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Abstract
Background—Alcoholic liver disease progresses from steatosis to inflammation, fibrosis and
cirrhosis. Although alcoholic liver disease has been associated with insulin resistance, it is unclear
whether insulin resistance coincides with the development of steatosis.

Methods—We studied the temporal relationship of steatosis and glucose homeostasis in mice fed
a Lieber-DeCarli liquid control or ethanol diet for 2, 4 or 8 weeks. We studied the effects of
alcohol consumption on energy balance, body composition, and hepatic lipids. Glucose tolerance
test was performed, and insulin sensitivity was evaluated with hyperinsulinemic-euglycemic
clamp.

Results—Ethanol-fed mice developed hepatic steatosis over time as compared with control-fed
mice despite similar energy intake and expenditure, and gain in body weight and fat. Ethanol-fed
mice developed glucose intolerance as early as 2 weeks, while insulin resistance developed at 4
weeks. A hyperinsulinemic-clamp study at 8 weeks revealed both hepatic and peripheral insulin
resistance in ethanol-fed mice. Insulin resistance was associated with hepatic steatosis, increased
ceramide levels, and Perilipin 2 expression.

Conclusions—Chronic ethanol consumption leads to the development of hepatic steatosis,
impaired glucose tolerance and insulin resistance. These changes are independent of energy intake
or expenditure, weight, whole body fat content, and inflammation. A better understanding of the
processes linking ethanol-induced steatosis and abnormal glucose homeostasis may lead to novel
therapies targeting the progression of alcoholic liver disease.
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INTRODUCTION
Alcoholic liver disease (ALD) is a major cause of liver failure worldwide, and its
management costs billions of dollars annually (O’Shea et al., 2010; Services, 2000). Hepatic
steatosis is an early pathologic feature of ALD, and may progress to steatohepatitis and
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fibrosis (Raynard et al., 2002). Insulin resistance is predictive of severity of ALD in humans
(Wanless and Lentz, 1990). Experimental rat models have linked alcoholic steatohepatitis
with impaired hepatic insulin signaling (Denucci et al., 2010; de la Monte et al., 2008;
Sasaki et al., 1994), whereas administration of insulin sensitizers to alcohol-fed rats
improves steatohepatitis (de la Monte et al., 2011; Xu et al., 2003). However, the temporal
relationship of the development of ALD and alteration in glucose homeostasis is unclear.
Indeed, several population studies have suggested a U-shaped relationship between alcohol
consumption and development of insulin resistance (Kiechl et al., 1996; Shah, 1988).

Unlike rats, mice fed chronically with Lieber-DeCarli liquid ethanol diet develop steatosis
without significant steatohepatitis (Liangpunsakul et al., 2012; Lieber and DeCarli, 1982).
Mice fed a Lieber-DeCarli diet with 38% ethanol content for 8 weeks are insulin resistant, as
determined by whole body insulin tolerance testing (Zhong et al., 2012). It was recently
shown that mice fed a 27.5% ethanol caloric content for 4 weeks developed glucose
intolerance; however, insulin sensitivity was not examined in this model (Liangpunsakul et
al., 2012). The aim of the current study was to examine in greater detail the temporal
relationship between alcoholic liver steatosis and glucose homeostasis. In addition, we
performed comprehensive metabolic phenotyping of mice to determine whether energy
balance was affected by alcohol consumption.

MATERIALS AND METHODS
Animals and diets

Experiments were performed according to protocols reviewed and approved by the
Institutional Animal Care and Use Committee of the University of Pennsylvania. Ten week-
old male C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME) were housed under a 12:12-
h light-dark cycle (light on at 0700) and ambient temperature of 22°C. Mice were fed a
control Lieber-DeCarli diet containing 12% fat (corn oil, olive oil, and safflower oil), 70%
carbohydrates (maltose-dextrin), and 18% protein, or an ethanol-containing diet in which
ethanol was added to account for 15% of total calories, and the equivalent caloric amount of
carbohydrates was removed. To allow for acclimation to the alcohol diet, the mice were
given 5% ethanol calorie content for 2 days, which was increased to 10% ethanol calorie
content for 2 days, followed by 15% ethanol calorie content diet.

