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Abstract

The role of ethanol-inducible cytochrome P450-2E1 (CYP2E1) in promoting aging-dependent 

hepatic disease is unknown and thus was investigated in this study. Young (7 weeks) and aged 

female (16 months old) wild-type (WT) and Cyp2e1-null mice were used in this study to evaluate 

age-dependent changes in liver histology, steatosis, apoptosis, fibrosis and many nitroxidative 

stress parameters. Liver histology showed that aged WT mice exhibited markedly elevated 

hepatocyte vacuolation, ballooning degeneration, and inflammatory cell infiltration compared to 

all other groups. These changes were accompanied with significantly higher hepatic triglyceride 

and serum cholesterol in aged WT mice although serum ALT and insulin resistance were not 

significantly altered. Aged WT mice showed the highest rates of hepatocyte apoptosis and hepatic 

fibrosis. Further, the highest levels of hepatic hydrogen peroxide, lipid peroxidation, protein 

carbonylation, nitration, and oxidative DNA damage were observed in aged WT mice. These 

increases in the aged WT mice were accompanied by increased levels of mitochondrial 

nitroxidative stress and alteration of mitochondrial complex III and IV proteins in aged WT mice, 

although hepatic ATP levels seems to be unchanged. Consistently, the aging-related nitroxidative 

changes were very low in aged Cyp2e1-null mice. These results suggest that CYP2E1 is important 

in causing aging-related hepatic steatosis, apoptosis and fibrosis possibly through increasing 

nitroxidative stress and that CYP2E1 could be a potential target for translational research in 

preventing aging-related liver disease.
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Introduction

Aging is a physiological process, that is characterized by a progressively decreased capacity 

to maintain internal homeostasis, with decreased ability to respond to various endogenous 

and exogenous stresses and increased risk of morbidity and mortality [1]. Many mechanistic 

theories for aging-related pathophysiological changes were proposed earlier [2] and have 

still been debated till to date [3, 4]. The prevailing mechanistic explanation for the aging 

process is “the free radical theory of aging” [5], despite being controversial [6]. This theory 

states that the increased damage in aged tissues is caused by the reaction of the free radicals 

with cellular macromolecules such as lipids, proteins, and nucleic acid, leading to 

compromised cellular functions and tissue injury [7]. Indeed, reactive oxygen species (ROS) 

and reactive nitrogen species (RNS) were reported to increase with aging. Consequently, 

accumulation of oxidized and/or nitrated proteins as well as lipid peroxides and oxidatively-

damaged DNA are frequently observed in the aged tissues compared to the young 

counterparts [8, 9].

The liver was thought to exhibit minimal aging-dependent changes compared to other 

tissues [10]. This may be due to high contents of antioxidants and other defensive enzymes 

in the liver. However, recent reports showed that the liver also undergoes significant 

changes during aging process, since aged livers, especially in rodents after 12 months of age 

and older, contain less volume and regenerative capacity with elevated accumulation of 

insoluble oxidized proteins (e.g., lipofuscin) in the cytoplasm, altered nuclear shapes, and 

increased apoptosis, steatosis, fibrosis, and carcinoma, compared to the young counterparts 

[11, 12]. Interestingly, many studies showed a positive relationship between increased 

oxidative stress levels and deterioration of liver functions during the aging process [13, 14].

The cytochrome P450-2E1 (CYP2E1) enzyme, constitutively expressed in many tissues 

including the liver and extrahepatic organs, can oxidize a variety of small molecule 

substrates such as alcohol (ethanol), drugs, solvents, procarcinogens, and fatty acids [15–

17]. It is induced by ethanol, acetone, and other small molecule substrates. CYP2E1 can also 

be regulated by age, gender, genetic factors, nutrition, hormones, as well as 

pathophysiological conditions such as diabetes and obesity [18, 19]. The superoxide anion 
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can be produced from the CYP2E1-related catalytic activity even in the absence of its 

substrates [15–17]. The superoxide anion can become a potent oxidative radical that can 

cause severe tissue damage through interaction with other free radicals such as nitric oxide 

(NO) to produce a more potently toxic peroxynitrite [20]. It can be also converted to a more 

toxic hydroxyl radical in the presence of transition metals [21].

CYP2E1 levels have been evaluated both in aged people (usually ≥ 55 years) and animals 

(usually ≥ 12 months) and through the entire life span in animals [22–25]. The results of 

these studies revealed that CYP2E1 protein levels were unchanged or decreased, or CYP2E1 

activities were decreased with aging. Furthermore, other reports showed increased levels of 

hepatocyte apoptosis and liver fibrosis in the aged mice [11, 26, 27]. However, to the best of 

our knowledge, the role of CYP2E1 in promoting hepatic steatosis, apoptosis, and fibrosis 

observed in aged rodents has never been evaluated. Thus, this study was aimed to 

investigate the role of CYP2E1 in promoting nitroxidative stress and hepatic changes by 

comparing the various parameters in young versus aged wild-type (WT) mice. To further 

verify the causal role of CYP2E1 in aging-related hepatic changes, we also evaluated the 

histological and biochemical characteristics of the livers in young and aged Cyp2e1-null 

mice compared to those of the WT counterparts.

Materials and methods

Materials

All chemicals used in this study were from Sigma Chemical (St. Louis, MO, USA), unless 

indicated otherwise. Specific antibodies against CYP2E1, inducible nitric oxide synthase 

(iNOS), 3-nitrotyrosine (3-NT), and β-actin were from Abcam Inc. (Cambridge, MA, USA). 

Respective antibodies against collagen 1A1 and 4-hydroxynonenal (HNE) were from 

Millipore (Billerica, MA, USA) and the sources of other primary antibodies are listed in 

Table 2. Anti-heat shock protein 90 (HSP90) antibody was purchased from Cell Signaling 

Technology Inc. (Danvers, MA, USA). Secondary antibodies conjugated with horse radish 

peroxidase were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Animals and tissue collection for various histology analyses

Age-matched young (approximately 7 weeks) and old female (approximately 16 months) 

inbred WT and Cyp2e1-null mice on a 129/Svj background [28] were used in this study. 

Mice were assigned to four groups (n≥10/group): (1) young WT; (2) old WT; (3) young 

Cyp2e1-null; and (4) old Cyp2e1-null. All mice were fed with the NIH31 autoclavable 

rodent diet, which contains 5.5% total fat, where animal fat (exclusively derived from 

menhaden fish oil) is 15% and vegetable oil (mostly from soy) represents 85%. Part of the 

large lobe of the livers was fixed in 10% neutral formalin for histological analysis and the 

rest of the liver was snap-frozen for further characterizations. Histological and biochemical 

analyses of liver tissues were performed as previously described [29, 30]. The histological 

evaluation and fibrosis scoring were performed blindly by an experienced pathologist. Each 

section was evaluated for hepatocyte vacuolation, ballooning degeneration, inflammatory 

cell filtration, hepatic fibrosis and other lesions. For evaluation of hepatic fibrosis, formalin-

fixed liver tissue sections were stained with Sirius red and the image was captured by 
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Olympus BX-51 microscope equipped with Digital Camera DP-70 (Olympus, Japan). 

Fibrotic and total areas were determined and the percentage of fibrotic area was calculated 

using Image J software (National Institutes of Health, MD, USA) from various image fields 

per slide. Animal experiments were performed in accordance with the National Institutes of 

Health guidelines and approved by the Institutional Animal Care and Use Committee.

