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Abstract
Aims—Binge drinking after chronic ethanol consumption is one of the important factors
contributing to the progression of steatosis to steatohepatitis. The molecular mechanisms of this
effect remain poorly understood. We have therefore examined in rats the effect of single and
repeat ethanol binge superimposed on chronic ethanol intake on liver injury, activation of mitogen
activated protein kinases and gene expression.

Methods—Rats were chronically treated with ethanol in liquid diet for four weeks followed by
single ethanol binge (5 gm/kg body weight) or three similar repeated doses of ethanol. Serum
alcohol and ALT levels were determined by enzymatic methods. Steatosis was assessed by
histology and hepatic triglycerides. Activation of MAPKs, RSK, and caspase-3 were evaluated by
western blot. Levels of mRNA for TNFα, egr-1, and plasminogen activator inhibitor -1 (PAI-1)
were measured by real time qRT-PCR.

Results—Chronic ethanol treatment resulted in mild steatosis and necrosis, whereas chronic
ethanol followed by binge group exhibited marked steatosis and significant increase in necrosis.
Chronic-binge group also showed significant increase (compared to chronic ethanol alone) in the
phosphorylation of ERK1&ERK2, and RSK. Phosphorylation of JNK and p38 MAPK did not
increase by the binge. Ethanol binge, after chronic ethanol intake, caused increase in mRNA for of
egr-1 and PAI-1, but not TNFα.

Conclusions—Chronic ethanol exposure increases the susceptibility of rat liver to increased
injury by one or three repeat binge. Among other alterations, the activated levels of ERK1, and
more so ERK2, were remarkably amplified by binge suggesting a role of these isotypes in the
binge amplification of the injury. In contrast, p38MAPK and JNK1/2 activities were not
amplified. These binge induced changes were also reflected in the increases in the RNA levels for
egr-1 and PAI -1. This study offers chronic followed by repeat-binge as a model for the study of
progression of liver injury by ethanol and highlights the involvement of ERK1 and ERK2 isotypes
in the amplification of liver injury by binge ethanol.
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INTRODUCTION
Alcoholic liver disease is one of the major causes of illness and death in USA. At least 80%
of heavy drinkers develop steatosis, 10–35% develop alcoholic hepatitis, and about 10%
develop cirrhosis (Adachi and Brenner, 2005). The spectrum of steatohepatitis includes early
or mild steatohepatitis characterized by patchy necrosis and mild inflammatory response
(necroinflammation) and late or severe steatohepatitis accompanied by Mallory bodies,
significant leukocyte infiltration and liver failure (Hall et al., 2001). The progression of
steatosis to steatohepatitis has been shown to be dependent on second hit. In this regard
endotoxin, nutritional factors, and other disease states such as hepatitis C viral infection
have been considered as second hit for the progression of liver injury (Adachi and Brenner,
2005). Endotoxemia is present in patients admitted to the hospital with alcoholic liver injury
and the degree of endotoxemia is related to the degree of alcoholic intoxication in chronic
alcoholic liver diseases (Schafer et al., 2002). However, the changes in the levels of
endotoxin were not significantly different in various stages of alcoholic liver disease.
Moreover, serum endotoxin levels in alcoholic patients with cirrhosis but without hepatitis
were higher compared to hepatitis alone (Schafer et al., 2002; Fukui, 2005). These findings
suggest some additional modulating factors determining the severity of endotoxemia and
liver injury. In this regard, alcoholic hepatitis usually occurs by the consumption of
additional alcohol in the form of heavy binge in individuals already consuming alcohol for a
longer period of time, thus favoring binge drinking habit as a cofactor for progression of
alcoholic liver injury (Rivara et al., 1993; Crosse and Anania, 2002; Ceccanti et al., 2006;
Zakhari and Li, 2007). Binge drinking is alarmingly on the rise throughout the globe
(Mathurin and Deltenre, 2009). In this context, the effect of binge administration of ethanol
in liver has not been examined in animals chronically pre-exposed to ethanol.

Among various signal processes, mitogen activated protein kinases (MAPKs) i.e.
extracellular regulated kinases 1/2 (ERK1/2), c-Jun N-terminal kinase (JNK), and p38
MAPK play pivotal role(s) in transducing extracellular signals to various subcellular
compartments by phosphorylating various substrates (Mor and Philips, 2006; Pimienta and
Pascual, 2007; Boutros et al., 2008). There is overwhelming evidence that different MAP
kinases are modulated by ethanol but their specific roles and downstream targets are yet to
be ascertained (Aroor and Shukla, 2004; Apte et al., 2007; Mandrekar and Szabo, 2009). In
primary culture of hepatocytes, ethanol activates all three MAPKs. Persistent activation of
p38 MAPK leads to histone phosphorylation, and activation of JNK is related to apoptosis
(Aroor and Shukla, 2004; Lee and Shukla, 2005; Venugopal et al., 2007; Lee and Shukla,
2007). It has also been proposed that acute effects of ethanol may be related to the
prolongation of ERK1/2 activation whereas inhibition of heptaocyte proliferation by chronic
ethanol may be due to inhibition of p38 MAPK (Nguyen and Gao, 2002, Hsu et al., 2006).
ERK1/2 phosphorylation has been shown to be increased or decreased after chronic ethanol
use depending on duration, endotoxin administration and partial hepatectomy (Nguyen and
Gao, 2002; Kotesh et al., 2002a; Kotesh et al., 2002b). However, the behavior of the
activation of all three MAPKs during chronic ethanol administration as well as ethanol binge
superimposed on chronic administration of ethanol remains to be elucidated.

