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Abstract

Background—Chronic alcohol abuse, a major risk factor for such diseases as hepatitis and 

cirrhosis, impairs hepatic alcohol dehydrogenase (ADH, key ethanol metabolizing enzyme). 

Therefore, differentially altered hepatic and plasma proteomes were identified in chronic ethanol 

feeding model of hepatic ADH-deficient (ADH−) deer mice to understand the metabolic basis of 

alcoholic liver disease (ALD).

Methods—ADH− deer mice were fed 3.5g% ethanol via Lieber-DeCarli liquid diet daily for 

three months, and histology of the liver assessed. Liver and plasma proteins were separated by 2-

dimensional gel electrophoresis. The proteins differentially expressed were identified by MALDI-

TOF/TOF mass spectrometry (MS).

Results—Histology of the liver showed panlobular steatosis and infiltration of T-lymphocytes. 

Using the criteria of ≥1.5 for fold change (p value ≤0.05) with expectation value (E ≤10−3) and 

protein score (≥64), eighteen proteins in the livers and five in the plasma of ethanol-fed mice were 

differentially expressed and identified. Prolyl 4-hydroxylase, cytochrome b-5, endo A cytokeratin, 

ATP synthase, heat shock 70kD proteins, enoyl CoA hydratase, stress-70 protein, peroxiredoxin 1 

and ornithine carbamoyl-transferase were up regulated in the livers. However, carbonic anhydrase 

3, mitochondrial ATP synthase, aldolase 2, actin γ, laminin receptor and carbamoyl-phosphate 

synthase were down regulated. Contrary to the increased expression of creatine kinase m-type, a 
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decreased expression of serine protease inhibitor A3A precursor, sulfated glycoprotein-2 

(clusterin) and apolipoprotein E isoforms were found in the plasma of ethanol group.

Conclusions—Chronic ethanol feeding in ADH− deer mice causes steatosis and infiltration of T-

lymphocytes in the livers along with increased expression of proteins involved in ER stress, 

fibrosis, fatty acid β oxidation and biogenesis, and decreased expression of proteins involved in 

ATP synthesis, carbohydrate metabolism, in cell regulation and architecture. Reduced expression 

of various carrier proteins as found in the plasma of ethanol group has a biomarker potential.
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Introduction

Alcoholic liver disease (ALD) is a serious global health problem causing significant 

morbidity and mortality among chronic alcohol abusers (NIAAA, 2000). Liver is a primary 

target organ for the metabolism and toxicity of ingested alcohol (ethanol). While metabolic 

basis of ALD is not well defined due to a lack of suitable animal model, the disease develops 

after a long history of chronic alcohol abuse initiating from the lipid dysregulation and 

resulting into steatohepatitis followed by fibrosis and cirrhosis. Chronic alcohol abuse is also 

known to impair hepatic alcohol dehydrogenase (ADH), a major enzyme involved in the 

oxidative metabolism of alcohol (Sharakawi, 1984; Panés et al., 1993; Kaphalia et al., 1996). 

Published work from our laboratory have shown that chronic ethanol feeding via Lieber–

DeCarli liquid diet for 60 days increases hepatic lipids and formation of fatty acid ethyl 

esters (nonoxidative metabolites of ethanol), and causes notable hepatic injury in ADH− deer 

mice as compared to normal hepatic ADH (ADH+) deer mice (Bhopale et al., 2006; 

Fernando et al., 2012).

Alcohol affects turnover of a large number of both resident and secreted liver proteins and 

inhibits their synthesis (Karinch et al., 2008). Identification of differentially expressed 

proteins using proteomic analysis is considered to be suitable markers to identify such 

diseases as Alzheimer (Galasko, 2005), lung carcinogenesis (Gomperts et al., 2011) 

leukemia (Kanaujiya et al., 2011), asthma and chronic obstructive pulmonary disease 

(Verrills et al., 2011). Attempts also have been made to identify biomarkers of ALD 

(Newton et al., 2009; Witzmann and Strother, 2004). An ideal model to explore markers of 

ALD should mimic the disease and differentially express a plasma proteome indicative of 

the biochemical and molecular changes occurring at an early stage of ALD (Torrente et al., 