Measurements of serum aminotransferase, total hepatic iron, hepatic lipid peroxides and 
glutathione levels in young and aged mice

Plasma alanine aminotransferase (ALT) and cholesterol contents in each mouse were 

measured by using the clinical IDEXX Vet Test Chemistry Analyzer System (West Brook, 

ME, USA) [29–31]. The amount of intrahepatic triglyceride (TG) in 50 mg liver tissues was 

evaluated using a commercial kit (cat. # ETGA -200) (BioVision Research products, 

Mountain View, CA, USA), and normalized per gm tissue. Intrahepatic levels of lipid 

peroxidation marker malondialdehyde (MDA) + hydroxyalkenal (HAE) (μM) were 

evaluated using a commercial available kit (cat. # FR22) (Oxford Biomedical Research, 

Oxford, MI, USA). Total hepatic iron Fe(II+III) contents were evaluated by using the iron 

colorimetric assay kit (cat. # K390-100) (BioVision Research Products, Mountain View, 

CA, USA), containing a specific chemical chelator to block interference by copper. 

Intrahepatic reduced glutathione (GSH) and oxidized glutathione disulfide (GSSG) (in 50 

mg liver extracts) were determined by using commercially available kits (cat. # 703002) 

(Cayman Chemical, Ann Arbor, Michigan, USA). The manufacturer’s protocols were 

followed whenever commercial kits were used.

Hepatic tissue extraction for evaluating oxidized proteins

Total liver homogenate from each mouse was prepared in ice-cold extraction buffer (50 mM 

Tris–Cl, pH 7.5, 1 mM EDTA, and 1% CHAPS). Mitochondrial fraction was also prepared 

by differential centrifugation, as described previously [29, 31], and all extraction buffers 

were pre-equilibrated with nitrogen gas to remove the dissolved oxygen. Protein 

concentrations were determined using the bicinchoninic acid protein assay reagent (Pierce, 

Rockford, IL, USA). Equal amounts of liver homogenates were resolved on 10 or 15% 

SDS–PAGE gels and electrically transferred to nitrocellulose membranes (Hercules, CA, 

USA). Membranes were initially blocked with 4 or 5% (w/v) nonfat milk proteins or bovine 

serum albumin (BSA), subsequently probed overnight at 4 °C with a specific primary 

antibody to each target protein as indicated in Table 2. After removal of the primary 

antibody by three separate steps of washing, membranes were incubated with a secondary 

antibody conjugated with horseradish alkaline phosphatase (Santa Cruz Biotechnology, 

Dallas, TX, USA) at room temperature for 1 h. Image detection was performed using a 

SuperSignal West Pico Kit (Pierce) according to the manufacturer’s instructions. β-Actin 

was used as a loading control for whole liver extracts or cytosol proteins. VDAC was used 

as a loading control for mitochondrial proteins. All other information including the antibody 

concentrations are presented in Table 2. For protein carbonylation, an aliquot of the hepatic 

lysates was derivatized with dinitrophenylhydrazine (DNPH) under acid denaturing 

conditions using Oxyblot protein oxidation detection kit (cat. # S7150) (Millipore, Billerica, 

MA). After separation by SDS-PAGE and transfer as explained, the membrane was 

subjected to western blotting with anti-dinitrophenyl primary antibody at 1:2000 x dilution. 
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In order to assure specificity of the bands, separate aliquots of the hepatic lysates, that had 

been acid-denatured as well but not treated with DNPH, were used as a negative control.

Immunoprecipitation and immunoblot analysis

Hepatic cell lysates (40 μg proteins) were separated by 12% SDS-PAGE and subjected to 

immunoblot analyses, as previously described [31]. Specific antibodies to CYP2E1, iNOS, 

3-NT and β-actin, as a loading control, were then incubated overnight at 4°C. After removal 

of the primary antibodies and followed by three separate steps of washing, the nitrocellulose 

membranes were incubated with the appropriate secondary antibodies conjugated with 

horseradish peroxidase. Protein bands were detected by enhanced chemiluminescence and 

their densities quantified using UN-SCAN-IT gel version 6.1 from Silk Scientific (Orem, 

Utah 84059 USA). For the immunoprecipitation experiment, 400 μg of hepatic cell lysates 

from each mouse was used to prepare a total of 2 mg proteins/sample (pooled from 5 mice/

sample out of 10 mice/strain to prepare 2 samples/strain) and the specific antibody (5 μg) to 

collagen 1A1 or HSP90 was used with Pierce™ protein A/G magnetic beads from Life 

Technologies (Grand Island, NY, USA) following the manufacturer’s protocol. The 

immunoprecipitated proteins were subsequently analyzed by immunoblot analysis using the 

specific antibody against collagen 1A1, HSP90, or 3-NT (Table 2).

Immunohistochemistry and terminal deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL) assay

Formalin-fixed liver samples were processed and 5-μm thick paraffin sections were used for 

immunohistochemistry. Briefly, deparaffinized liver sections were treated with 3% hydrogen 

peroxide followed by antigen retrieval. The sections were blocked with 2% non-fat skim 

milk solution, and incubated with the primary antibody against HNE, oxidized proteins, 3-

NT, or collagen type 1A1. After incubation and subsequent washing steps, the attached 

primary antibody was then linked to the dextran polymer by following the manufacturer’s 

protocol (Envision kit, Dako, Carpinteria, CA, USA). The final reaction was performed by 

immersing the sections in a solution of 3,3′-diaminobenzidine (DAB). The sections were 

then counterstained with hematoxylin. Apoptotic cell death in liver tissues by detecting 

DNA strand breaks was determined using the ApopTag Peroxidase in situ apoptosis 

detection kit (cat. # S7100) (Millipore, Billerica, MA). Numbers of TUNEL-positive 

hepatocytes were counted in 10 high-power (200×) microscope fields.

Measurements of hepatic anti-oxidant enzyme activities, hydrogen peroxide levels, 
oxidative DNA damage, ATP, and proteasome activity

The catalytic activities of total hepatic superoxide dismutase (SOD) (cat. # 706002), catalase 

(CAT) (cat. # 707002), and glutathione peroxidase (Gpx) (cat. # 703102) were determined 

by using the kits from Cayman (Ann Arbor, MI, USA). Hydrogen peroxide (H2O2) levels 

were measured using the hydrogen peroxide assay kit (Abcam, cat. No. ab102500) following 

the colorimetric assay protocol (Abcam, cat. # ab102500). To prepare the hepatic total cell 

lysates, individual liver tissues (100 mg wet weight) were homogenized in the assay buffer 

contained in the kit by following the manufacturer’s protocol. The homogenates were then 

centrifuged at 10,000 × g for 2–5 min at 4°C, and the resulting supernatants were 

deproteinized by adding ice-cold 4 M perchloric acid (PCA) to a final concentration of 1 M 
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and kept for 5 min on ice. The samples were centrifuged at 13,000 × g for 2 min at 4°C, and 

the excess PCA in the supernatant was precipitated by adding ice-cold 2 M KOH. The added 

volume of ice-cold 2 M KOH equals 34% of the supernatant of the sample (e.g., 34 μl 2 M 

KOH was added to 100 μl sample). The samples were then centrifuged at 13,000 × g for 15 

min at 4°C, and the resulting supernatants were used to determine the H2O2 levels following 

the manufacturer’s protocol. In the presence of Horse Radish Peroxidase (HRP), the OxiRed 

Probe reacts with H2O2 to produce a color product which can be determined at 570 nm. The 

H2O2 level in each sample was determined from the standard curve using the H2O2 standard 

provided by the manufacturer. Hepatic ATP levels were evaluated using the ATP Assay kit 

(cat. # ab83355) (Abcam Inc), and the kit utilizes the phosphorylation of glycerol to 

generate a product which can be easily quantified by absorbance (O.D.max = 570 nm). 