TNF α expression in liver has been shown to be either higher or not significantly different in
early alcoholic steatohepatits stage compared to alcoholic steatosis in humans (Kotesh et al.,
2002a; Deaciuc et al., 2004). Expression of PAI-1 and egr-1 is increased after chronic
ethanol and lipopolysaccharide induced alcoholic liver injury in animals (Pritchard and
Nagy, 2005; Beier et al., 2009). Therefore, we have determined the effects of binge ethanol
administration in rats treated chronically with ethanol on liver injury, activation of MAPKs
and mRNA levels of specific genes to gain insight into the significance of MAPK signaling
in the progression of alcoholic liver injury.
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MATERIALS AND METHODS
Materials

Antibodies to phospho-ERK1/2, ERK1/2 protein, phospho-p38 MAPK, p38 MAPK protein,
phospho-JNK1/2, JNK1/2 protein and cleaved caspase 3 were purchased from Cell
Signaling (Beverly, MA). Oligonucleotides were synthesized by IDT, Integrated DNA
Technology Inc. Coralville, IA. Enzymes for reverse transcriptase reaction were purchased
from Applied Biosystems (Foster City, CA). IQ SYBR green super mix for real time qRT-
PCR reaction was purchased from Bio-Rad (Hercules, CA). Enhanced chemiluminescence
(ECL) detection system was form Pierce Chemical (Rockford, IL). Protease inhibitors
cocktail (p8340) and anti β-actin antibody were obtained from the Sigma-Aldrich (St. Louis,
MO).

Chronic ethanol feeding and binge administration
Seven week old male Sprague–Dawley rats, each weighing between 250–300 g, were
purchased from Harlan (Indianapolis, IN). They were housed under a 12-h/12-h light/dark
cycle and were permitted ad libitum consumption of standard laboratory rat chow. After a 1-
week equilibration period, the animals were fed Lieber–DeCarli liquid diet (Dyets, Inc.,
Bethlehem, PA; Lieber and Decarli, 1982). Ethanol was progressively introduced into the
liquid diet starting at 1.25% (wt. /vol.) for day 1, increased to 1.67% (wt./vol.) for day 2 and
to 2.5% (wt./vol.) for days 3 and 4, and, finally, maintained at 5% (wt./vol.) for 4 weeks.
Each day, the previous day's intake was measured, and the pair-fed control rat was fed
control liquid diet in which ethanol was replaced by dextrin/maltose to maintain the
isocaloric intake in the two groups. After 4 weeks, rats were divided into four groups:
Control, chronic ethanol, control- water and chronic ethanol-binge. Chronic ethanol-binge
group were given either single or three binge intragastric administration of ethanol (5 gm/kg
body weight). Ethanol was diluted to 32% (v/v) in sterile water and injected through the oral
cavity to the stomach using an 18 gauge stainless steel blunt tipped needle. The average
amount of injected alcohol was about 7.5 ml. In the control-water group ethanol was
replaced by water. In addition to chronic feeding, single acute ethanol binge was
administered to rats chow- fed regular solid diet (acute ethanol –binge group). In the control
for acute group, ethanol was replaced with water. For three ethanol binge, ethanol was
administered at 12 hr intervals. Four groups of rats for three ethanol binge were:
control(pairfed) group, chronic ethanol group, control-three binge and chronic ethanol –
three binge. Animals were given liquid diet without ethanol during three binge. Blood
sample and liver were collected 4 hr after the last binge ethanol administration. Liver was
rapidly perfused with cold phosphate buffered saline containing phosphatase inhibitors. A
small portion of the liver was placed in formalin and reminder of the liver was frozen in
liquid nitrogen and stored at −70°C. It should be mentioned that we have selected one and
three binge after careful evaluation of the model and existing literature. The goal was to
determine rapid (single binge) effects of ethanol and compare it with the repeat prolonged
administration (three binge) of ethanol. Furthermore, in chronic alcohol abusers, both single
and repeat binge mode of drinking is common. Another rationale for selecting one and three
binge conditions was to monitor the MAPK signaling (and associated responses) in these
two treatments. It was based on the fact that most of the signaling responses are rapid and
transient. It also tested whether they remained sustained after repeat ethanol binge.

The animal care and protocol for their use were approved by the University of Missouri
Animal Care & Use Committee.
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Determination of serum ethanol and ALT
Blood alcohol was determined by alcohol dehydrogenase assay kit from Genzyme
Diagnostics Framingham, MA. Serum ALT levels are determined by kinetic ALT assay in
an automated analyzer.