2012). Such studies are critical for developing preventive strategies before the diseases 

progress to a clinically overt stage. ADH− deer mouse model mimics a metabolic condition 

of hepatic ADH deficiency commonly detected in chronic alcoholic individuals and in 

experimental animals after chronic ethanol feeding. Therefore, we determined hepatic and 

plasma proteome differentially expressed in hepatic ADH− deer mouse model after long 

term ethanol feeding to identify potential biomarker(s) and toxic pathway(s) involved in an 

early stage ALD.
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Materials and Methods

Animal experimental studies

One year old male hepatic ADH deficient (ADH−) deer mice (Peromyscus maniculatus, a 

genetic variant lacking ADH 1 in the liver) were obtained from Peromyscus Stock Center, 

University of South Carolina, SC. Mice were housed in UTMB’s animal research center 

facility maintained at 25±1°C and under a 12 hour light/dark cycle. Animals were randomly 

divided into two groups, experimental and control. In brief, mice were caged individually 

and fed with a nutritionally adequate Lieber-DeCarli liquid diet (Dyets, Inc., Bethlem, PA; 

cat# 710260; Lieber and DeCarli, 1989). Experimental group was fed with 3.5g% ethanol 

via Lieber-DeCarli liquid diet (Bhopale et al., 2006; Kaphalia et al., 2010). Ethanol 

concentration was gradually increased from1g% to 3.5g% in a two week period, and 

thereafter maintained at 3.5g% ethanol for an additional three months. Control group was 

pair-fed with isocaloric liquid diet (Dyets, cat# 40285) where ethanol calories were replaced 

with maltose-dextrin. Both groups were euthanized using pentobarbital sodium (Nembutal 

sodium; 100mg/kg administered intraperitoneally). Blood was collected by cardiac puncture 

and 50 μl transferred to a gas-chromatography (GC) vial. Blood alcohol concentration 

(BAC) was analyzed by head space GC using isopropanol as an internal standard as 

described earlier (Kaphalia et al., 2014). Remaining blood was centrifuged at 1,000 g for 5 

min, plasma separated and stored in −80°C. Liver tissue was harvested and processed for 

histology and proteomic studies as detailed earlier (Bhopale et al., 2006, 2011; Fernando et 

al., 2013). Formalin fixed thin liver sections from ethanol-fed and control mice were 

subjected to hematoxylin and eosin (H & E) staining. In addition, immunohistochemistry 

was performed using rabbit polyclonal antibodies to CD3 antigen (Dako, Santa Clara, CA; 

cat# A0452 1:100 dilution) and biotinylated goat anti rabbit secondary antibodies (H&L; 

Vector Shield, Burlingame, CA; Cat # BA-1000; 1:200 dilution) to examine infiltration of T-

lymphocytes (Fernando et al., 2013).

Proteomic studies

Preparation of hepatic tissue samples—Ethanol-fed and control mice (four in each 

group) were used in this study. Frozen liver tissue (75mg) was homogenized in 500μl 

DeStreak rehydration buffer (GE Healthcare, Life sciences, Pittsburgh, PA) containing 

protease inhibitor cocktail (Sigma-Aldrich, Milwaukee, WI). The homogenate was treated 

with 150 U/ml of benzonase (E1014, Sigma) for 30 min at room temperature to remove 

nucleic acids and centrifuged at 13,000 g for 15 min. The supernatant was collected and 

protein concentration was measured using RC DC protein assay kit (Bio-Rad, cat# 

500-0122). Triplicate sets from each liver sample were prepared for the proteomic analysis.

Preparation of plasma samples—Since a large amount of albumin and IgG present in 

the plasma interferes with separation and identification of low abundant proteins (Seferovic 

et al., 2008), albumin and IgG were removed by ProteoExtract™ Albumin/IgG removal kit 