Physiologic studies
Caloric intake was measured daily and body weight was measured twice weekly. Body
composition was measured at 2, 4 and 8 weeks with nuclear magnetic resonance
spectroscopy (Echo MRI, Houston, TX) (Carr et al., 2012). Indirect calorimetry was
performed at 2 and 4 weeks with a Comprehensive Laboratory Animal Monitoring System
(CLAMS) (Columbus Instruments), and locomotor activity was measured simultaneously
using infrared beam breaks (Carr et al., 2012; Varela et al., 2008).

Glucose homeostasis
Glucose tolerance testing (GTT) was done at 2, 4 and 8 weeks. The mice were fasted for 6
hours (7 am-1 pm), intraperitoneal (I.P.) injection of a glucose solution (2g/kg) was given
and glucose concentration in the tail blood was measured at time 0 (before I.P. glucose
injection), and 15, 30, 60, and 90 minutes with a glucometer (One Touch Ultra, Johnson &
Johnson) (Carr et al., 2012; Varela et al., 2008). Whole body insulin tolerance testing (ITT)
was done at 4 weeks. The mice were fasted for 6 hours, and 0.75 U/kg insulin was injected
I.P. Tail blood glucose was measured with a glucometer at time 0 (prior to insulin injection),
and 15, 30, 60, 90 and 120 minutes (Imai et al., 2007).
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Hyperinsulinemic-euglycemic clamp and radioisotopic tracer kinetic studies were done at 2
and 8 weeks to evaluate insulin sensitivity in the liver, adipose tissue and muscle (Varela et
al., 2008). The mice were anesthetized and the right internal jugular vein was cannulated.
After 4 days of recovery to the pre-surgery weight, the mice were fasted for 6 hours (7
am-1pm), a bolus intravenous injection of 5 μCi of [3-3H] glucose was administered,
followed by continuous intravenous infusion at 0.05 μCi/min. Baseline glucose kinetics
were measured for 120 minutes followed by hyperinsulinemic clamp for 120 minutes. A
priming dose of regular insulin (16mU/kg, Humulin; Eli Lilly, Indianapolis, IN) was given
intravenously, followed by a continuous infusion at 2.5 mU/kg/min. Blood glucose was
maintained at 140 mg/dL via a variable infusion of 20% glucose. 2-Deoxy-D-[1-14C]
glucose was injected 45 minutes before the end of the clamp, and blood samples were
collected to estimate glucose uptake. The mice were euthanized, and liver, epidydimal white
adipose tissue (WAT) and gastrocnemius muscle were excised, frozen immediately in liquid
nitrogen, and stored at −80°C for analysis of glucose uptake (Varela et al., 2008).

Biochemical assays
Cohorts of ethanol or control-fed mice were euthanized at 12 noon-1 pm, and blood samples
were obtained via cardiac puncture. Liver samples were rapidly dissected, frozen in liquid
nitrogen, and stored at −80°C for analysis. Serum triglycerides and alanine aminotransferase
(ALT) were measured by enzymatic assays (Carr et al., 2012). Serum insulin concentration
was measured with an ELISA (Crystal Chem, Evanston, IL) (Carr et al., 2012).

Lipids were extracted from livers for triglyceride measurement as previously described (Carr
et al., 2012; Varela et al., 2008). Other liver tissues were homogenized in Tris:EDTA and
analyzed for ceramides by the Lipidomics Shared Resource at the Medical University of
South Carolina (Mullen et al., 2011). mRNA was prepared from liver samples using Trizol
reagent (Invitrogen, Carlsbad, CA), and expression of lipid droplet proteins, Perilipin 1, 2
and 3, was analyzed using real-time PCR reagents (Carr et al., 2012; Takahashi et al., 2004).
The level of mRNA expression was normalized to phosphoriboprotein (36B4).

Total Akt and phosphorylated Akt (p-Akt) levels in liver were determined by
immunoblotting (Goncalves et al., 2010). Liver samples were homogenized in lysis buffer
containing 1% NP-40, 0.5% Triton, 10% glycerol, 0.15M NaCl, 0.001 M EDTA, 0.5M Tris-
HCl, at pH 7.4, and supplemented with complete protein inhibition cocktail tablet from
Roche (Penzberg, Germany). 30 μg protein extract were separated by 4–12% NuPage Bis-
Tris gel (Invitrogen) and transferred to nitrocellulose overnight at 4°C using wet transfer.
Membranes were blocked with 5% nonfat dried milk for 1 h at room temperature and then
incubated with p-Akt Ser 473 antibody (Santa Cruz, #SC7985-R) at 1:1000 dilution
overnight at 4°C. Membranes were washed with TBS with 0.1% (vol/vol) Tween 20, and
incubated with 1:5000 dilution of goat anti-rabbit horseradish peroxidase antibody (Santa
Cruz, #SC 2004) for 1 h at room temperature. Blots were visualized with enhanced
chemiluminescence (GE Healthcare, Piscataway, NJ). Membranes were then stripped and
blotted for total Akt (Santa Cruz, SC 8312) or GPDH (Cell Signaling, #14C10), at 1:1000
dilution. Film autoradiograms were analyzed with National Institutes of Health Image J
software (Carr et al., 2012).