Determination of hepatic triglyceride
For the determination of triglycerides, 100 mg of liver was homogenized in 8 volumes of
hypotonic buffer containing 20 mM Tris, 2% triton X -100 and Sigma protease inhibitor
cocktail (p8340). The sample was heated to 60°C followed by centrifugation at 10,000 g for
5 min. The supernatant was used for triglyceride estimation using the assay kit as detailed by
the supplier (Sigma-Aldrich, St. Louis, MO).

Histopathology
After formalin fixation, specimens were sectioned and stained with hematoxylin and eosin
(H&E) and used for light microscopy.

Preparation of total liver extracts
Frozen liver was homogenized with hypotonic buffer containing 10 mM HEPES, pH 7.4, 10
mM β-glycerophosphate, 0.5 mM EDTA, 0.5 mM EGTA, 10 mM sodium fluoride, 2.5 mM
sodium pyrophosphate 1 mM Na-orthovanadate, 2 mM MgCl2, 1 mM DTT and Sigma
p8340 protease inhibitor cocktail. The proteins in the homogenate was extracted and
denatured by adding SDS to 1%. After boiling for 5 minutes, the homogenate was sonicated
for 5 s and centrifuged at 12000 g for 10 min. The supernatant was used for protein assay
and western blotting. Protein concentration was measured using the Bio-Rad DC protein
assay kit.

Immunoblot analysis
The whole liver lysate protein (40 to 80 µg) was subjected to 10% SDS-PAGE and
electrophoretically transferred onto nitrocellulose membrane (Bio-Rad) by using Bio-Rad
Trans-Blot apparatus. The membrane was washed with 20 mM Tris, pH 7.5, containing
0.1% Tween 20 and 150 mM NaCl (TBST) and incubated with TBST containing 5% nonfat
dry milk for 2 h at room temperature. The membrane was next incubated with antibody to
phospho- or total p42/p44 ERK1/2, p38 MAPK, JNK overnight at 4°C. For western blot of
cleaved caspase 3, membrane was incubated with antibody to cleaved caspase 3 (1:1000
dilution). After wahsing with TBST, the membrane was incubated with secondary antibody
conjugated with horseradish peroxidase for 1 h at room temperature. Immunoblots were
visualized with a chemiluminescent reagent (Pierce) and the chemiluminescence was
captured with a LSA-3000 imaging system (Fujifilm life science) and quantified using Multi
Gauge ™ software. The intensity of chemiluminescence was always monitored within the
linear range of detection. For repeat immunoblotting, membrane was stripped using Restore
Western blot stripping buffer (Pierce).

Real time qRT-PCR
Total RNA was extracted from the livers using the TRIzol reagent (Invitrogen) followed by
DNase I treatment and clean up with Qiagen RNeasy midi kit (Qiagen). RNA content was
measured using 260/280 UV spectrophotometry. First strand cDNA was synthesized from
one microgram of total RNA using the cDNA synthesis kit (Applied Biosystems). qRT -
PCR reaction mixture was prepared from SYBR green supemix from Bio-Rad using primers
as shown in Table 1. PCR reactions were set up in a volume of 20 µl, containing 5 µl of
diluted cDNA, 10 µl of 2× iQ SYBR Green Supermix (BioRad) and 1 µl each of forward
and reverse primers and 3 µl of RNAse free water. Thermal cycling conditions for TNF α,
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PAI-1, egr-1 and GAPDH were 95°C for 3 min as initial denaturation and enzyme-activating
step followed by 40 cycles of 95°C for 15 s denaturation, and 57°C for 1 min annealing and
extension. After amplification, a melting curve analysis was performed by increasing the
temperature by 0.5°C increments from 55°C to 95°C and measuring fluorescence at each
temperature for a period of 10 s. Melting curve analysis was conducted to rule out primer-
dimer artifacts, and contamination. All cDNA samples were analyzed in triplicate and each
run contained a relative standard curve. The expression of each gene was normalized to
GAPDH and calculated to relative pair fed control using comparative cycle threshold
method (Peinnequinn et al., 2004).

Data analysis
All results are expressed as mean ± S.E.M. and were obtained by combining data from
individual experiments. Statistical analyses were made using the Student t test (two-tailed,
paired and non -paired). Differences with a P value of < 0.05 were considered statistically
significant.

RESULTS
Body weight and serum ethanol levels in rats treated chronically with ethanol

In single and three ethanol binge groups, administration of ethanol in liquid diet had no
effect on the weight of the animal compared to pair fed animals (Table 2). The average
consumption of liquid diet was about 80 ml per day. These results were similar to the liquid
diet feeding paradigm reported by Lieber and DeCarli (Lieber and Decarli, 1982; Hall et al.,
2001). Binge mode of ethanol administration to rats chronically treated with ethanol
(chronic ethanol-single binge) resulted in two fold increase in blood ethanol levels compared
to chronic ethanol alone treated rats (Table 2). Serum ethanol levels after ethanol-single
binge administration to control rats (chow-fed, 12 weeks old) were similar to chronic-single
binge administration (Table 2). Serum ethanol levels were very low in chronic ethanol
treated rats in three binge experiments since they are on control liquid diet during 28 hr
experimental (ie. water binge) period (Table 2). Serum ethanol level was increased after
three doses of ethanol in control rats (control- three binge) and further increased in chronic
ethanol treated rats (chronic ethanol – three binge) (Table 2).