(cat# 122642, Calbiochem, San Diego, CA) (Bhopale et al., 2011). The proteins were 

precipitated using ProteoExtract TM protein precipitation kit (cat# 539180, Calbiochem) and 

measured using RC DC protein assay kit as described earlier.
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2-Dimentional gel electrophoresis of liver or plasma proteins—Established 

methodologies were used for 2-dimentional gel electrophoresis (2-DE) and isoelectric 

focusing (IEF), fluorescent staining, imaging, gel analysis, matrix assisted laser desorption 

ionization–time of flight (MALDI-TOF/TOF) mass spectrometry (MS) and protein 

identification (Forbus et al., 2006; Bhopale et al., 2011; Fernando et al., 2013). In brief, a 

total of 200 μg protein equivalent from liver homogenate supernatant was loaded on 11-cm 

long precast immobilized pH gradient (IPG) strips at pH ranges 3–5.4, 5.4–7.0 and 7–10, 

while the albumin and IgG depleted plasma ran at pH 3–10 range. The strips were 

rehydrated overnight for IEF and focused, and IEF was performed at 20°C in six steps; 50 V 

for 11h, 250 V for 1h, 500 V for 1h, 1,000 V for 1h, 8,000 V for 2h, and 8,000 V for 6h for a 

total of 48,000V hrs. After IEF, the IPG strips were stored at −80°C till the next step. The 

frozen stored IPG strips, prior to the 2-Dimensional sodium dodecyl sulfate polyacrylamide 

gel electrophoresis (SDS-PAGE) procedure, were incubated at 22°C in 4 ml of equilibration 

buffer (6M urea, 2%SDS, 50mM tris-HCl, pH 8.8, 20% glycerol) containing 10μl of 0.5M 

tris (2-carboxyethyl) phosphine with shaking for 15 minutes. In the subsequent step, these 

strips were again incubated in 4 ml of equilibration buffer containing 25 mg/ml of 

iodoacetamide with shaking for 15 min at 22°C. After completion of equilibration, 

electrophoresis was performed at 150 V for 2.25h at 4°C with precast 8 to 16% 

polyacrylamide gels in Tris-glycine buffer (25mM Tris-HCl, 192 mM glycine, 0.1%SDS, pH 

8.3).

Plasma sample containing 200 μg protein was applied on IPG strip for IEF followed by 2-

DE as described earlier (Bhopale et al., 2011). The strips were incubated in equilibration 

buffer followed by SDS-PAGE as described for the liver samples.

Gel staining, image analysis, spot excision and in-gel digestion, mass 
spectrometry and protein identification—All the procedures for gel staining, image 

analysis, spot excision and in-gel digestion, MALDI TOF/TOF MS and protein 

identification used in this study have been established in our UTMB’s NHLBI Proteomics 

Center and used previously by us (Bhopale et al., 2011; Fernando et al., 2013). In brief, 2-

DE gels after electrophoresis were fixed in the fixing buffer containing 10% methanol and 

7% acetic acid in double distilled water for 2h at room temperature followed by staining 

with SyproRuby stain (Invitrogen, Carlsbad, CA) over night at room temperature and 

subsequently de-stained with 10% ethanol for 1h before imaging. The de-stained gels were 

imaged at 100 μM resolution using ProExpress 2D Proteomic Imaging System (PerkinElmer 

Life and Analytical Sciences, Waltham, MA) at 480 nm excitation and 620 nm emission 

filters and adjusting exposure time to achieve 55,000 to 63,000-pixel intensity value for 

obtaining the most intense protein spots on the gels. Gel images were analyzed using 

Progenesis SameSpots software version 4.0 (TotalLab, Newcastle Upon Tyne, UK). The 

program selected one of the Images as the reference gel and all the other gel images were 

aligned to it based on user-drawn and automatic vectors. SameSpots then performed spot 

detection based on a selected subset of the aligned gels. Background subtraction and spot 

volume intensity normalization to reference gel selected by the program were automatically 

performed. Average protein expression was calculated from the average normalized volumes 

of the spots. Average values, fold-changes for expression were calculated as assigned ratios 
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of ethanol-fed to control groups. Significance of differential expression was determined by 

Student t-test (p-value ≤ 0.05) after log 2 transformation and fold change at ≥1.5.

After identification of differentially expressed proteins, gel spots of interest were excised 

using DigiLab’s (Holliston, MO) ProPic1 robotic instrument by following the 

manufacturer’s instructions. The excised gel plugs were incubated at 37°C for 24h with 

trypsin (20 μg/ml in 25 mM ammonium bicarbonate, pH 8.0; Promega Corp., Madison, WI). 

