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Abstract

Liver injuries induced by carbon tetrachloride (CCL4) or thioacetamide (TAA) are dependent on 

cytochrome P450 2E1 (CYP2E1). CYP2A5 can be induced by TAA but not by CCL4. In this 

study, liver injury including fibrosis induced by CCL4 or TAA were investigated in wild type 

(WT) mice and CYP2A5 knockout (cyp2a5−/−) mice as well as in CYP2E1 knockout (cyp2e1−/−) 

mice as a comparison. Acute and sub-chronic liver injuries including fibrosis were induced by 

CCL4 and TAA in WT mice but not in cyp2e1−/− mice, confirming the indispensable role of 

CYP2E1 in CCL4 and TAA hepatotoxicity. WT mice and cyp2a5−/− mice developed comparable 

acute liver injury induced by a single injection of CCL4 as well as sub-chronic liver injury 

including fibrosis induced by one month of repeated administration of CCL4, suggesting that 

CYP2A5 does not affect CCL4-induced liver injury and fibrosis. However, while 200 mg/kg 

TAA-induced acute liver injury was comparable in WT mice and cyp2a5−/− mice, 75 and 100 

mg/kg TAA-induced liver injury were more severe in cyp2a5−/− mice than those found in WT 

mice. After multiple injections with 200 mg/kg TAA for one month, while sub-chronic liver injury 

as indicated by serum aminotransferases was comparable in WT mice and cyp2a5−/− mice, liver 

fibrosis was more severe in cyp2a5−/− mice than that found in WT mice. These results suggest 
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that while both CCL4- and TAA-induced liver injuries and fibrosis are CYP2E1 dependent, under 

some conditions, CYP2A5 may protect against TAA-induced liver injury and fibrosis, but it 

doesn’t affect CCL4 hepatotoxicity.
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INTRODUCTION

The cytochrome P450 (CYP) enzymes are a super-family of hemeprotein that serve as 

terminal oxidases in the mixed-function oxidase system for metabolizing various 

endogenous substrates, such as steroids and fatty acids, and xenobiotics, including drugs, 

toxins, and carcinogens. The enzymes are named CYP for cytochrome P450, followed by an 

Arabic number denoting the family (more than 40% identity on the amino acid sequence 

level), a letter designating the subfamily (more than 55% identity), and finally an Arabic 

numeral representing the individual gene in the subfamily (Lu and Cederbaum, 2008). Many 

chemicals including carbon tetrachloride (CCL4) and thioacetamide (TAA) cause liver 

injury via metabolism by CYPs. CCL4-induced lipid peroxidation (LPO) is believed to be 

dependent on CYP2E1 (Johansson and Ingelman-Sundberg, 1985), because anti-CYP2E1 

IgG can block CCL4 induction of LPO (Ekström et al., 1989) and CCL4-induced liver 

injury was not observed in CYP2E1 knockout (cyp2e1−/−) mice (Wong et al., 1998; 

Avasarala et al., 2006). Similarly, TAA-induced hepatic necrosis also involves CYPs 

(Hunter et al., 1977; Porter et al., 1979) and TAA-induced liver injury was lower in 

cyp2e1−/− mice compared with wild type (WT) mice (Kang et al., 2008). These results 

suggest thatCYP2E1 is indispensible for TAA- and CCL4-induced liver injury.

CYP2A subfamily includes but not limits to CYP2A6 in humans, CYP2A5 in mice, and 

2A3 in rats (Su and Ding, 2004). In rats, CYP2A3, which is orthologous to mouse CYP2A5 

and human CYP2A6, is expressed at high levels in the olfactory mucosa but is not 

detectable in liver. Coumarin, a plant alkaloid, is hydroxylated specifically by coumarin 7-

hydroxylase (COH) encoded by the human cyp2a6 gene and mouse cyp2a5 gene, a mouse 

ortholog to human CYP2A6, and COH activity is considered as a specific marker for 

catalytic activities of CYP2A5 and CYP2A6 (Su and Ding, 2004; Kirby et al., 2011; Abu-

Bakar et al., 2013). In mouse liver, COH activity can be highly induced by pyrazole, but in 

rat liver COH is not detectable, even after treatments with pyrazole (Raunio et al., 1988). 