Effect of single and three ethanol binge on liver injury in rats treated chronically with
ethanol

To determine the effect of ethanol binge on liver injury after chronic ethanol intake, rats
were fed liquid diet (pairfed control) or liquid diet containing ethanol for four weeks. This
was followed by either administration of ethanol (5 gm/kg body weight as 32% ethanol
solution in water) for ethanol treated rats (chronic-binge) or equal amount of water (control).
After 4 hr, blood sample was withdrawn and liver was excised. Serum ALT levels, an index
of liver necrosis, were moderately increased after chronic ethanol treatment (Fig. 1A), and
increased higher after ethanol-single binge (Fig. 1C). Increase in ALT over and above
chronic ethanol alone treated rats also reached statistical significance. Apoptosis was
evaluated by western blot analysis for cleaved caspase 3. Apoptosis was mildly suppressed
in chronic ethanol group compared to control but was not statistically significant (Fig. 1B).
In chronic ethanol – single binge group, apoptosis was decreased significantly (Fig. 1C).
Hepatic triglyceride content was moderately increased in chronic ethanol (Fig. 1A) and it
increased further in chronic ethanol – single binge group (Fig. 1C). Binge ethanol effect in
chow fed rats and chronic ethanol fed rats were also compared. Although, serum ethanol
levels after ethanol binge administration to control rats (chow-fed, 12 weeks old) was higher
similar to chronic ethanol-single binge administration (Table 1), serum ALT levels did not
increase (Fig. 1). Control-single binge administration also caused a small increase in
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triglycerides in liver which was statistically not significant (Fig. 1B). Cleaved caspase 3
levels were also not significantly affected in control-single binge samples (Fig. 1B).
Histochemical examination of liver sections revealed mild steatosis in chronic ethanol
treated rat liver (Fig. 2A) whereas steatosis was more pronounced in chronic ethanol–single
binge group (Fig. 2C). Thus, microvesicular steatosis in chronic ethanol treated group
progressed to macrovesicular steatosis in chronic ethanol- single binge group (Fig. 2A and
Fig. 2C). Single binge administration to control (chow fed) rats was characterized by mild
steatosis (Fig. 2B).

In another series of experiments, we determined the effect of repeat ethanol binge on liver
injury in rats chronically treated with ethanol. In this study, we also included pair fed rats for
acute ethanol binge (Fig. 3). Serum ethanol levels were very low in chronic ethanol treated
rats since they are on control liquid diet during 28 hr experimental (ie. water binge) period
(Table 2). Liver injury was mild in control rats treated with three doses of ethanol binge
(control –three binge) in control (pair fed) rats and increase in ALT was not significant (Fig.
3A). Chronic ethanol treated rats also showed mild injury (Fig. 3A). However, the
administration of three repeat ethanol binge (chronic ethanol – three binge) resulted in
significant augmentation of injury as reflected by increased serum ALT levels (Fig. 3A).
Similar to single ethanol binge results, apoptosis as determined by cleaved caspase 3, was
lower after chronic ethanol – three binge administration (Fig. 3B). Progression of
microvesicular steatosis in chronic ethanol treated group (Fig. 3D) to macrovesicular
steatosis was also seen in chronic ethanol- three binge group (Fig. 3F). In contrast to single
binge administration, the magnitude of leukocyte infiltration was more predominant in three
ethanol binge (Fig. 3F, arrows) compared to single ethanol binge (Fig. 2C).

Activation of MAPKs during single ethanol binge after chronic ethanol administration
We next determined the phosphorylation of MAPKs in the liver of rats from different
groups. Activation of ERK1/2 was determined in whole liver extracts by evaluating the
tyrosine and threonine phosphorylation of ERK1/2 using phosphospecific antibodies. The
results are shown in Fig. 4. In liver extracts from chronic ethanol treated rats, ERK1/2
phosphorylation was not significantly altered compared to normal (control) rats (Fig. 4). In
contrast, single binge ethanol treatment of chronic ethanol treated rats (chronic ethanol-
single binge group) resulted in significant increase in the phosphorylation of ERK1/2 (Fig.
4). The mean increases in phospho-ERK1 and phospho-ERK2 were 2.3 and 4.3 fold,
respectively. The phosphorylation of ERK2 was consistently higher than ERK1. The levels
of ERK1/2 protein were similar in all the three groups (data not shown). The levels of β
actin, a house keeping protein, remained same in ethanol treatment group and served as a
loading control (data not shown). These results suggest that increase in ERK1/2 activity is
not due to changes in the protein content of ERK1 and ERK 2. The p38 MAPK is a stress
activated protein kinase affected by ethanol in vivo and vitro (Aroor and Shukla, 2004; Hsu
et al., 2006). The activation status of p38 MAPK in chronic ethanol alone treated rats was
not different from controls (Fig. 4). However, phospho-p38 MAPK levels were significantly
lower in chronic ethanol – single binge group and were statistically significant (Fig. 4).
Similar to ERK1/2, the p38 MAPK protein did not change after chronic ethanol, or chronic
ethanol- single binge treatments (data not shown). We next determined the activation of
JNK (Fig. 4) and observed that JNK activation was not altered after chronic ethanol, or
chronic ethanol-single binge treatments. Acute ethanol binge treatment of normal (control,
chow-fed) rats did not increase phosphorylation of ERK1/2, p38 MAPK and JNK.