Hepatic DNA was isolated using the Qiagen kit (Valencia, CA, USA) and oxidative DNA 

damage in 2 μg of isolated DNA was evaluated monitored with the ELISA kit (cat. # 

589320) (Cayman Chemical, Ann Arbor, MI, USA) to measure 8-dihydro-2′-

deoxyguanosine (8-OH-dG). Proteasome activity, particularly the chymotrypsin like activity 

in the functional proteasome assembly 20S, was measured utilizing an AMC-tagged peptide 

substrate by using the fluorometric proteasome activity assay kit (cat. # K245-100) 

(BioVision Research Products, Mountain View, CA, USA). The manufacturer’s instructions 

were followed when kits were used in evaluating various parameters.

Homeostatic model assessment of insulin resistance

All individual serum samples, collected from each mouse fasted overnight, were subjected 

to measurements of the levels of glucose and insulin by using the commercial kits (Cayman 

Chemical and Millipore), respectively. Homeostatic model assessment of insulin resistance 

(HOMA-IR) was calculated using the formula (glucose x insulin)/405, which provides a 

good estimation of insulin resistance, since it correlates very well with euglycemic clamp 

method (r = 0.88). [32].

Data evaluation

Data represent results from at least two separate measurements, unless otherwise stated. 

Each point represents the mean ± SEM, n=6–10. All statistical analyses were performed 

using Prism6 software. Two-way ANOVA was performed to assess the differences in all the 

results. When two-way ANOVA revealed the presence of genotype-age interaction, one-way 

ANOVA followed by post hoc Tukey’s studentized range test at a significance level of 0.05 

was performed to determine the differences between the four groups. Liver weights were 

analyzed by analysis of covariance (ANCOVA) using body weight as a covariate. Other 

materials and methods not specified here were the same, as described [29–31, 33].

Results

More prominent hepatic histopathological changes in aged WT mice

To investigate the age-related hepatic histological and/or structural changes, we compared 

the respective liver tissues of young (7-weeks) and aged (16-months) WT and Cyp2e1-null 

groups (n≥10/group). The livers of the aged WT mice were pale and the margins of the 

livers were blunt. The dilated gall bladders filled with bile were only observed in the aged 
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WT. Hepatocyte vacuolation, ballooning degeneration, and inflammatory cell infiltration 

mostly with lymphocytes and neutrophils were markedly increased in aged WT compared to 

the corresponding Cyp2e1-null mice and young WT (Fig. 1A and Table 1). In addition, aged 

WT exhibited prominent karyomegaly, nuclear polyploidy, lipofuscin granules, and 

cholestasis while minimal changes were observed in aged Cyp2e1-null mice (Fig. 1 and 

Table 1). The morphologic features of the vacuolated hepatocyte observed in aged WT are 

consistent with microvesicular and macrovesicular steatosis, although some occasional fat 

deposits were observed in the aged Cyp2e1-null mice (Fig. 1A and Table 1). These 

histological results were supported by the measurements of hepatic TG contents and serum 

cholesterol levels. The hepatic TG levels (Fig. 1B) were significantly higher in aged mice 

compared with young animals (i.e. age effect) (P<0.005). In addition, a genotype-age 

interaction was observed (P<0.0001). Moreover, the hepatic TG level was highest in aged 

WT mice compared to all other groups although TG levels in aged Cyp2e1-null mice were 

slightly but significantly higher than those of the corresponding young group (Fig. 1B and 

Table 1). Similarly, serum cholesterol levels in aged mice were significantly higher 

compared to those of young mice (P<0.001) (Fig. 1C). A genotype-age interaction was also 

found (P<0.001). The levels of serum cholesterol in aged WT were significantly elevated 

from the corresponding young WT (Fig. 1C). None of these structural or histopathological 

changes were detected in the young mice of both genotypes. In contrast, plasma ALT 

activities (Fig. 1D) and homeostatic model assessment of insulin resistance (HOMA-IR) 

(Fig. 1E) did not exhibit significant changes by the genetic or aging differences. There was 

also a significant increase in the body weights and liver weights in aged mice when 

compared with young mice (age effect) (Supplementary Fig. 1). The differences in relative 

liver weight between the young and old WT or KO mouse groups were determined by using 

ANCOVA, with liver weight examined as the dependent variable and body weight as the 

covariate. For the WT groups, the normalized relative liver weights of the young and old 

mice were 3.84 ± 0.12 and 4.05 ± 0.115, respectively (p < 0.0001). For the KO mouse 

groups, the normalized relative liver weights of the young and old mice were 3.76 ± 0.062 g 

and 4.19 ± 0.077 g, respectively (p < 0.0001). ANCOVA revealed that liver weight was 

highly related to body weight for both WT and KO mouse groups. Slight but significant 

differences in total hepatic iron contents were observed in a genotype-dependent manner 

(P<0.05) as their levels in WT were significantly higher than those of their Cyp2e1-null 

counterparts (Fig. 1F).

Increased hepatic apoptosis and fibrosis in aged WT mice

The increased levels of hepatocyte apoptosis and liver fibrosis in the aged mice have been 

previously reported [11, 26, 27], although the role of CYP2E1 and the underlying 

mechanism(s) were not studied. To evaluate any difference in hepatocyte apoptosis among 

the four groups, the TUNEL assay was performed. TUNEL-positive apoptotic hepatocytes 

were readily observed in the aged WT (Fig. 2A). Significant differences were observed in 

the levels of apoptotic hepatocytes resulting from genotype (P<0.05) and age effects 

(P<0.05) where aged WT mice showed the highest levels of apoptotic cells (Fig. 2B). In 

addition, hepatic fibrosis, as evidenced by Sirius red staining, was significantly increased in 

aged WT, compared to the other groups (Figs. 3A, B and Table 1). Two-way ANOVA 

revealed a significant aging-dependent differences between the groups (P<0.05). The 
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accumulation of collagen fiber and development of hepatic fibrosis in aged WT mice were 

further confirmed by immunohistochemistry for collagen formation using the specific anti-

collagen 1A1 antibody (Fig. 3C), and immunoprecipitation of collagen 1A1 followed by 

immunoblotting with the same antibody (Fig. 3D). Collectively, these results (Figs. 1–3) 

unequivocally demonstrate that the WT mice undergo more progressive aging-dependent 

hepatic histopathological and structural changes. In contrast, the corresponding aged 

Cyp2e1-null mice seem protected from the histopathological changes, suggesting an 

important role of CYP2E1 in aging-related liver disease.

Elevation of different oxidative stress parameters in aged WT

Oxidative stress has been suggested to play a contributing role in the aging process and cell 

senescence [13, 14]. Oxidative stress may result from the imbalance between oxidative 

radical production and their removal by the antioxidant defense system including GSH and 

antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT) and glutathione 

peroxidase (Gpx), heme oxygenase 1 (HO-1), peroxiredoxin (Prx), thioredoxin (Trx), etc. 