MALDI-TOF/TOF MS analysis was performed using a Proteomics Analyzer 4700 (Applied 

Biosystems, Foster City, CA). Protein identification was performed by recording both MS 

and MS/MS data and searching the NCBI mouse data base of GeneBank with the MASCOT 

search engine (Matrix Science, London, UK) and probability matches were searched by a 

high protein score (http://www.matrixscience.com) and a low expectation (E) value (Zhang 

and Chait, 2000). The lower the E value, higher the probability of identification being valid 

and for confident identification, E ≤ 10−3 was used as a threshold value. Well-established 

proteomic criteria (≥1.5 fold change with p value ≤0.05; best protein score of >64, and a MS 

expectation value of 10−3 or less) were used for a high confidence protein identification.

Western blot analysis

Some of the proteins differentially expressed were also confirmed by Western blot analysis. 

Frozen liver samples were homogenized in cold RIPA buffer containing protease inhibitors 

(Boston Bio Product, MA), centrifuged at 15,000 g and the supernatant containing 45 μg 

protein concentration was subjected to SDS-PAGE (NuPAGE™ Novex™ 4–12% Bis-Tris 

Protein Gels, 1.5 mm thick, 10 well, Invitrogen) (Kaphalia et al., 2014). The gels were 

washed with washing buffer and the proteins were transferred onto a nitrocellulose 

membrane. The membrane was blocked with 5% nonfat milk in phosphate buffered saline 

containing 5% nonfat dried milk, 0.001% Tween-20 and then incubated overnight at 4°C 

with primary antibodies. Membrane was incubated either with rabbit polyclonal antibodies 

against cytochrome b5 (Santa Cruz, Cat # SC33174, 1:500 dilution, MW 15kDa), heat shock 

protein 70 (EMD Millipore, cat # 386032, 1:1000 dilution, MW 70 kDa) or peroxiredoxin 1 

(Abcam, cat # ab59538, 1:1000 dilution, MW: 22kDa), or monoclonal antibodies against 

enoyl CoA hydratase (Abcam, cat # ab170108, 1:1000 dilution, MW 31kDa). After washing, 

the blots were again incubated with horseradish peroxidase conjugated secondary antibodies 

(Cell Signaling, cat # 7075; 1: 1000 dilution), and the target proteins visualized using as 

Pierce™ ECL Western Blotting Substrate (ThermoFisher Scientific, Rockford, lL). Rabbit 

monoclonal antibodies against β-actin (Cell Signaling, Cat #8457, 1:1000 dilution, MW 45 

kDa) was used as an individual loading control. The protein band intensity was assessed by 

NIH Image J Software (version 1.50i) and normalized by individual loading control (β-actin) 

values.

For identification of proteins in the plasma by Western blot analysis, albumin globulin 

depleted plasma protein (25μg) was subjected to SDS PAGE as described above for the liver 

samples. Proteins were transferred onto nitrocellulose membrane and incubated with rabbit 

polyclonal antibodies against apolipoprotein E (Abcam, cat# ab20874, 1:1000 dilution, MW 

36kDa,) or mouse monoclonal antibody of creatinine kinase-M (Santa Cruz, cat# 

390053,1:500 dilution, MW 43kDa) as described earlier.
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Statistical analysis

Statistical significance was determined by using the Student’s t-test and the values are 

expressed as mean ± SEM (standard error of mean, four animals/group). p-Value ≤0.05 was 

considered statistically significant.

Results

Ethanol fed mice averaged ~200 mg % BAC as compared to ~15 mg% in pair-fed controls 

(Fig. 1). Remarkable changes including hepatic steatosis comprising macro and micro 

vesicular lipid vacuoles with panlobular changes along with infiltration of inflammatory/

immune cells in some areas of the liver sections (Fig. 2A). These sections also showed 

infiltration of T-lymphocytes as determined by immunohistochemistry using antibodies 

against CD3 (Fig. 2B). Representative electrophoretic patterns of differentially expressed 

proteins for liver tissue fractionated into three pH ranges (3–5.4, 5.4–7.0 and 7–10) are 

shown in Fig. 3. Similarly, electrophoretic patterns of plasma proteins differentially 

expressed (pH 3–10) are shown in Fig. 4. A total of 140 proteins in the livers and 58 in the 

plasma were differentially expressed in ethanol fed group by SameSpots image analysis of 

2-DE gels. While a large number of proteins differentially expressed were post 

translationally modified (PTMs), and few ones were unknown proteins. Using criteria of 

fold change (≥1.5 with p value ≤0.05), MS expectation value of 10−3 or less and good 

protein score (>64), a total of 18 and 5 proteins differentially expressed in the livers and 

plasma, respectively, could be identified (Tables 1 and 2).