Histology
Liver tissue from the same hepatic lobe was excised from ethanol and control-fed mice,
fixed in 10% buffered formalin, and stained with hematoxylin and eosin. Slides were
examined and images captured under bright field with Olympus DP72 microscope BX43
and CellSens Entry imaging software. Liver histology was examined by a pathologist
blinded to the experiments. Representative images from control (n=4) and ethanol-fed (n=5)
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mice were taken at 40x magnification for morphometric analysis of lipid droplets using
Photoshop CS3 (Adobe), and histograms of lipid droplet size distribution were plotted
(GraphPad Prism, La Jolla, CA).

STATISTICAL ANALYSIS
Data are expressed as means +/− SEM. Statistical analysis was performed using t test, or
ANOVA with post hoc Newman Keuls test (GraphPad Prism, La Jolla, CA). P < 0.05 is
considered significant.

RESULTS
Effects of ethanol consumption on energy balance and hepatic steatosis

Mice in the control or ethanol-fed groups gained 2, 3, and 7 grams after 2, 4 and 8 weeks,
respectively (Table 1). Body composition measured by nuclear magnetic resonance
spectroscopy showed that ethanol and control diets increased body fat by 50% after 8 weeks.
However, there were no significant differences in the fat or lean masses between the control
and ethanol groups at any time point (Table 1). The daily caloric intake was similar between
the groups. Mice on ethanol or control diets consumed 14 kcal daily (Table 1). Energy
expenditure was measured at 2 and 4 weeks during a 6 hour fast between 10am and 4pm.
There was no difference in oxygen consumption (V̇o 2) between the control and ethanol
groups (Table 1). The respiratory quotient (RQ = V̇ co2/V̇o 2) is an index of fuel oxidation.
RQ value of 0.7 indicates fat oxidation, and RQ value of 1 indicates carbohydrate oxidation.
The RQ value was 0.7 for ethanol and control diets at 2 weeks and 4 weeks, suggesting that
fat oxidation was predominant in both control and ethanol groups. Locomotor activity level
was also similar between ethanol and control groups at all ages (Table 1).

In contrast to the similarities in energy balance, liver histology revealed a temporal increase
in hepatic steatosis in ethanol-fed mice compared with control-fed mice (Fig. 1). The
hematoxylin and eosin-stained liver sections showed well defined vacuolated areas in the
hepatocytes in ethanol-fed mice at 8 weeks. There was no apparent evidence of
inflammation or necrosis (Fig. 1). Biochemical measurement showed an increase in liver
triglyceride content in the ethanol-fed mice compared with control mice at 8 weeks;
however, the values were highly variable and not statistically different (Table 1). We further
assessed steatosis by comparing lipid droplet size distributions in histological sections from
control and ethanol-fed mice (Fig. 2). Lipid droplet diameter ranged from 1.64 to 20.6 μm
with mean diameter of 4.84 μm in control mice, and a range of 1.64 to 66.4 μm with mean
diameter of 14.5 μm in ethanol-fed mice (P<0.0001) (Fig. 2). Ethanol-induced hepatic
steatosis was not associated with an increase of ALT levels (Table 1).