Many proteins including CYP2E1, iNOS, NADPH-dependent oxidase, and xanthine 

oxidase, as well as mitochondrial dysfunction with potential alteration of the mitochondrial 

electron transfer chain (ETC) [34] are known to contribute to increased nitroxidative stress 

in the cells.

We first determined whether oxidative stress levels were increased in aged WT and 

correlated with the signs of hepatic aging. Thus, we evaluated the levels of hepatic H2O2 

and other markers of oxidative stress including lipid peroxidation, oxidative protein 

modification and DNA damage, as well as the amounts of the mitochondrial complex 

proteins, since all these parameters are closely associated with the aging-related oxidative 

stress and consequences [35–38]. The levels of H2O2 (Fig. 4A) were higher in aged mice 

than young mice (P<0.05), and lipid peroxidation, evaluated by both the measurement of 

MDA + HAE (Figs. 4B and C) and immunohistochemistry (Fig. 4D), were increased in WT 

than the corresponding Cyp2e1-null mice (i.e., genotype effect. P<0.001) and in old mice 

than young mice (i.e., age effect, P<0.05).

Furthermore, Oxyblot (Fig. 5A and B) followed by two-way ANOVA showed that the levels 

of hepatic oxidized proteins were significantly higher in aged mice than young mice (i.e., 

age effect, P<0.005). The specificity of the oxidized proteins was confirmed by 

disappearance of the bands when they were exposed to 1× derivatization control solution 

(Fig. 5A). Furthermore, a genotype-age interaction was observed with oxidized protein 

levels in aged WT mice, which showed ~3.5-fold higher levels than the young Cyp2e1-null 

mice (Fig. 5A). When one-way ANOVA was employed, oxidized protein levels in aged WT 

were significantly higher than all other groups (Fig. 5B). Immunohistochemical analysis 

further revealed that the levels of oxidized proteins were markedly increased in the aged WT 

compared to those of the other three groups (Fig. 5C). Consistently, immunoblot analysis 

with anti-3-NT antibody showed higher levels of hepatic protein nitration in WT than 

Cyp2e1-null mice (i.e., genotype effect, P<0.05) and in aged mice than young counterparts 

(i.e., age effect, P<0.001) (Figs. 5D and E). The highest levels of protein nitration in aged 

WT were also observed by immunohistochemical analysis (Fig. 5F). In order to further 
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confirm the remarkable differences in protein nitration between the two aged mouse groups, 

we also evaluated the nitration levels of heat shock protein 90 (HSP90), a heat-shock protein 

abundantly expressed in hepatocytes and shown to cause cell death when it is nitrated [39]. 

The levels of nitration in the immunoprecipitated HSP90 was remarkably greater in aged 

WT compared to all other three groups (Fig. 5G, top panel), while there was only a modest 

increase in the levels of HSP90 protein in the aged WT (bottom panel). This result confirms 

the remarkable difference in the nitrated protein levels between the aged WT and the 

corresponding Cyp2e1-null mice, however the role of nitrated HSP90 in mediating 

hepatocytes damage remains to be determined.

Since the hepatic levels of hydrogen peroxide was significantly elevated in the aged WT 

(Fig. 4) and it is a known precursor of hydroxyl radical which causes oxidative DNA 

damage, generating 8-oxo-deoxyguanosine (8-OH-dG) [36], we next evaluated the levels of 

oxidatively-modified DNA in our mouse groups (Fig. 6). Indeed, significantly higher 

contents of 8-OH-dG in hepatic DNA were observed in WT compared to Cyp2e1-null mice 

(i.e., genotype effect, P<0.005). Because there was a significant genotype-age interaction 

(P<0.005), one-way ANOVA was further performed. Significantly higher levels of oxidative 

DNA damage were observed in aged WT compared to the young WT and aged Cyp2e1-null 

mice, providing additional evidence for the significant oxidative stress-mediated events in 

the aged WT than the corresponding Cyp2e1-null mice.

We also investigated some potential sources of the nitroxidative stress that might result from 

the imbalance between oxygen radical production and its removal, as mentioned previously. 

Therefore, we evaluated the levels of some potential sources of hepatic oxygen radical 

production in the cytosol or mitochondria. As expected, there was a significant difference in 

the levels of CYP2E1 in WT mice compared to Cyp2e1-null mice (i.e., genotype effect, 

P<0.0001) and in aged mice compared to young mice (P<0.05) with an observation of a 

genotype-age interaction (P<0.05) (Fig. 7A). Interestingly, one-way ANOVA verified a 

significant decrease in the levels of CYP2E1 protein in aged WT compared to young WT. 

Additional analysis of other oxidative stress-inducing proteins revealed that none of iNOS 

(Fig. 7B), NADPH-oxidase (Fig. 7C), and xanthine oxidase (Fig. 7D) was increased in the 

aged WT compared to the other groups. Further, mitogen-activated protein kinases, involved 

in the stress signaling pathways such as p-JNK and p-P38 kinase, were not significantly 

changed in the aged WT and Cyp2e1-null mice (data not shown).

Other parameters of oxidative stress markers such as protein nitration and lipid peroxidation 

were evaluated with mitochondrial extracts. Higher levels of mitochondrial protein nitration 

were monitored in WT mice than Cyp2e1-null mice (i.e., genotype effect, P<0.05) and in 

aged mice relative to the corresponding young counterparts (i.e., age effect, P<0.005) (Figs. 

8A and B). Furthermore, the levels of mitochondrial lipid peroxidation were higher in WT 

compared to Cyp2e1-null mice (i.e., genotype effect, P<0.01). However, the ATP levels in 

different groups were unchanged (Fig. 8D). Since mitochondrial complexes proteins have 

been reported to be altered during the aging process, leading to increased disturbance in the 

ETC with elevated oxygen radicals [35, 36], we analyzed the levels of mitochondrial 

complex proteins using the total OXPHOS rodent WB antibody cocktail, which contains 5 

mouse monoclonal antibodies against CI subunit NDUFB8, CII-SDHB, CIII-Core protein 2 
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(UQCR2), CIV subunit 1 (MTCO1) and CV alpha subunit (ATP-5A). Immunoblot and 

statistical analyses showed no significant changes in the levels of the subunits of CI, CII, 

and CV despite the general trend of decreased levels of these proteins in aged WT compared 

to their young counterparts (Figs. 9A, B, C, and F). In contrast, a significant genotype-age 

interaction was observed for CIII subunit protein levels (P<0.01) (Fig. 9D). One-way 

ANOVA revealed that the amount of CIII subunit in aged WT was significantly lower than 

all other groups and that such alteration was absent in Cyp2e1-null mice (Fig. 9D). Further, 

the levels of CIV subunit in aged mice were lower than young counterparts (i.e., age effect, 

P<0.05) (Fig. 9E). Taken together, these data (Figs. 8 and 9) suggest that mitochondrial 

dysfunction via alteration of the ETC proteins might be potentially involved in the increased 

oxidative stress during the hepatic aging process and that this role is more prominent in aged 

WT than in aged Cyp2e1-null mice. However, additional studies are still needed to further 

establish the role of mitochondria in mediating the hepatic aging process.