Activation of MAPKs after chronic-three binge ethanol treatment
In ethanol three binge experiments, significant activation of ERK1 and ERK2 was observed
in chronic ethanol – three binge group (Fig. 5). Phospho-ERK1 levels increased (3.1 fold
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increase) in chronic ethanol – three binge group but not in chronic ethanol or control- three
binge group. The increase in the levels of phospho-ERK2 were more marked (4.0 fold
increase) in chronic ethanol – three binge group, modest in control-binge group. In these
experiments we also determined the activation of RSK, a downstream substrate of ERK1/2
implicated in the suppression of apoptosis (Anjum and Blenis, 2008). Phosphorylation of
RSK was significant (2.0 fold increase) in chronic ethanol – three binge group compared to
other groups and the pattern of activation paralleled activation of ERK1/2 (Fig. 5). In
contrast to the activation of ERK1 & ERK2, the phosphorylation of p38 MAPK and JNK1/2
were not significantly different in any ethanol treated group in this series, compared to pair
fed rats (data not shown).

Gene expression after chronic-ethanol binge
To ascertain the alterations in the altered gene expression in the binge treatments, we
determined levels of mRNA for TNF-α, egr-1 and PAI-1 by qRT-PCR. TNF α mRNA level
was not altered either in chronic ethanol, or chronic ethanol-single binge (Fig. 6). Although
mRNA levels for PAI-1 and egr-1 decreased in chronic ethanol alone treated group, their
levels were significantly increased in chronic ethanol – single binge group. In control –
single binge, mRNA levels of TNF-α and egr-1 decreased and with no change for PAI-1. In
chronic ethanol-three binge group, (Fig. 7), TNF α mRNA level increased in chronic ethanol
group but `decreased after chronic ethanol – three binge, and control- three binge. PAI-1
mRNA level in chronic ethanol, and control - three binge increased slightly but was
significantly elevated after chronic ethanol-three binge. The mRNA level for egr-1 was
suppressed after chronic ethanol control – three binge where as its level was significantly
increased after chronic ethanol-three binge (Fig. 7).

DISCUSSION
This is the first report demonstrating augmentation of liver injury after single, and repeated
three binge ethanol administration in chronically ethanol treated rats. This
pathophysiologically relevant animal model of alcoholic liver injury has several features
worthy of comment. First, augmentation of liver injury is seen without administration of any
external agent. Only ethanol is used in this model and is analogous to the situation
encountered in chronic alcoholics. Second, the magnitude of injury seen in this model (i.e. 4
weeks chronic followed by binge) closely resembles the liver injury seen in rats chronically
treated with ethanol for longer periods eg, 12 to 16 weeks and low dose of LPS
administration after chronic ethanol intake (Bhagwandeen et al., 1987; Deacuic et al, 2004).
Third, this model is clinically relevant since heavy binge drinking episode in patients
chronically consuming alcohol is the most common trigger for admission of patients with
stetaohepatitis (Rivara et al., 1993; Crosse and Anania, 2002). A recent study in large cohort
of drinkers with consecutive biopsies, suggested the concept of multiple hits of alcoholic
hepatitis occurring in the same patients as the prime determinant in the progression of
alcoholic liver injury (Mathurin et al, 2007). Our animal data clearly demonstrate that
ethanol-binge intake is an important factor in augmenting liver damage during chronic
ethanol intake. Although a recent study showed binge induced augmentation of liver injury
in mice, ethanol administration in this study was for a shorter period of time and mice are
more sensitive to the effects of ethanol (Ki et al., 2010).

The significant finding in relation to MAP kinase signaling is the dramatic increase in
ERK1/2 activation in both single-binge and three-binge in chronically treated rats. This
finding may be of clinical significance since activation of ERK1/2 is also seen in human
alcoholic liver disease (Nguyen and Gao, 2002). The role of ERK1/2 activation in hepatic
steatosis and necrosis is gradually being appreciated. Ischemic–reperfusion liver injury has
been shown to cause significant phosphorylation of ERK1/2 and administration of MEK1/2
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inhibitor U-0126 decreased liver injury (Kaizu et al., 2008). Recently, administration of
MEK inhibitor U-0126 was shown to suppress endotoxin induced liver injury after
sensitization induced by acute administration of ethanol in mice (Beier et al., 2009). ERK1/2
activation has been shown to mediate arachidonic acid induced hepatocyte necrosis in
oxidatively stressed CYP2E1 overexpressing rat hepatocytes (Schattenberg et al., 2004).
Increased loss of arachidonic acid from cellular membrane is seen after chronic ethanol
consumption (Caro and Cederbaum, 2006). A specific role of cytosolic ERK2 in the
phosphorylation of dynein to mediate formation of large lipid droplets has also been
reported (Ericson et al., 2006). It is of interest that in our study increase in ERK2
phosphorylation is more pronounced than ERK1 in the chronic-ethanol binge group.
Therefore, a role of ERK2 in the transition from microvesicular to macrovesicular steatosis
is likely. Hepatic microvesicular steatosis seen in chronic ethanol group is not accompanied
by significant increase in ERK1/2 activation. We have recently shown that acetate induced
acetylation of histones H3 and enhancement of HAT activity occurs by MAPK independent
mechanism (Park et al., 2005). Increased expression of ACC (acetyl CoA carboxylase) as
well as increased transcriptional activity of SREBP-1c at the ACC promoter after chronic
ethanol administration, have been linked to histone acetylation and SREBP-1c acetylation
(You et al., 2008). Thus increased accumulation of fat by chronic ethanol or acute ethanol
alone may be due to ethanol metabolic effect in the absence of enhanced ERK1/2 activation,
whereas increased accumulation of fat in chronic-binge group may be due to increased
phosphorylation of ERK1/2.