Out of total 18 identified proteins in the livers of ethanol-fed deer mice, 5 proteins were 

from fraction 1 (pH 3 – 5.4), 9 from fraction 2 (pH 5.4 – 7.0) and 4 from fraction 3 (pH 7 – 

10) (Table 1). A total of 11 proteins were up regulated and 7 down regulated. Highly 

abundant proteins were prolyl 4-hydroxylase (protein disulfide isomerase, ~5 fold), 

cytochrome b-5 (~3 fold) and ATP synthase, heat shock 70kD protein, enoyl CoA hydratase 

and peroxiredoxin 1 (~2 fold). In contrast, decreased abundance was found for carbonic 

anhydrase 3, mitochondrial ATP synthase, subunit β (mitochondrial); laminin receptor and 

aldolase 2, B isoform. Up-regulated proteins indicate collagen formation, initiation of 

fibrosis, ER stress and increased fatty acid metabolism, cell proliferation and transferase 

activities. The down regulated proteins indicate decreased urea removal process, 

mitochondrial ATP synthesis and its binding, tissue morphogenesis and hydration of carbon 

dioxide. Western blot analysis of some differential expressed proteins supports proteomic 

data (Fig. 5).

Only 5 out of 58 differentially altered proteins could be identified in the plasma of ethanol 

group using the criteria applied for the proteins identified in the liver (Table 2 and Fig. 4). 

Down regulated proteins were identified to be serine protease inhibitor A3A precursor (~6 

fold), apolipoprotein E, isoform CRA-e (~3 fold), clusterin or sulfated-2 isoform 2 (~1.5 

fold) and serine protease inhibitor A3A (~2 fold) in ethanol group. Only protein up-

regulated was identified to be creatine kinase M-type (~2 fold). Western blot analysis 

supports the proteomic data of apolipoprotein and creatine kinase M-type (Fig. 6).
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Interrelationship between differentially altered proteins in the livers with those in the plasma 

could not be derived, but the ethanol-induced liver injury appears to be remarkable in our 

animal model. However, the changes in plasma proteome have potential for developing as 

biomarkers of ethanol induced liver injury.

Discussion

Liver is a major organ system for the toxicity and metabolism of the ingested alcohol 

(Lieber, 1997). However, hepatic ADH deficiency resulting into greater BAC as found in 

ethanol group is supported by our previous work (Bhopale et al., 2006; Kaphalia et al., 

2010). Hepatic steatosis as found in the ethanol group could be due to increased lipogenesis, 

diminished transport of lipids from the liver and impaired β oxidation of fatty acids. This in 

part can be explained by the proteomic findings presented in this study. Infiltration of 

monocytes/macrophages, natural killer, NKT cells and T cells is central to pathogenic 

activity following acute and chronic liver injury. Upon activation, several hepatic cell 

populations, including hepatocytes, Kupffer cells, sinusoidal endothelial cells and hepatic 

stellate cells can secrete chemotactic cytokines and chemokines, which direct the migration 

of immune cells. Differentially altered proteome in the liver apparently reflects ethanol-

induced injury and infiltration of inflammatory/immune cells including T-lymphocytes in 

our chronic ethanol feeding model of ADH− deer mice.