Following the evaluation of various sources of oxygen radical production, we next examined 

some cellular defense systems that handle and/or remove oxygen radicals. It has been 

suggested that lipid peroxidation and other parameters of oxidative stress, observed in 

animal models of nonalcoholic steatohepatitis, decrease hepatic antioxidant enzyme 

activities, their protein amounts, and GSH contents [41]. Although we did not recognize any 

significant alteration in SOD activity (Fig. 10A), there was significant increase in catalase 

activity in aged mice compared with young mice (i.e., age effect, P<0.05) (Fig. 10B) and 

GPx activity (Fig. 10C) in WT compared with the corresponding Cyp2e1-null mice. Further, 

increased levels of GSH in aged mice compared with young mice were observed (i.e., age 

effect, P<0.05) (Fig. 10D) although there was no significant difference in the levels of 

GSSG (Fig. 10E) or GSH/GSSG (Fig. 10F). Significant differences in the levels of HO-1 

and Prx proteins in WT compared to Cyp2e1-null mice were detected (i.e., genotype effect, 

P<0.0001) and a genotype-age interaction was also recognized for these two proteins 

(P<0.0001) (Figs. 11A, B, and C). One-way ANOVA showed that both HO-1 and Prx 

protein levels were significantly lower in aged WT compared with their young control mice, 

while these protein levels were significantly elevated in aged Cyp2e1-null mice compared 

with their young counterparts (Figs. 11A, B, and C). Furthermore, the levels of Prx protein 

in aged Cyp2e1-null mice were significantly higher than the aged WT (Figs. 11A and C). It 

is noteworthy to mention the significantly lower levels of these two proteins in the young 

Cyp2e1-null mice when compared with the young WT counterparts. These results may 

reflect the difference in the basal levels of oxidative stress in these two mouse groups. We 

however did not observe any significant change in the levels of Trx protein (data not 

shown).

The accumulation of oxidative proteins has been attributed partly due to inhibition of 

proteasome activity during aging [42, 43], although this theory of inhibited proteasome 

activity during aging has been challenged due to rather complex process [43, 44]. As shown 

in Supplementary Fig. 2, our data revealed that trypsin-like activity of 20S proteasome was 

significantly elevated in WT mice compared to Cyp2e1-null mice (i.e., genotype effect, 

P<0.05), and in aged mice than young counterparts (i.e., age effect, P<0.0005), while there 

was a genotype-age interaction (P<0.05). One-way ANOVA analysis showed that trypsin-

like activity of 20S proteasome was significantly higher in aged WT than all other groups. 
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We did not detect a significant difference in autophagy between aged WT and Cyp2e1-null 

mice (data not shown).

TNF-α is a key pro-inflammatory cytokine, primarily secreted by monocytes and 

macrophages. It is well-established that it exhibits a broad range of biological effects 

including the induction of hepatocyte necrosis in vivo or in vitro [45] and implication in 

hepatic inflammation in aged mice [46]. Therefore, we evaluated the levels of hepatic TNF-

α in all four groups (Supplementary Fig. 3). The levels of hepatic TNF-α as measured by 

ELISA in the WT mice were significantly different from those of Cyp2e1-null mice (i.e., 

genotype effect, P<0.005), and in aged mice compared to young mice (i.e., age effect, 

P<0.05). In addition, a genotype-age interaction was recognized (P<0.01) (Supplementary 

Fig. 3). Further one-way ANOVA revealed that its levels in aged Cyp2e1-null mice were 

significantly lower than all other groups including the aged WT.

We finally evaluated the levels of other cytochrome P450 proteins in order to evaluate the 

effect of aging on these proteins. Interestingly, with the exception of CYP4F, which did not 

exhibit any significant alteration in the protein levels between the groups (Supplementary 

Fig. 4B), the levels of all other examined proteins such as CYP2B, CYP1A, CYP2A, and 

CYP4A decreased in aged mice compared to young mice (i.e., age effect) and were 

significantly different between WT and Cyp2e1-null mice (i.e., genotype effect). Genotype-

age interactions were observed in CYP2B (P<0.0005) and CYP1A (P<0.0005) 

(Supplementary Figs. 4A and C). One-way ANOVA for these two proteins showed similar 

patterns as the levels of these two proteins were significantly decreased in aged WT 

compared with their young controls. In addition, the levels of CYP2B and CYP1A exhibited 

significant decrease in young Cyp2e1-null mice when compared with young WT. However, 

the levels of both proteins were not significantly different from aged Cyp2e1-null mice 

(Supplementary Figs. 4A and C), suggesting a differential regulation of other cytochrome 

P450 proteins upon CYP2E1 deletion. It is noteworthy to mention that differences were 

observed in the basal levels of some proteins examined in young WT and Cyp2e1-null mice, 

as exemplified by many cytochromes P450 and antioxidant enzymes such as HO-1 and Prx. 

This variation might be explained in part by the potential changes in the normal 

physiological homeostasis in response to the deletion of CYP2E1, likely leading to different 

basal metabolism and oxidative stress.

Collectively, these results (Figs. 4–10) suggest that oxidative stress is increased in parallel 

with the hepatic aging process (Figs. 1–3) in WT mice. Furthermore, since all these changes 

were not prominent in aged Cyp2e1-null mice, CYP2E1 plays at least a partial role in the 

aging-related hepatic steatosis, apoptosis, and fibrosis.

Discussion

Mice have been widely used as a suitable model to study the underlying mechanism(s) of 

aged-related hepatic steatosis, apoptosis, and fibrosis since they are short-lived and share 

many similarities with human conditions [11, 26, 27]. Constitutive expression of CYP2E1, 

involved in ROS production, has been reported to be significantly higher in female mice 

than males, suggesting a more potentially pronounced pathophysiological outcomes in 
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females than males possibly resulting from CYP2E1-mediated metabolisms [47]. Thus 

young and aged female mice were used to further study the role of CYP2E1 in aging-

dependent hepatic changes in this study. However, it is still important to evaluate the role of 

CYP2E1 in mediating hepatic aging in male mice to compare the effect of gender-dependent 

difference in this process. It is reasonable to assume that the hepatic aging in male mice 

would appear later in life than in female mice, at least partially, due to the lower expression 

of CYP2E1 in male mice than females.

CYP2E1 is known to produce high levels of ROS [15–17] and plays a role in the formation 

of lipid peroxidation [48], protein oxidation [34, 49], and protein nitration [20, 30, 33]. It is 

also known to promote hepatic carcinogenesis by oxidizing DNA in alcohol-exposed rodents 

[50]. All these reports suggest that CYP2E1 in mice is likely to play an important role in 

promoting tissue injury after exposure to various hepatotoxic agents such as ethanol, 

acetaminophen, and high fat diet. The main aim of this investigation was to directly evaluate 

the role of CYP2E1 in age-related hepatic disorder by studying the levels of oxidative stress 

markers and the degrees of hepatic steatosis, apoptosis, and fibrosis in aged WT compared 

with those of the young WT. We also determined the biochemical and histological changes 

in the aged Cyp2e1-null mice and compared to those of the other groups including the aged 

WT to further confirm the critical role of CYP2E1 in aging-related hepatic disease.

Our results showed that the deletion of Cyp2e1 gene effectively decreased the features of 

liver aging [11, 26, 27] such as hepatic vacuolation, ballooning degeneration, inflammatory 

cell infiltration, apoptosis, and fibrosis, as observed in aged WT compared to other groups. 

However, there were no significant differences in the ALT levels among all four groups. 