In the present study, activation of p38 MAPK was significantly depressed after single
ethanol binge administration in chronic ethanol treated rats where as it was unaffected after
three binge ethanol administration. These results suggest that p38 MAPK activation may not
have a significant role in the augmentation of liver injury by binge ethanol although p38
MAPK has been shown to modulate hepatic metabolic functions and liver injury (Amersi et
al., 2002 Xiong et al., 2007). In the present study, JNK does not appear to be involved in
exaggerated liver injury in chronic–binge model. The increase in phosphorylation of JNK by
chronic ethanol alone is not significant, and levels of phosphorylated JNK are not increased
after ethanol binge. This is in agreement with our previous study in hepatocytes isolated
from chronic ethanol treated rats (Lee & Shukla 2002; Aroor and Shukla, 2004). Moreover,
JNK activation is suppressed in chronic ethanol treatment followed by endotoxin
administration in mice (Kotesh et al., 2002a). However, the role of JNK1/2 mediating
hepatoprotective effects may not be excluded since JNK1/2 plays a complex dual role of
hepatoprotection and hepatotoxicity depending on the condition (Ni et al., 2008; Singh et al.,
2009).

Although apoptosis by ethanol has been shown to occur in liver from acute and chronic
ethanol treated rats the results are conflicting. Both increased and decreased apoptosis of
hepatocytes have been reported after chronic ethanol intake (Kotesh et al., 2002a; Fukumura
et al., 2003; Deaciuc et al., 2004). These contradictory results may be due to feeding
paradigm with different levels of ethanol consumption and duration of ethanol treatment
affecting levels of ATP and oxidative stress (Kotesh et al., 2002a; Fukumura et al., 2003). In
the present study, apoptosis was not seen in chronic ethanol treated group, but it decreased
after single and three ethanol binge. In humans, heavy ethanol binge during chronic ethanol
intake is associated with increased necrosis of liver as reflected by increased serum
transaminase levels (Rivera et al, 1993). ERK1/2 activation has also been considered anti-
apoptotic in ethanol treated primary hepatocytes (Lee and Shukla, 2005), thus raising the
possibility of dual role for activation of ERK1/2 after chronic ethanol-binge. Moreover,
RSK, one of the downstream substrate of ERK1/2 has been shown to exert antiapoptotic
affect by phosphorylating BAD (Shimamura et al., 2000; Anjum and Blenis, 2008). RSK
activation was higher in chronic-ethanol binge group in our study and thus supports its
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aniapoptotic role in binge effects. Persistent activation of RSK has been observed in hepatic
fibrosis, in both experimental animals and humans (Buck and Chojkier, 2007). In the present
study, changes in MAPKs represented the whole liver and not any specific cell type. Further
studies are needed to determine the cell specific changes in MAPK and RSK in liver injury
seen after ethanol binge during chronic ethanol intake.