The general consensus on chronic alcoholic liver injury is thought to be mainly mediated via 
formation of acetaldehyde, catalyzed by hepatic ADH and/or Cyp2E1, resulting into 

oxidative stress (Lieber, 1997). Neither the levels of blood acetaldehyde nor oxidation of 

proteins as determined by Western blot analysis using antibodies against 4-hydroxynonenal 

(4-HNE, marker of oxidative stress) were significantly altered between the ethanol-fed mice 

and pair-fed controls (data not shown). ADH− deer mice cannot efficiently metabolize 

ethanol oxidatively resulting into an increased body burden of ethanol as found in this study 

is parallel to our previous reports (Bhopale et al., 2006; Kaphalia et al., 2010). This also 

contradicts a significant role of microsomal Cyp2E1 in ethanol oxidation to acetaldehyde 

and associated liver injury in our animal model. Overall, inhibition of hepatic ADH 

facilitates ethanol metabolism via nonoxidative pathway, which may be associated with 

observed liver injury in ethanol-fed ADH− deer mice. Further experiments regarding 

inhibition of hepatic nonoxidative metabolism and resultant liver injury can clarify the role 

of oxidative vs. nonoxidative ethanol metabolism in ethanol-induced hepatic injury. In this 

study, we focused on identification of proteins differentially altered in the liver and plasma 

of ADH− deer mice after chronic ethanol feeding.

Increased expression of prolyl 4-hydroxylase (protein disulfide isomerase), heat shock 70kD 

proteins, endo A cytokeratin, cytochrome b5 and peroxiredoxin 1 as found in the livers of 

ethanol fed mice indicate fibrotic response, ER stress, changes in structural proteins and 

their conformation and contractile apparatus, increased fatty acid metabolic process and 

peroxidase activity, respectively. Peroxiredoxin 1 is involved in cell proliferation, and 

possesses thioredoxin peroxidase activity and catalyzes the reduction of hydrogen and alkyl 

peroxide (Rhee et al., 2005; Wood et al., 2003). Similarly, up regulation of mitochondrial 

ATP synthase (H+ transporting F1 complex α subunit), ornithine carbamoyl-transferase 
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(OTC ) and enoyl Co enzyme as found in the livers suggest impact of chronic ethanol 

feeding on ATP synthesis, transferase activity and fatty acid β oxidation, respectively. 

Glucose regulated protein (GRP)-75, a mitochondrial matrix protein, generally recognized as 

a member of the heat shock protein 70 class of proteins, is induced under conditions of low 

glucose and other nutritional and environmental stresses including ethanol-induced 

pancreatic injury (Kaphalia et al., 2010). GRP-75 is involved in various chaperoning 

functions in protein translocation, folding and mitochondrial functions, and implicated in the 

control of cell proliferation and cellular aging. Therefore, an up regulation of GRP-75 and 

other heat shock proteins is complementary and are closely associated. However, an 

increased expression of mitochondrial ATP synthase subunit (H+ transporting F1 complex α 
subunit) expression, a decreased expression of mitochondrial ATP synthase sub unit β (H+ 

transporting F1 complex β subunit) in ethanol-fed mice appears contradictory, since α 
(regulatory) and β (catalytic) subunits forms catalytic core of the F1 complex in F1-

ATPases. Overall, the findings of this study suggest that chronic ethanol feeding targets a 

broad range of metabolic and structural proteins in the liver.

40S Ribosome protein SA or Laminin receptor plays an essential role as cell surface 

receptor and expresses laminin binding activity, which facilitates cell adhesion to the 

basement membrane and consequent activation of signaling transduction pathways (Rao et 

al., 1983). This protein may induce CD8 T-suppressor cells secreting IL-10 (Coggin et al., 

1999), and its down regulation may result in detachment and migration of cells leading to 

tissue morphogenesis (Khalfaoui et al., 2013). Similarly, down regulation of carbamoyl 

phosphate synthase (CPS), which removes excess cellular ammonia, is consistent with our 

earlier finding in ethanol-fed rats (Fernando et al., 2013). CPS1 has been suggested as a 

biomarker for an early diagnosis of fatty liver, nonalcoholic steatohepatitis; and seems to be 

involved in regulations of triacylglycerol, ATP, phospholipid and fatty acid binding 

(Rodriguez-Suárez et al., 2010; Fernando et al., 2013). Therefore, deficiency of CPS1 could 

cause an accumulation of ammonia in the blood resulting into neurotoxicity (Ah Mew et al., 

2013; Skowrońska and Albercht, 2013). Cytochrome B5 is involved in a number of 

oxidative reactions and probably also in mitochondrial anabolic metabolism of fats and 

steroids (Perez-Vázquez et al., 2014). Contrary to an increased expression in ethanol-fed 

group as found in this study, cytochrome B5 is shown to be down regulated in ethanol-

induced fatty liver and hepatocellular carcinoma in rat models (Newton et al., 2009; Liu et 

al., 2011; Fernando et al., 2013). Currently, we do not have clear understanding about such 

variations in different animal species, which will need further studies.