These results are consistent with previous reports suggesting that the occurrence of hepatic 

disorder is not necessarily accompanied with the elevation of liver transaminases [29, 30, 

51]. Aging process is associated or facilitated by increased production of free radicals with 

chronic oxidative stress [52] that might arise from normal metabolism of endogenous and 

exogenous compounds, leading to oxidative damage [27] to cellular macromolecules 

including lipids, proteins, and DNA. Indeed, lipid peroxidation and oxidative post-

translational protein modifications, as well as oxidative DNA damage are well-established 

markers for oxidative stress during the aging process [27, 37, 38]. The first indication, that 

oxidative stress might be involved in age-related hepatocyte damage in our rodents, was 

through the detection of significantly higher amounts of lipofuscin granules (consisting of 

lipid peroxidation products and oxidatively-modified proteins) [27, 53] observed only in 

aged WT. Consistently, the levels of hepatic H2O2, lipid peroxidation, protein oxidation, and 

nitration, and oxidative DNA damage, all of which are well-established markers of oxidative 

stress during the aging process in many tissues including the liver [27, 53–56], were 

observed in aged WT compared to the aged Cyp2e1-null mice and other groups. Further, the 

protective role of CYP2E1 deletion has been in agreement with many reports, that verified 

the pathological role of CYP2E1 in the development of alcoholic steatohepatitis [48, 57, 58] 

and non-alcoholic steatohepatitis [30], via oxidative stress-mediated events since CYP2E1 is 

known to increase the levels of ROS and RNS even in the absence of its substrates [16, 17, 

33, 50, 51]. Since the age-related hepatic changes are very prominent in the WT than 

Cyp2e1-null mice, it is reasonable to assume that the nitroxidative stress might have peaked 
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at earlier time point(s) in the WT and that CYP2E1 is partially responsible for the increased 

oxidative stress-related hepatic steatosis, apoptosis, and fibrosis observed in aged WT mice.

Hepatic steatosis (fat accumulation) renders the liver more susceptible to other insults such 

as inflammation and oxidative/nitrosative stress. This increased sensitivity is particularly 

evident in the presence of oxidizable, unsaturated n-6 fatty acids in steatotic livers [29, 41]. 

Several molecular mechanisms have been proposed for the occurrence of aging-dependent 

hepatic steatosis via oxidative DNA damage, activation of p300-C/EBP dependent fat 

synthesis, telomere shortening, inhibition of autophagy, nuclear factor-κβ pathway 

activation, M1 macrophage inflammatory response activation, and oxidative stress [11]. 

Thus, it is intriguing to assume that the “two-hit” hypothesis that steatosis primes the liver to 

secondary insults, including ROS/RNS and inflammation [59], plays a role in the 

development and/or progression of non-alcoholic steatohepatitis. It is also possible that a 

vicious cycle may develop between oxidative stress and hepatic steatosis, particularly in WT 

mice more than in Cyp2e1-null mice. Thus, these results suggest that CYP2E1-mediated 

oxidative stress and subsequent changes [11 51, 20, 34, 60] play at least a partial role in the 

aging-related hepatic disease. However, IR, which can also be caused by oxidative stress, 

does not seem to be involved in promoting the early events of hepatic aging including 

steatosis since there was no significant increase in HOMA-IR in aged WT mice compared to 

the other groups (Fig. 1), although IR has been implicated in the development and 

progression of steatohepatitis (inflammation) [30].

Oxidative/nitrosative events are well-documented to cause DNA damage and oxidative post-

translational modifications of Cys-residues and/or nitration of Tyr residue of cellular 

proteins [20, 31, 61–63], which negatively affect functions of the modified target proteins 

prior to the observation of a full-blown liver disease. Oxidative stress-induced modifications 

of cellular macromolecules might trigger mitochondrial dysfunction and hepatocyte 

apoptosis, which can be stimulated by nitrated Hsp90 (Fig. 5E), as demonstrated [39]. In 

addition, dysregulation of apoptosis may accelerate the process of aging and age-related 

diseases. Further, ROS/RNS, oxidatively-modified proteins, and lipid peroxidation, may 

increase inflammation and activate hepatic stellate cells, thus accelerating the development 

of liver fibrosis [41, 57]. Taken together, the deletion of CYP2E1 significantly prevented the 

development of oxidative stress and other characteristics of liver aging such as steatosis, 

apoptosis, and fibrosis, suggesting that CYP2E1 plays, at least a partial role, in promoting 

hepatic aging process most likely through increasing the levels of nitroxidative stress.

Oxidative stress-mediated cell damage is related to the balance between the production of 

oxidants and the defense capacity of the anti-oxidant system [32, 34, 64]. There are many 

sources of oxidative stress in the cell such as CYP2E1, iNOS, NADPH-oxidase, xanthine 

oxidase, and the mitochondrial electron transfer chain [32, 34, 64]. Another potential source 

of increased oxidative stress is hepatic iron, which has been reported to act as a priming or 

sensitizing factor for CYP2E1-induced injury in hepatocytes through increasing oxidative 

stress [21]. Interestingly, we did not observe a significant change in the amount of iNOS, 

NADPH oxidase, or xanthine oxidase. The levels of CYP2E1 in aged WT were actually 

significantly lower than their young controls in agreement with several reports with either a 

decrease or no change in CYP2E1 contents during the aging process [22–25]. Similarly, the 
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amounts of several other hepatic cytochrome P450 proteins such as CYP2B, CYP1A, 

CYP2A, and CYP4A were also lower in aged WT compared to their young controls, 

suggesting that aged WT may have decreased hepatic drug metabolizing capacity compared 

to their young counterparts. However increased levels of total hepatic iron were observed in 

WT compared to Cyp2e1-null mice. Despite the fact that these iron levels do not seem to 

increase with aging (Fig. 1F), the higher exposure to iron in WT throughout the life span 

compared to Cyp2e1-null mice might contribute, at least partially, to the increased levels of 

oxidative stress, as previously mentioned [21]. We also observed changes in the levels of the 

mitochondrial ETC complexes, suggesting a potential role of mitochondrial impairment with 

increased production of ROS such as superoxide anion and hydrogen peroxide, further 

leading to increased levels of mitochondrial protein nitration and lipid peroxidation in aged 

WT. Indeed, it was previously shown that mitochondria isolated from old animals released 

elevated amounts of hydrogen peroxide than young animals [65]. In addition, there was an 

inverse relation between the increased ROS production by mitochondria and the life span 

[66]. The mitochondrial respiration is essential for producing ATP whereas oxidatively-

damaged mitochondria may produce decreased amount of energy. However, in our study, 

the levels of ATP in aged WT were not significantly changed (Fig. 8D). This is not 

surprising since most of hepatic ATP production have been reported to remain unchanged 

during the aging process, possibly through an adaptive mechanism [67], although decreased 

ATP production during aging process was also documented [68]. The potential role of 

mitochondria in mediating the hepatic aging-related changes in WT mice needs additional 

investigation to further establish their importance in the aging process. Inflammation and 

oxidative stress are closely related to each other and inflammation has also been implicated 

in the hepatic aging process [26]. The anti-inflammatory adaptive response seems to be 

more intact or stronger in aged Cyp2e1-null mice since the amount of TNF-α in this aged 

group was significantly lower than all other groups.

In contrast, intracellular GSH system constitutes a major antioxidant defense system in the 

liver [69]. Further, the systematic elimination of oxygen radicals (O2·−, OH·−, H2O2, etc) 

requires the coordinated action by anti-oxidant enzymes such as SOD, CAT, and GPx. 