The levels of TNFα mRNA did not increase in livers of chronic ethanol binge group. In
contrast, the expression of TNFα was lower compared to controls after repeat three ethanol
binge in pair fed as well as chronic ethanol treated rats. Although, TNFα has been
implicated in the augmentation of alcoholic liver injury after endotoxin administration to
chronic ethanol treated rats or mice, mRNA level of TNFα in liver was not different between
pair fed and ethanol treated rats after endotoxin administration (Kotesh et al., 2002a;
Deaciuc et al., 2004). In the present study, although TNF α mRNA level was increased in
chronic ethanol group in three binge study, it did not increase in chronic ethanol group in
single binge study. In this regard, it may be noted that ethanol was absent (Fig. 3) in three
ethanol binge study (removal of liver 28 hr after stopping of ethanol liquid diet) whereas
blood ethanol levels were elevated (Fig. 1) in chronic ethanol group in single binge study.
Treatment with ethanol results in decreased production of TNFα from unstimulated or
endotoxin stimulated moncytes obtained from alcoholic hepatitis patients (Honchel et al.,
1992), and also in alveolar macrophages obtained from chronic ethanol treated rats (Nelson
et al., 1989). Although expression of TNFα was shown to be dependent on ERK1/2 and p38
MAPK activation in vitro in Kupffer cells (Thakur et al., 2007), administration of MEK
inhibitor was not effective in decreasing TNFα expression in endotoxin treated animals after
acute administration of ethanol in vivo (Beier et al., 2009). Moreover, activation of ERK1/2
by TNFα in rat hepatcoytes was not significant (Aroor et al, 2002) and ERK1/2 activation
was not decreased in TNF knockout mice compared to wild mice after LPS treatment
(Oguro et al, 2002). These findings suggest that TNFα independent pathways are also
important in mediating progression of alcoholic liver injury. In this regard, acute ethanol
induced AP-1 dependent expression of CD-14 in vivo (Wheeler and Thurman, 2003) and
chronic ethanol induced endoplasmic reticular stress in vivo, were not suppressed in TNFα
knock out mice (Ji et al., 2004). Moreover, ischemic injury after chronic ethanol intake was
exaggerated but TNFα expression was not altered by ethanol treatment (Yamagishi et al.,
2002). In our study, significant increases in egr-1 and PAI-1 mRNA levels were observed
after chronic-ethanol binge. Activation of ERK1/2 is one of the signaling pathways involved
in the induction of these genes in hepatocytes (Tsai et al., 2001; Liu et al., 2004). Expression
of PAI-1 gene associated with the activation of ERK1/2 after endotoxin induced liver injury,
was suppressed by administration of MEK inhibitor (Beier et al., 2009). Both egr-1 and
PAI-1 have been implicated in alcoholic liver injury (Pritchard and Nagy, 2005; Beier et al.,
2009). However, mRNA levels do not always result in changes in protein levels. Based on
our data presented here, a scheme depicting mechanistic involvement of ERK1/2, RSK,
PAI-1, and egr-1 in the binge augmentation and progression of liver injury is shown in Fig.
8.

In summary, results presented here suggest that binge ethanol clearly augments liver injury
after chronic ethanol intake in the rat model. A particular role for enhanced ERK1/2
activation appears likely. It is also suggested that accumulation of fat by chronic ethanol or
acute ethanol alone may be due to mechanisms independent of ERK1/2 activation, whereas
increased accumulation of fat by binge (in chronic-binge group) is likely due to increased
ERK1 and more so ERK2, activation.
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List of abbreviations

ALT alanine amino transferase

egr-1 early growth response -1

ERK exracellular regulated kinase

MAPK mitogen activated protein kinase

PAI-1 plasminogen activator inhibitor -1

RSK 90S ribosomal kinase

TNF α tumor necrosis factor alpha

qRT-PCR quantitative reverse transcriptase polymerase chain reaction
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Fig. 1.
Parameters of liver injury in chronic and chronic ethanol-single binge model. Rats were fed
ethanol in liquid diet chronically for 4 weeks and then given a single ethanol binge dose (5
gm/kg). Samples were collected after 4 hrs. The levels of serum ALT, hepatic triglyceride
and hepatic cleaved caspase-3 were determined as described under materials and methods.
Values are mean ± SE (n=4 rats). Groups represent Chronic ethanol; Control-binge; Chronic
ethanol-binge; a: significant from control group (p<0.05); b: significant from chronic
ethanol group (p<0.05); C: Control; E: Chronic ethanol; C-B: Control-binge; E-B:
Chronicethanol- binge. Control represents pair–fed animals for chronic and chronic-ethanol
binge experiments. In control-binge experiments, the control represents chow-fed animals.
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Fig. 2.
Histology of liver from chronic, and chronic ethanol-single binge treatment. Rats were fed
ethanol in liquid diet chronically for 4 weeks and then given single ethanol binge dose (5
gm/kg). Samples were collected after 4 hrs. Sections of liver samples were stained with
hematoxylin and eosin (x 200X). Values are mean ± SE (n=4 rats). Groups represent
Chronic ethanol; Control-binge; C: Control; E: Chronic ethanol; C-B: Control-binge; E-B:
Chronic-ethanol binge. Control represents pair–fed animals for chronic and chronic-ethanol
binge experiments. In control-binge experiments, the control represents chow-fed animals.
Solid arrow represents macrovesicular steatosis and broken arrow represents microvesicular
steatosis.
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Fig. 3.
Parameters of liver injury and histology in chronic and chronic ethanol- three binge model.
Rats were fed ethanol in liquid diet chronically for 4 weeks and then given three binge (5
gm/kg) at 12 hr intervals. Four hr after the last dose, the levels of serum ALT, and hepatic
cleaved caspase-3 were determined as described under materials and methods. Sections of
liver samples were stained with hematoxylin and eosin. Control represents pair –fed animals
and were given water for binge control. Values are mean ± SE (n=4 rats). Western blot
represents a typical experiment. A: Serum ALT; B: hepatic cleaved caspase 3; C-F:
Hemotoxylin and eosin staining (x 200X); a: significant from control group (p<0.05); C:
Control (pair fed); E: Chronic ethanol; C-B: Control- ethanol binge; E-B: Chronic-ethanol
binge. Large solid arrow represents macrovesicular steatosis. Large broken arrow represents
microvesicular steatosis. Small solid arrow represents leukocyte infiltration.