Carbonic anhydrase (CA, cytosolic as well as membrane bound protein) maintains acid-base 

balance and exists in 14 different isoforms. CA III and other isoforms catalyze inter 

conversion of CO2 and HCO3 to maintain the acid–base balance in tissues, and scavenges 

oxygen radical (Yamada et al., 2013; Cabiscol and Levine, 1995). CA III has been reported 

to have an antioxidant activity and prevents H2O2–induced apoptosis, and is down-regulated 

in Cu-Zn superoxide dismutase-deficient mice (Elchuri et al., 2005; Ishii et al., 2005). 

Therefore, down regulation of CA III as reported in alcoholic liver injury supports our 

finding (Yamada et al., 2013). Keratin, type II cytoskeleton 8 (Krt8) expressed in the liver 

(Zhou et al., 2003) perhaps is involved in apoptosis of hepatocytes and tumor necrosis 

factor-mediated signaling pathway (Caulin et al., 2000). Therefore, an increased expression 
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of endo A′ cytokeratin as found in this study could be associated with cell death process in 

ethanol-induced liver injury by chronic alcohol ingestion.

Significantly low expression of actin γ, cytoplasmic 1, an ATP binding protein and structural 

constituent of cytoskeleton; suggests structural injury (Belyantseva et al., 2009). Ornithine 

carbamoyl-transferase (OTC), like as glutathione S-transferase, possesses transferase activity 

and may be involved in urea cycle, which itself is involved in nitrogen metabolism, and 

plays important role in ammonia homeostasis (Petrak et al., 2007). Over expression of 

hepatic OTC has been reported to be a response to drugs and also ethanol intake (Murayama 

et al., 2009). Similarly, glutathione S-transferase (one of the key enzymes involved in phase 

II metabolism) could be deemed important for the ethanol excretory mechanisms.

The second step of fatty acid β-oxidation, an important cellular process to generate energy in 

the mitochondrial matrix, is catalyzed by enoyl CoA hydratase. An impaired β oxidation of 

fatty acids can result in accumulation of lipids in the hepatocytes as reported in ethanol-fed 

ADH− deer mice (Bhopale et al., 2006; Fernando et al., 2012). However, over expression of 

enoyl CoA hydratase as found in the livers of ethanol group could be a biological response 

to compensate an impaired β oxidation of fatty acids.

Plasma proteome regulates physiological status of various organs in the body, and has been 

applied for biomarker discovery and validation (Jacobs et al., 2005; Hanash et al., 2008). 

Serine protease inhibitor (inter-alpha-trypsin inhibitor heavy chain H4 produced in the liver) 

negatively regulates endopeptidase activity and its precursor protein (serine protease 

inhibitor A3A precursor). However, ethanol fed group showing no significant differential 

expression of serine protease inhibitor diminishes its utility as a potential biomarker 

(Freeman et al., 2011). Amongst many other plasma proteins, down regulation of clusterin or 

sulfated glycoprotein-2 isoform 2 or apolipoprotein E isoform CRA_e in ethanol fed group 

is also supported by data from nonhuman primate model (Freeman et al., 2011), although 

precise function of clusterin is not established yet.

Creatine Kinase (CK) M-type, a cytoplasmic isoenzyme, plays an important role in energy 

transduction in tissues and phosphocreatine biosynthetic and metabolic processes. CK 

catalyzes the production of ATP from ADP using phosphocreatine, and acts as an energy 

buffer (Wallimann et al., 1992). Increased expression of CK in the plasma probably indicates 

high demand of energy in ethanol-fed mice. Clinically, elevated CK level in the blood may 

be an indication of damage to CK–rich tissues including myocardial damage (Armstrong et 

al., 2008).