Disruption or suppression of the CAT, GPx, and SOD activities would intuitively contribute 

to the induction and/or enhancement of oxidative stress. In addition, decreased expression of 

other anti-oxidant defense systems such as HO-1 and Prx, can lead to increased oxidative 

stress. In fact, the levels of HO-1, which can protect HepG2 cells against CYP2E1-

dependent toxicity potentially via production of CO following its upregulation [70], and Prx, 

a thioredoxin-dependent antioxidant protein, were decreased in aged WT compared those in 

young WT (Fig. 11). In contrast, these proteins were upregulated in a coordinate manner, as 

reported [71], in aged Cyp2e1-mull mice compared to the corresponding young mice. These 

changes may also contribute to increased oxidative stress in aged WT mice.

Interestingly, we observed an increased activities of catalase and Gpx in age- and gene-

dependent manners, respectively, although SOD activity did not change significantly. In 

addition, although the amounts of GSSG or GSH/GSSG did not change, a significantly 

increased levels of GSH were observed in an age-dependent effect (Fig. 10). These results 

are not uncommon, since reports regarding the levels of antioxidant defense in aged animals 

are contradicting. The increases in catalase and Gpx activities and GSH might be considered 
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as an adaptive mechanism against the increased levels of oxidative stress, as previously 

reported in aged rats [72], although the decrease in GSH levels were also documented in 

other studies [33]. Moreover, some reports showed that neither GSH nor GSSG exhibited 

significant changes in an aged mice model [73]. Nonetheless, in this model, the overall anti-

oxidant response capacity seems lower in aged WT compared to aged Cyp2e1-null mice due 

to the differential regulation of HO-1 and Prx during aging since the levels of both anti-

oxidant proteins HO-1 and Prx in aged WT were decreased while their levels were increased 

in aged Cyp2e1-null mice when compared to their corresponding young mice. Further, the 

aged WT mice would actually need considerably higher antioxidant defense, not even equal, 

response than aged Cyp2e1-null mice considering the higher levels of oxidative radical 

production in aged WT mice.

Another potential reason for the accumulation of oxidatively-modified proteins could be due 

to alteration in the proteasome system. It has been reported that the inhibition of proteasome 

activity has been reported to correlate with the accumulation of oxidatively-modified 

proteins, which are the substrates for proteasome [74, 75]. However, other reports also 

suggested that there is an age-dependent increment of 20S proteasome activity [76, 77], in 

agreement with our results (Supplementary Fig. 2), where proteasome activity was higher in 

aged WT mice than Cyp2e1-null mice. These data likely reflect an adaptive response to 

eliminate the oxidatively-modified proteins. However, it is reasonable to assume that the 

discrepancy in various reports on the levels of anti-oxidant status, energy production rate, 

and proteasome activity, may be due to different animal strains, source, duration, and 

severity of oxidative stress, duration of aging, gender of animals, environmental 

surroundings, and other factors.

Thus, it is clear that there is a significant difference in the cellular redox balances between 

the 16-month old aged WT and the corresponding Cyp2e1-null mice. The differences in 

oxidative stress levels could probably result from increased ROS production through the 

altered mitochondrial ETC function with decreased amounts or activities of Gpx, HO-1 and 

Prx. In addition, increased levels of oxidative stress in WT mice could have resulted from 

the increased nitroxidative stress through CYP2E1-mediated metabolism of endogenous 

substrates throughout the life span, although its levels can be decreased later as the mice 

aged, as shown in this study (Fig. 7A) and in other reports [22–24]. Similar examples of 

increased nitroxidative stress and oxidative modifications of cellular macromolecules, 

despite the decreased CYP2E1 levels, were observed in animals treated with acetaminophen 

[33, 63] or carbon tetrachloride [78]. These results also suggest that the ability of stress 

response in the aged hepatocytes might be reduced in the aged WT mice more profoundly. 

Consequently, elevated levels of lipid peroxidation, oxidized proteins and DNA along with 

histological changes in fat accumulation, apoptosis and fibrosis in aged WT mice. Since 

several reports suggested either a decreased or unchanged levels of CYP2E1 during the 

aging process and in this study (Fig. 7A) in agreement with other reports [22–25], it is 

reasonable to assume that the constitutive expression of CYP2E1 throughout the entire life-

span is sufficient to promote the increased levels of nitroxidative stress even under normal 

physiological conditions. It is also possible that the constitutive expression of CYP2E1 plays 

a permissive role to other gene(s)/protein(s) that increase oxidative stress-mediated 

consequences. It is noteworthy to mention that the temporally different regulations and the 
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consequence of events during the aging process in WT and Cyp2e1-null mice warrant more 

investigations since many genes, involved in causing nitroxidative stress, stress signaling 

pathways, and inflammation, as with TNF-α, could have been differentially regulated at 

earlier time points and returned to basal levels at the time of tissue collection. This is 

particularly important for the stress signaling pathways which can be activated by oxidative 

stress [64]. Since we did not observe activation of these pathways, they could have been 

activated at earlier time points before the development of the histopathological changes.

In summary, CYP2E1 appears to be involved in fat accumulation and inflammation in aged 

liver and the advancement to apoptosis and fibrosis. This can be explained by the fact that 

CYP2E1 increases the production of ROS/RNS, which likely increase lipid peroxidation, 

oxidative protein modifications, oxidative DNA damage and inflammation, all of which can 

negatively affect the vital functions of the liver and promote the development of hepatic 

injury, as observed in aged WT mice. The higher oxidative stress levels in aged WT than 

Cyp2e1-null mice seem to be attributed to increased oxidative radical production. 

Conceivably, the aging-associated hepatic changes were absent or significantly decreased in 

the corresponding aged Cyp2e1-null mice. Therefore, our results represent the first report to 

demonstrate the novel role of CYP2E1 in the hepatic aging process in rodents. Furthermore, 

CYP2E1 could be a potential target for translational research in preventing aging-related 

liver disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ALT alanine aminotransferase

CAT catalase

CYP cytochrome P450

ETC electron transfer chain

Gpx glutathione peroxidase

GSH glutathione

GSSG glutathione disulfide (oxidized)

HO-1 heme oxygenase-1
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4-HNE 4-hydroxynonenal

HOMA-IR homeostatic model assessment of insulin resistance

HSP90 heat shock protein 90

iNOS inducible nitric oxide synthase

MDA malondialdehyde

NO nitric oxide

3-NT 3-nitrtotyrosine

8-OH-dG 8-dihydroxy-2′-deoxyguanosine

Prx peroxiredoxin

ROS reactive oxygen species

RNS reactive nitrogen species

SOD superoxide dismutase

TG triglyceride

TNF-α tumor necrosis factor-α

TUNEL terminal deoxynucleotidyl transferase dUTP nick end labeling

WT wild-type
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Highlights

• Despite the aging-related hepatic steatosis, apoptosis, and fibrosis via oxidative 

stress-related mechanisms, the role of cytochrome P450-2E1 (CYP2E1), a 

known oxidative stress inducer, in the hepatic aging process has never been 

evaluated.

• Young (7 weeks) and aged female (16 months old) wild-type (WT) and Cyp2e1-

null mice were used to characterize the potential role of CYP2E1 in mediating 

the aging-related hepatic disease.