Chronic ethanol consumption results in glucose intolerance and insulin resistance
Mice fed the ethanol diet developed glucose intolerance as early as 2 weeks (Fig. 3A), and
this persisted through 4 and 8 weeks (Fig. 3B–C). There was no significant difference in the
serum insulin levels between the control and ethanol-fed mice at 2, 4 and 8 weeks (Table 1).
A hyperinsulinemic-euglycemic clamp study was done at 2 weeks to determine whether
insulin resistance was apparent at this early stage of ethanol feeding. Glucose production
under basal (fasted) conditions was similar between the control and ethanol-fed mice (Fig.
4A). Moreover, 2 weeks of ethanol feeding did not affect the glucose infusion rate (GIR),
hepatic glucose production (HGP), or glucose disposal rate (Rd) under hyperinsulinemic-
euglycemic clamp (Fig. 4B–D). Thus, hepatic and peripheral insulin sensitivity were not
significantly altered at 2 weeks on the ethanol diet. At 4 weeks of ethanol feeding, however,
our screening of whole body insulin sensitivity with a bolus I.P. injection of insulin showed
insulin resistance in the ethanol-fed mice (Fig. 4E). Because the degree of glucose
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intolerance was similar at 4 and 8 weeks, we performed a hyperinsulinemic-euglycemic
clamp at 8 weeks to evaluate the changes in hepatic and peripheral insulin sensitivity. Unlike
the 2 week ethanol-fed mice, ethanol consumption for 8 weeks resulted in a 50% reduction
in GIR (P=0.003); 57% increase in HGP (P<0.017), and a 40% reduction in Rd (P<0.002)
(Fig. 5A–D). These changes demonstrate that 8 weeks of ethanol feeding induces both
hepatic and peripheral insulin resistance. Ethanol consumption for 8 weeks resulted in non-
significant decreases of glucose uptake into skeletal muscle (Fig. 5E; P=0.15), and adipose
tissue (Fig. 5F; P=0.11). Immunoblotting of total Akt and phosphorylated Akt was
performed on liver samples from mice fed a control or ethanol diet for 8 weeks. Total Akt
levels were similar in the control and ethanol-fed mice while p-Akt levels were reduced by
50% in ethanol-fed mice (Fig. 6A, B).

Effects of ethanol consumption on lipid droplet proteins and ceramide levels
Lipid droplets in the liver and other organs are surrounded by a phospholipid monolayer and
a family of perilipin (Plin) proteins (Bickel et al., 2009). Plin1, 2 and 3 have been described
in ALD in rodents and humans (Mak et al., 2008; Orlicky et al., 2011). We have previously
shown that Plin2 and Plin3 are increased in livers of diet-induced and ob/ob mice, and
mediate hepatic insulin resistance (Carr et al., 2012; Imai et al., 2007; Varela et al., 2008).
Thus, we determined whether Plin proteins were affected by alcohol consumption. We
found that Plin2 was increased significantly in ethanol-fed mice at 4 weeks (P=0.002), Plin3
was detectable but not increased, and Plin1 was barely detectable (Table 2).

Sphingomyelin, a precursor of ceramide, is a component of the lipid droplet membrane
(McIntosh et al., 2010). Ceramides can disrupt insulin signaling and have been implicated in
the pathogenesis of ALD (Deaciuc et al., 2000; Liangpunsakul et al., 2010; 2012).
Therefore, we measured hepatic ceramides in ethanol and control-fed mice at 4 weeks to
determine if insulin resistance at this stage correlated with an increase in ceramides. Some
ceramide species, i.e. C18, C18:1, C22:1, and C24:1, were increased in the ethanol-fed mice
compared with control mice, while other ceramide species, i.e. C14, C16, C20, C22, C24,
C26, were not affected by ethanol consumption (Table 2).

DISCUSSION
Alcoholic liver disease (ALD) spans the histologic spectrum of steatosis, steatohepatitis,
cirrhosis, and hepatocellular carcinoma, and is a leading cause of liver-related morbidity and
mortality worldwide (O’Shea et al., 2010; Services, 2000; Singal, 2010). Besides continued
alcohol consumption, there are few predictors of disease progression in ALD (National
Institute on Alcohol Abuse and Alcoholism (U.S.), 2005). Insulin resistance is strongly
associated with liver disease severity in ALD (Quintana et al., 2011; Raynard et al., 2002).

