
ASH. miR-182 is reportedly up-regulated in polycythemia vera granulocytes (Bruchova et
al., 2008) and miR-183 is overexpressed in colorectal cancer (Bandrés et al., 2006),
suggesting that their yet unknown target genes are most likely tumor suppressors.

We observed that Lieber-deCarli alcohol diet feeding induced up-regulation of five
microRNAs, while feeding of MCD diet in the non-alcoholic fatty liver disease model lead
to overexpression of seventeen microRNAs. Of all microRNAs upregulated during Lieber-
deCarli diet feeding, two of them, including miR-705 and miR-1224, were also up-regulated
upon feeding of MCD diet. To date there is no information about the function and/or targets
of miR-705 and miR-1224; as with many other microRNA included in Sanger Institute
microRNA database (website), these two microRNA have a defined sequence but await
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confirmation of their in vivo functions and physiological role. It is possible that differences
in microRNA expression between alcoholic and non-alcoholic fatty livers are due to
different models of inducing injury, yet they may also be related to the greater extent of
injury in the MCD diet compared to alcohol-enriched diet. It is also conceivable that weight
loss, observed only in MCD-fed but not in alcohol-fed animals, may contribute to the
differences in microRNA between the two models of liver injury. In these conditions, the
specific mechanisms of the effect of alcohol on liver microRNA profile remain to be
determined.

To date there are clear indications that miRNA play a role in every step of pathological
processes known to lead to development of steatohepatitis, including lipid metabolism
(Wilfred et al., 2007; Esau et al., 2006), liver cellular stress response (Bhattacharyya et al.,
2006), and control of inflammation via regulation of both innate and adaptive immunity
(Chong et al., 2008; Tili et al., 2007; Liston et al., 2008). Further, TGFβ, which is a potent
fibrotic factor (Seki et al, 2008), governs a specific set of miRNAs at the pri-miRNA to pre-
miRNA step to regulate cell plasticity and possibly oncogenesis (Davis et al., 2008). A
number of miRNA reportedly have role in establishment of liver tumorigenesis (Wong QW
et al., 2008; Varnholt H et al., 2008; Tryndyak VP et al., 2008; Connolly E et al., 2008);
since many liver tumors are preceded by advanced stages of steatohepatitis (Bugianesi et al.,
2002; Morgan et al., 2004), the miRNA profile may have predictive value at pre-cancerous
stages of liver diseases. Recent reports indicated that alcohol-induced pathology in brain and
intestine could be controlled at the levels of miRNAs (Pietrzykowski et al., 2008; Tang et al
2008); our data provide novel insights into the liver-specific microRNA profile during liver
damage due to alcohol intake (Lieber-deCarli diet model) or MCD deficiency-induced fatty
liver. More excitingly, miRNAs are emerging as therapeutic targets in cancer, diseases of
hart and virally induced diseases (Barbarotto et al., 2008; van Rooij et al., 2008; Sall et al.,
2008). Recently reported employment of microRNA antagomers for delivery to liver set-up
high expectations for miRNA-based therapy strategies of liver diseases (Krutzfeldt et al.,
2005); our new data about the baseline status of the microRNA profile in normal liver and
upon development of steatohepatitis facilitate better understanding of this future therapeutic
tool.

In conclusion, our results provide novel information about the microRNA signatures of
statohepatitis of alcoholic and non-alcoholic origin, and suggest new avenues for research in
hepatology.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Lieber-deCarli and methionine-choline deficient (MCD) diet feeding feature liver steatosis,
impaired fat metabolism, liver injury and pro-inflammatory activation. C57Bl6 mice were
fed with Lieber-deCarli or mehionine-choline deficient diets to establish ASH and NASH
models, respectively. Liver sections were stained with H&E and analyzed for morphology
(A); serum levels of triglycerides (B), alanine aminotransferase (C), TNFα (D) and alcohol
(E) were analyzed. In panel A, representative images out of n=6/group are shown. In panels
B–E, data are shown as mean±SD from 6 mice/group; the * indicate p<0.05 compared to
pair-fed controls; the # indicate p<0.05 compared to MCS controls.
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Figure 2.
Steatohepatitis modulates liver microRNA expression.
Liver microRNA expression was analyzed using miRNA Microarray. Panels A and D show
the percentage of microRNA that changed during feeding of Lieber-deCarli (A) and MCD
(D) diets, compared to corresponding controls. Panels B and E show the heat-maps of
microRNAs expression in Lieber-deCarli diet feeding at p<0.05 and p<0.01, respectively.
Panels C and F show the expression of microRNAs in MCD diet feeding at p<0.05 and
p<0.01, respectively. In panels B,C,E and F (shown n=3), the black color indicates no
change, the red color represents up-regulation, and the green color indicates down-regulation
of the gene expression; the intensity of the color correlates with the extent of changes.
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Table 1

Liver microRNA changes upon Lieber-deCarli and MCD diet feeding

MicroRNA Lieber-deCarli diet MCD diet

182 Down-regulated Up-regulated

183 Down-regulated Up-regulated

199a-3p Down-regulated Up-regulated

705 Up-regulated Up-regulated

1224 Up-regulated Up-regulated
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