Apolipoproteins, mainly synthesized in the liver, are involved in lipid transport and 

maintenance of lipoproteins (Tietge et al., 1998; Sherlock, 1995; Getz and Rearon, 2009). 

Apolipoprotein E, isoform CRA_e has been identified as a potential biomarker in patients 

with hepatitis, cirrhosis and/or hepatocellular carcinoma induced by hepatitis C virus (Mas 

et al., 2009; Gőbel et al., 2006). Serum lipoprotein profile of patients with nonalcoholic fatty 

liver disease (NAFLD) and nonalcoholic steatohepatitis reflected as hypercholesterolemia 

and dyslipidemia, and has been used as a diagnostic biomarker for identifying and staging of 

Bhopale et al. Page 9

Alcohol Clin Exp Res. Author manuscript; available in PMC 2018 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



NAFLD (Bell et al., 2010). Therefore, decreased expression of apolipoprotein suggests 

impaired lipid transport from the liver in our model of chronic alcohol feeding.

Conclusion

Chronic ethanol feeding to ADH− deer mice results in very high levels of blood alcohol and 

significant liver injury as evident by steatosis and inflammatory response. This is the first 

proteomic study in deer mouse model showing that long-term ethanol feeding targets lipid 

and carbohydrate metabolism, ER stress and structural proteins in the livers. However, the 

proteins differentially expressed in the livers were not associated with those in the plasma. 

Heat shock/stress proteins and laminin receptor, and the proteins involved in ATP synthesis 

were found to be major target proteins in the livers of ethanol-fed deer mice. Significantly 

increased expression of propyl 4-hydroxylase, which catalyzes the formation of 

hydroxyproline (a marker of hepatic fibrosis), is an important finding suggesting that ADH− 

deer mouse model could be a suitable model to pursue the mechanistic aspect of ALD. 

Nevertheless, long term ethanol feeding in ADH− deer mouse model decreases the 

expression of proteins involved in the transport of lipids, which may be linked to reduced 

expression of apolipoproteins in the plasma. Therefore, reduced abundance of various carrier 

proteins as found in the plasma of ethanol group may have potential to be developed as 

biomarker(s) of ALD.
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Fig. 1. 
Blood alcohol concentration (BAC) in ADH− deer mice fed ethanol for three months. Values 

are mean ± standard error of 4 animals/group. * p value ≤ 0.05
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Fig. 2. 
Representative H & E stained section of liver of ethanol-fed mice showing steatosis and 

infiltration of inflammatory/immune cells (magnification 20X, A) and CD3 positive T-

lymphocytes as shown by arrows (magnification x40, B).
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Fig. 3. 
Representative 2D gels showing differentially altered proteins (≥1.5 fold, p value ≤ 0.05) 

identified by MALDI-TOF/TOF at three different pH ranges in the liver tissue homogenate 

of ADH− deer mice fed ethanol as compared to pair-fed controls. All the gel images have 

been cropped and contrast/brightness adjusted for better view ability. For this reason, the 

intensity differences between spots cannot be judged reliably from these pictures. The 

numbers in the figures are the spot identifiers given by the software (n = 4 animals/group).
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Fig. 4. 
Representative 2D gels showing differentially altered proteins (≥1.5 fold, p value ≤0.05) 

identified by MALDI-TOF/TOF in the albumin and IgG depleted plasma of ADH− deer 

mice fed ethanol as compared to pair-fed controls. All the gel images have been cropped and 

contrast/brightness adjusted for better view ability. For this reason, the intensity differences 

between spots cannot be judged reliably from these pictures. The numbers in the figures are 

the spot identifiers given by the software (n = 4 animals/group).
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Fig. 5. 
Western blot analyses (a) and relative intensities (b) of some target proteins differentially 

expressed in the livers of ethanol fed ADH− deer mice using antibodies against cytochrome 

b5, ECHS1, HSP70 and peroxiredoxin 1. * p value ≤0.05 as compared to the controls (n = 4 

animals/group).
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Fig. 6. 
Western blot analysis (a) and relative intensity (b) of differentially expressed proteins in the 

plasma of ethanol-fed ADH− deer mice using antibodies against creatinine kinase-M or 

apolipoprotein E. * p value ≤0.05 as compared to the pair-fed controls (n = 3 animals/

group).
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