Both human and rodent studies have demonstrated impaired glucose tolerance and insulin
sensitivity in ALD. In humans, alcoholic cirrhosis leads to impaired responses to
intravenous glucose and insulin (Magnusson and Tranberg, 1987). Additionally, insulin
resistance predicts liver fibrosis in ALD (Raynard et al., 2002). Consistent with these human
studies, rodent studies demonstrate a reduction in expression of key insulin signaling
molecules in experimental models of ALD (de la Monte et al., 2008; Sasaki et al., 1994). For
example, Long-Evans rats chronically fed ethanol develop steatosis, inflammation and
apoptosis associated with impaired insulin receptor binding, and increased expression of
IGF-1 (de la Monte et al., 2008). Chronically-ethanol fed rats develop impaired IRS-1
phosphorylation following partial hepatectomy (Sasaki et al., 1994). Moreover,
administration of PPARδ agonist or adiponectin, which enhance insulin sensitivity,
ameliorates ALD in rats and mice (de la Monte et al., 2011; Xu et al., 2003). In contrast,
some studies have reported that low or moderate chronic alcohol consumption improved
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insulin sensitivity (Kiechl et al., 1996; Koppes et al., 2005). This raises the possibility of a
temporal relationship between the development of ALD and changes in glucose
homeostasis.

The Lieber-DeCarli liquid ethanol diet pair feeding mouse model is a well established model
of alcoholic steatosis (Lieber and DeCarli, 1982). Unlike rats, mice fed this diet do not
develop significant inflammation and fibrosis (Denucci et al., 2010; Liangpunsakul et al.,
2012; Lieber and DeCarli, 1982). Nonetheless, the Lieber-DeCarli diet is a useful model for
examining the effects of alcohol-induced steatosis on glucose homeostasis. To our
knowledge, there are only two recent studies demonstrating impaired glucose tolerance or
insulin resistance in mice chronically fed the Lieber-DeCarli alcohol diet. In an examination
of the role of ceramide inhibition in ALD, mice chronically fed ethanol had impaired
glucose tolerance compared with pair-fed controls (Liangpunsakul et al., 2012). However, it
is unclear if the difference in glucose tolerance was due to changes in body weight. The
impact of ethanol consumption on insulin sensitivity was not studied. A subsequent study
examining the role of ethanol on adipose tissue lipolysis in mice fed 38% calorie-content
ethanol for 8 weeks demonstrated insulin resistance by insulin tolerance test despite a
significant loss of fat mass in ethanol-fed mice (Zhong et al., 2012). The majority of studies
examining the development of insulin resistance in alcoholic liver disease were performed in
rats, in which hepatic inflammation may be a contributing factor (Kang et al., 2007;
Shoelson et al., 2007; Wan et al., 2005).

In the current study, we carefully characterized the temporal effects of ethanol consumption
on energy balance, glucose tolerance, and insulin sensitivity. We found that while glucose
intolerance was detected as early as 2 weeks and persisted throughout 8 weeks duration of
our studies, insulin resistance was not apparent until 4 weeks on the alcohol diet. It is
possible the early occurrence of impaired glucose tolerance in ethanol-fed mice is partly due
to changes in counterregulatory hormones, e.g. glucagon. The changes in glucose
homeostasis in ethanol-fed mice were independent of energy intake and expenditure, and
total body fat. It is important to point out that our indirect calorimetry was done during a 6
hour fast, hence the V̇o 2 and RQ values in the control and ethanol-fed mice reflect energy
expenditure and fuel oxidation in the fasted state. It is possible alcohol may have different
effects on energy expenditure and fuel oxidation in the fed state. Alcohol has been shown to
promote hepatic steatosis by inhibiting fatty acid oxidation and increasing lipogenesis.
Alcohol inhibits activation of AMPK (You et al., 2004), which normally inhibits the
lipogenic enzyme acetyl-CoA carboxylase (ACC) and indirectly activates the beta-oxidation
enzyme carnitine palmitoyltransferase I (CPTI) (Liu et al., 2011; Long and Zierath, 2006).
Indeed, we found reduced AMPK levels in the livers of ethanol-fed mice (data not shown).