Aroor et al. Page 16

Alcohol Clin Exp Res. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Levels of phosphorylated ERK1/2, p38 MAPK and JNK1/2 in chronic and chronic-single
ethanol binge treated rats. The chronic ethanol feeding (4 weeks) and binge (single)
treatment was as in Fig. 1. The whole cell extracts from liver were subjected to western
blotting with respective antibodies followed by densitometry of bands (see methods). Values
are mean ± SE (n=4 rats). a: significant compared to control (p<0.05); b: significant from
chronic ethanol group (p<0.05); C: Control; E: Chronic ethanol; C-B: Control- binge; E-B:
Chronicethanol-binge. Control represents pair-fed animals for chronic and chronic-ethanol
binge experiments. In control-binge experiments, the control represents chow-fed animals.
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Fig. 5.
Levels of phosphorylated ERK1/2 and RSK in chronic and chronic-three ethanol binge
treated rats. The chronic ethanol feeding (4 weeks) and three binge treatment was similar to
Fig. 3. The whole cell extracts from liver were subjected to western blotting with respective
antibodies followed by densitometry of bands (see methods). Values are mean ± SE (n=4
rats). A representative western blot is shown for each. a: significant compared to control
(p<0.05); b: significant from chronic ethanol group (p<0.05); C: Control; E: Chronic
ethanol; C-B: Control-binge; E-B: Chronic ethanol-binge.
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Fig. 6.
TNFα, PAI-1 and egr-1 mRNA levels in chronic and chronic-ethanol single binge treated
rats. After 4 weeks of chronic ethanol feeding, binge was administered as in Fig. 1. Total
RNA was isolated from liver and reverse transcribed to cDNA. Aliquots of the cDNA
preparations were amplified by real time qRT-PCR. The fold increase in mRNA levels was
determined after normalizing the differences in level of GAPDH mRNA. Values are mean ±
SE (n= 4 rats). a: significant compared to control (p<0.05); b: significant from chronic
ethanol group (p<0.05); E: Chronic ethanol; C-B: Control- binge; E-B: Chronic –ethanol
binge. Control represents pair–fed animals for chronic and chronic-ethanol binge
experiments. In control-binge experiments, the control represents chow-fed animals.
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Fig. 7.
TNFα, PAI-1 and egr-1 mRNA levels in chronic and chronic-ethanol three binge treated
rats. After 4 weeks of chronic ethanol feeding, three binge was administered as in Fig. 3.
Total RNA was isolated from liver and reverse transcribed to cDNA. Aliquots of the cDNA
preparations were amplified by real time qRT-PCR. The fold increase in mRNA levels was
determined after normalizing the differences in level of GAPDH mRNA. Values are mean ±
SE (n= 4 rats). a: significant compared to control (p<0.05); b: significant from chronic
ethanol group (p<0.05); E: Chronic ethanol; C-B: Control- ethanol binge; E-B: Chronic-
ethanol binge.
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Fig. 8.
A schematic diagram showing role of activation of ERK1, ERK2 isoforms, and RSK in the
progression of liver injury by ethanol binge superimposed on chronic ethanol intake in the
rat model. The scheme shows that chronic ethanol treatment sensitizes liver to binge ethanol
induced enhancement of liver injury. The consequences of binge, after chronic ethanol
intake, on dysregulated regeneration and fibrosis are speculative.
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Table 1

Primers used for real time PCR

Forward Reverse

GAPDH 5’-AGACAGCCGCATCTTCTTGT-3’ 5’-CTTGCCGTGGGTTAGAGTCAT-3’

TNF α 5’-AAATGGGCTCCCTCTCATCAG-3’ 5’-TTCTCTGCTTGGTGGTTTGCTACGAC-3’

PAI-1 5’-AACCCA GGC CGA CTT CA-3’ 5’-CATGCGGGCTGAGACTAGAAT-3’

Egr-1 5’- TCACCTATACTGGCCGCTTCT C-3’ 5’ – AAGACGATGAAGCAGCTGGAG-3’
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Table 2

Body weight and serum ethanol levels in different treatment groups: Rats were treated chronically with
ethanol or without (pair-fed) for 4 weeks followed by single or three binge of ethanol as indicated.

Treatment Group Body weight (gm) Serum ethanol (mM)

Single binge

Control (pair-fed) 354.8 ± 10.4 0.75 ± 0.43

Chronic ethanol 341.3 ±   7.4 21.98 ± 9.13

Control (chow-fed) 355.3 ±   1.6 0.75 ± 0.47

Control (chow-fed)-single binge 355.3 ±   5.9 29.20 ± 3.16

Control (pair-fed) 375.3 ± 12.9 0.00 ± 0.00

Chronic ethanol-single binge 380.8 ± 10.3 38.05 ± 12.84

Three binge

Control (pair-fed) 308.7 ±   5.7 0.50 ± 0.50

Chronic ethanol 320.0 ±   3.5 4.50 ± 0.28

Control (pair-fed)-three binge 310.0 ±   1.2 89.67 ± 14.24

Chronic ethanol-three binge 312.0 ±   5.6 117.0 ± 15.72
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