• The liver histology showed that aged WT mice exhibited markedly elevated 

hepatocyte vacuolation, ballooning degeneration, and inflammatory cell 

infiltration compared to all other groups.

• Immunohistochemistry and biochemical data clearly showed that the aged WT 

mice also showed the highest levels of hepatic steatosis, hepatocyte apoptosis 

and hepatic fibrosis accompanied with the highest levels of hepatic hydrogen 

peroxide, lipid peroxidation, protein carbonylation, nitration, and oxidatively-

modified DNA 8-oxo-2′-deoxyguanosine.

• These aging-related oxidative changes observed in the aged WT were absent or 

very low in the aged Cyp2e1-null mice, suggesting the important role of 

CYP2E1 in promoting aging-related hepatic disease possibly through increasing 

nitroxidative stress.
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Fig. 1. 
Histological and biochemical hepatic changes in aged WT mice. (A) Representative 

photomicrographs (200×) following H&E staining from the indicated mouse livers are 

presented (n=8/group). The levels of (B) hepatic triglycerides, (C) serum cholesterol, (D) 

serum ALT, (E) HOMA-IR, and (F) Total liver iron are shown for all four groups (n=6–10/

group). G, genotype. Labeled means without a common letter differ, P<0.05.
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Fig. 2. 
Increased levels of apoptotic hepatocytes in livers of aged WT mice. (A) TUNEL-positive 

hepatocytes were identified by black arrows and (B) quantified in 10 high-power fields 

(×200) for the indicated mouse groups (n=5–6/group). G, genotype; A, age.
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Fig. 3. 
Increased hepatic fibrosis in aged WT mice. (A and B) Representative histological analysis 

of hepatic sections for all indicated mouse groups (n=8/group) are provided to show 

collagen Sirius red staining and percentage of fibrotic areas, respectively. The results of (C) 

immunohistochemical analysis, and (D) immunoprecipitation followed by immunoblot 

analysis are provided and relative ratio between the groups are provided following 

densitometric analysis. Specific anti-collagen 1A1 antibody was used for both C and D.
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Fig. 4. 
Increased levels of oxidative stress and lipid peroxidation in aged WT. Equal amounts of 

liver tissue lysates were used to determine the levels of (A) H2O2 and (B) MDA+HAE for 

the indicated group (n=6/young groups and n=10/old groups). (C) Representative 

immunohistochemical analysis of hepatic lipid peroxidation determined with the anti-4-HNE 

antibody in all indicated mouse groups (n=5–6/group) are presented. G, genotype; A, age; I, 

genotype-age interaction.
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Fig. 5. 
Increased levels of oxidatively-modified proteins in aged WT. (A, D) Representative results 

of immunoblot (B, E) and densitometric analysis (n=8–10/group). (C, F) 

Immunohistochemistry for the indicated target proteins (n=5–6/group) are shown. (A, C) 

Oxidized proteins using the commercially available kit for protein oxidation analysis and (D, 

F) nitrated proteins and β-actin, used as a loading control (D), were determined by 

immunoblot and immunohistochemistry analyses, as indicated. (G) Results of 

immunoprecipitation of HSP90 followed by immunoblot analysis are presented. Specific 

anti-HSP-90 and 3-NT antibodies were used, as indicated. G, genotype; A, age. Labeled 

means without a common letter differ, P<0.05.
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Fig. 6. 
Increased levels of oxidatively-modified hepatic DNA in aged WT. Equal amounts of liver 

tissues from all four mice groups (n=6/young groups and n=10/old groups) were used to 

isolate DNA. Same amounts of isolated DNA (2 μg/sample) were used to measure the 

hepatic levels of 8-OH-dG, a marker of oxidative DNA damage. Labeled means without a 

common letter differ, P<0.05.
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Fig. 7. 
Little changes in the levels of some oxidative stress-inducing proteins eased levels of 

oxidative stress and lipid peroxidation in aged WT. Equal amounts of whole liver lysate 

proteins (40 μg/lane) were used for immunoblot analyses. Representative results of 

immunoblot analysis and densitometric analysis results (n=8–10/group) are presented for the 

levels of: (A) CYP2E1, (B) iNOS, (C) NADPH-oxidase, and (D) xanthine oxidase. β-Actin 

was used as a loading control. Labeled means without a common letter differ, P<0.05.
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Fig. 8. 
Increased levels of mitochondrial oxidatively-modified proteins and lipid peroxidation with 

little changes in ATP levels in aged WT. (A) Representative results of immunoblot analysis 

of nitrated proteins and VDAC, used as a loading control, and (B) densitometric analysis for 

the levels of protein nitration in all mouse groups (n=8–10/group). (C) MDA+HAE for the 

indicated group (n=6–10/group). (D) Hepatic ATP levels (n=6–10/group). G, genotype; A, 

age.
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Fig. 9. 
Alteration in the levels of mitochondrial complex proteins in aged WT mice. Equal amounts 

of liver mitochondrial proteins from all mouse groups were used. (A) Representative results 

of immunoblot analysis of CI subunit NDUFB8, CII-SDHB, CIII-core protein 2 (UQCR2), 

CIV subunit 1 (MTCO1), and CV alpha subunit (ATP-5A) using specific total OXPHOS 

antibody, and VDAC, used as a loading control, and (B–F) densitometric analysis for all 

complexes as illustrated (n=8–10/group). A, age. Labeled means without a common letter 

differ, P<0.05.
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Fig. 10. 
Changes in the activities of hepatic anti-oxidant enzymes and levels of glutathione in aged 

WT and Cyp2e1-null mice. (A–E) Equal amounts of whole liver lysates from all mouse 

groups were used to determine the hepatic activities of anti-oxidant enzymes, including (A) 

superoxide dismutase (SOD), (B) catalase (CAT), (C) glutathione peroxidase (Gpx) and the 

levels of (D) reduced GSH and (E) oxidized GSSH. (F) The levels of GSH/GSSH, as a 

marker for anti-oxidant capacity, for the indicated groups are presented (n=6/young groups 

and n=10/old groups). G, genotype; A, age.
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Fig. 11. 
Differential regulation of the antioxidants proteins HO-1 and Prx in aged WT and Cyp2e1-

null mice. Equal amounts of whole liver lysates from all mouse groups were used for 

immunoblot analysis. (A) Representative results of immunoblot analysis of HO-1 and Prx, 

and β-actin, used as a loading control. Densitometric analysis results (n=8–10/group) are 

presented for the levels of: (B) HO-1, and (C) Prx. β-Actin was used as a loading control. 

Labeled means without a common letter differ, P<0.05.
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Table 1

Summary of histopathological evaluation hepatic aging in WT and Cyp2e1-null mice

Young WT Old WT Young Null Old Null

Number of animals 8 8 8 8

Hepatocyte vacuolation/steatosis 0 8 0 4

 Slight 3 4

 Moderate 2

 Severe 3

Ballooning degeneration 0 7 0 4

 Slight 2 4

 Moderate 3

 Severe 2

Inflammatory cell infiltration 0 7 0 3

 Slight 2 3

 Moderate 2

 Severe 3

Fibrosis (Sirius Red) 0 7 0 3

 Slight 1 1

 Moderate 4 2

 Severe 2

Necrosis 0 2 0 0

Cholestasis 0 6 0 2

Grading System: slight, few hepatocytes affected; moderate, multiple foci of hepatocytes or the cell surroundings affected; severe, diffuse pan-
lobular damage.
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