Our clamp results showed that hepatic insulin resistance was increased in ethanol-fed mice
at 8 weeks compared with control mice. Consistent with these data, p-Akt levels were
significantly reduced in ethanol-fed mice. The glucose disposal rate during hyperinsulinemic
clamp was significantly attenuated in ethanol-fed mice, suggesting peripheral insulin
resistance. There was a tendency toward impaired glucose uptake in perigonadal adipose
tissue and gastrocnemius muscle in alcohol fed mice, but the difference was not significant.
Wan et al. reported an impairment of muscle insulin sensitivity in Wistar rats fed alcohol via
intragastric pump (Wan et al., 2005). The difference between the two studies may be partly
due to the duration of alcohol feeding, i.e. 8 weeks in our study in mice compared with 20
weeks in rats (Wan et al., 2005). Glucose disposal rate (Rd) reflects glucose uptake of all
tissues that utilize insulin. Our measurement of glucose uptake was limited to perigonadal
adipose tissue and gastrocnemius muscle. Future studies will determine the specific effects
of alcohol on insulin-mediated glucose uptake in various adipose tissue depots and skeletal
muscle groups.
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Several studies have associated the accumulation of lipid species with disruption of hepatic
insulin signaling (Carr et al., 2012; Imai et al., 2007; Samuel et al., 2010; Varela et al.,
2008). In the current study, we found that hepatic triglycerides and several ceramide species
were increased at the onset of insulin resistance in alcoholic steatosis. Triglycerides do not
impair insulin signaling (Erion and Shulman, 2010; Nagle et al., 2009), however, ceramides
and other lipid metabolites have been implicated in the pathogenesis of hepatic insulin
resistance (Dobrowsky et al., 1993; Erion and Shulman, 2010; Hannun and Obeid, 2008;
Summers, 2006; Yang et al., 2009). A mechanism by which hepatic ceramides impair
insulin signaling is through the activation of protein phosphatase 2A and subsequent
inhibition of Akt phosphorylation (Dobrowsky et al., 1993; Hannun and Obeid, 2008).
Hepatic ceramides are increased in experimental models of ALD, and pharmacologic
reduction of hepatic ceramides correlates with histologic improvement of ALD (Deaciuc et
al., 2000; Liangpunsakul et al., 2010; 2012, Zhao et al., 2011). Our findings are consistent
with studies showing an increase in hepatic ceramides after 4 weeks of ethanol feeding in
mice (Liangpunsakul et al., 2010; 2012; Zhao et al., 2011). Specifically, we observed an
increase in the ceramide species C18, C18:1, C22:1, and C24:1. Consistent with the present
study, C18 ceramide was increased in a metabolomic study of ethanol feeding (Zhao et al.,
2011). A recent study demonstrated that pharmacologic reduction of C24 ceramide was
associated with improvement of alcoholic steatosis (Liangpunsakul et al., 2012), but we did
not observe an increase in C24 in our study. In general, the specific biological roles of
ceramide species are poorly understood, and their effects in ALD have yet to be examined
(Grosch et al., 2012; Hannun and Obeid, 2011).

We have previously reported that Plin2 and Plin3 are both involved in the pathogenesis of
hepatic insulin resistance in non-alcoholic fatty liver disease (Carr et al., 2012; Chang et al.,
2006; Imai et al., 2007; Motomura et al., 2006; Varela et al., 2008). In the current study, we
demonstrated a two-fold increase in hepatic Plin2 expression in ethanol-fed mice compared
with control mice. Our results are consistent with prior studies demonstrating an increased
expression of Plin2 in rodent models of ALD (Mak et al., 2008; Orlicky et al., 2011).
However, unlike a previous report (Orlicky et al., 2011), Plin1 expression was barely
detectable in our samples, while Plin3 was detectable but not increased in ethanol-fed mice.
The difference in these results may be due to the fat content of the diet, i.e. 45% fat in the
experiments of Orlicky, et al. compared with 12% fat content of our diet (Straub et al.,
2008). Plin2-mediated lipid droplet biogenesis may be involved mechanistically in ceramide
metabolism and insulin sensitivity in alcoholic steatosis. Plin2 binds with high affinity to
sphingomyelin on the surface of the lipid droplet (McIntosh et al., 2010), and the production
of ceramide from sphingomyelin hydrolysis is implicated in alcohol’s impairment of glucose
homeostasis (Liangpunsakul et al., 2012). Further studies will determine whether there is a
causal relationship between Plin2 upregulation, ceramide metabolism and impaired insulin
signaling in ALD.

In summary, we have demonstrated a temporal relationship of impaired glucose tolerance,
insulin resistance and alcohol-induced steatosis in mice. The changes in glucose homeostasis
at this early stage of alcohol-induced steatosis are independent of body weight, fat mass,
energy intake or expenditure. Additionally, we observed an increased expression of the lipid
droplet protein, Plin2, and hepatic ceramide species with the onset of insulin resistance in
alcohol fed mice. Further studies are needed to determine the specific roles of Plin2 and
ceramides in the development of insulin resistance in alcoholic steatosis. A better
understanding of these processes may lead to novel diagnostic and therapeutic strategies for
early liver disease in patients unable to achieve abstinence from alcohol.
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Fig. 1. Liver histology of mice fed control or ethanol diets for two, four or eight weeks
Representative hematoxylin and eosin stained liver sections. 40x magnification. Scale bar is
50 μm.
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Fig. 2. Distribution of hepatic lipid droplet size in mice fed control or ethanol diets for eight
weeks
The histograms show diameters of lipid droplets in control (n=5) (CTRL) and ethanol-fed
(ETOH) (n=5) livers. *P<0.0001 vs. control.
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Fig. 3. Glucose tolerance testing
Glucose tolerance testing of mice fed control (Ctrl) or ethanol (ETOH) diets for (A) two, (B)
four or (C) eight weeks. Data are means ± SEM. N=5/group/time period. *P<0.05 is
considered significant. ANOVA at 2 weeks: Treatment P=0.0034, Time P<0.0001; ANOVA
at 4 weeks: Treatment P=0.0003, Time P<0.0001; ANOVA at 8 weeks: Treatment
P=0.0009, Time P<0.0001.
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Fig. 4. Effects of control or ethanol diets on insulin sensitivity as measured by hyperinsulinemic-
euglycemic clamp at two weeks, and insulin tolerance test at four weeks
(A) Basal hepatic glucose production (HGP); (B) clamp glucose infusion rate (GIR); (C)
clamp HGP; (D) rate of glucose disposal (Rd); (E) insulin tolerance test (ITT) at 4 weeks.
Data are means ± SEM; N=5. *P<0.05 is significant. For Fig. 4E ANOVA: Treatment and
Time P<0.0001. CTRL=Control-fed; ETOH= ethanol-fed.
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Fig. 5. Hyperinsulinemic-euglycemic clamp of mice on control or ethanol diets for eight weeks
A) Basal hepatic glucose production (HGP); (B) clamp glucose infusion rate (GIR); (C)
clamp HGP; (D) rate of glucose disposal (Rd); (E) Muscle glucose uptake; (F) Adipose
glucose uptake. Data are means ± SEM. N=5. *P<0.05 is considered significant.
CTRL=Control-fed; ETOH= ethanol-fed.
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Fig. 6. Effects of alcohol on hepatic Akt and p-Akt levels
A) Immunoblots of total Akt, p-Akt, and GPDH of liver lysates of mice fed control or
ethanol diets for 8 weeks. B) Quantification of protein levels normalized to GPDH. Data are
means ± SEM. *P=0.0017 vs. control. CTRL=Control-fed; ETOH= ethanol-fed; GPDH=
glycerol-3-phosphate dehydrogenase.
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Table 2

Lipid droplet protein expression and hepatic ceramide content of control-fed and ethanol-fed mice at four
weeks
Data are reported as means ± SEM; n=5/group. P<0.05 is considered significant.

CTRL ETOH P

 Lipid droplet protein mRNA expression

Plin1 0.03 ± 0.01 0.02 ± 0.01 0.26

Plin2 112.0 ± 13.2 201.0 ± 21.2 0.002

Plin3 9.39 ± 1.0 9.58 ± 0.9 0.89

 Hepatic ceramides (pmole/sample)

C14 1.40 ± 0.3 1.54 ± 0.3 0.72

C16 21.24 ± 2.8 18.96 ± 2.2 0.54

C18 3.90 ± 0.6 8.42 ± 1.1 0.006

C18:1 0.56 ± 0.1 0.90 ± 0.1 0.02

C20 25.04 ± 3.3 33.74 ± 3.3 0.10

C20:1 1.84 ± 0.1 2.42 ± 0.3 0.06

C22 33.42 ± 1.6 38.78 ± 2.7 0.13

C22:1 10.12 ± 0.5 13.16 ± 0.9 0.02

C24 30.10 ± 1.8 35.22 ± 2.4 0.12

C24:1 54.94 ± 3.0 74.46 ± 2.6 0.001

C26 0.12 ± 0.02 0.1 ± 0 0.35

C26:1 0.08 ± 0.04 0.16 ± 0.02 0.11

CTRL= control-fed mice; ETOH= ethanol-fed mice; Plin1= Perilipin 1; Plin2= Perilipin 2; Plin3= Perilipin 3. Expression of Plin1, 2 and 3 was
normalized to 36B4 (phosphoriboprotein).
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