Therefore, mouse rather than rat is applied for studies in the field of human CYP2A6. 

Animal studies showed that TAA can induce cyp2a5 mRNA and COH catalytic activity in 

both DBA/2 mice and C57BL/6 mice (Salonpää et al., 1995), but CCL4 can’t induce COH 

catalytic activity in C57BL/6 mice although it can induce COH in DBA/2 mice with 

elevated basal COH activity (Pellinen et al., 1993). CYP2A5 knockout (cyp2a5−/−) mice on 

C57BL/6 background are useful for investigating the role of CYP2A5 in CYP2E1-mediated 

liver injury induced by TAA and CCL4. Because of the C57BL/6 background, CYP2A5 can 

be induced by TAA rather than CCL4 in WT mice but not in cyp2a5−/− mice, but CCL4 

can’t induce CYP2A5 either in WT mice or in cyp2a5−/− mice. We hypothesize that 
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CYP2A5 may affect liver injury induced by TAA but not by CCL4. Thus, the difference in 

liver injury should be observed in TAA model but not in CCL4 model.

MATERIALS AND METHODS

Chemicals

Carbon tetrachloride (reagent grade 99.9%) and thioacetamide (ACS reagent >99.0%) were 

purchased from Sigma-Aldrich, St. Louis, MO, USA. Alanine aminotransferase (ALT) and 

aspartate aminotransferase (AST) assay kits were purchased from Pointe Scientific, Canton, 

MI, USA.

Animals

SV/129-background CYP2E1 knockout (cyp2e1−/−) mice (Lee et al., 1996) were kindly 

provided by Dr. Frank J. Gonzalez (Laboratory of Metabolism, National Cancer Institute, 

Bethesda, MD, USA), and breeding colonies were established at Mount Sinai (Lu et al., 

2008; 2010). The C57BL/J6 background CYP2A5 knockout (cyp2a5−/−) mouse colony was 

established at Mount Sinai by re-derivation from male cyp2a5−/− mice (Zhou et al., 2010) 

(kindly provided by Dr. Xinxin Ding, Wadsworth Center, New York State Department of 

Health, Albany, NY, USA) and female C57BL/J6 WT mice (purchased from Charles River 

Laboratory, MA, USA). All mice were used in this study were male and 2 months old. The 

mice were housed in temperature-controlled animal facilities with 12-hour light/12-hour 

dark cycles and were permitted consumption of tap water and Purina standard chow ad 

libitum. The mice received humane care, and experiments were carried out according to the 

criteria outlined in the Guide for the Care and Use of Laboratory Animals and with approval 

of the Mount Sinai Animal Care and Use Committee.

Experimental design and Treatments

The cyp2a5−/− mice are C57BL/J6 background and the cyp2e1−/− are SV129 background, 

recently we found that there was no difference in acute and chronic liver injury induced by 

CCL4 and TAA between the C57BL/J6 WT mice and SV129 WT mice (Wang et al, 2014).

For acute liver injury induced by a higher dose of CCL4, the mice were divided into 6 

groups of 7 mice each: 1. WT Control; 2. WT CCL4; 3. cyp2a5−/− Control; 4. cyp2a5−/− 

CCL4; 5. cyp2e1−/− Control; 6. cyp2e1−/− CCL4. In CCL4 groups, the mice were injected 

with CCL4 (CCL4 in mineral oil) intraperitoneally (i.p.) at 0.5 ml/kg. In Control groups, the 

mice were injected with mineral oil i.p. at the same volume. The mice were sacrificed 16 h 

after the injection.

For acute liver injury induced by a lower dose of CCL4, the mice were divided into 4 groups 

of 5 mice each: 1. WT Control; 2. WT CCL4; 3. cyp2a5−/− Control; 4. cyp2a5−/− CCL4. In 

CCL4 groups, the mice were injected with CCL4 i.p at 15 µl/kg. In Control groups, the mice 

were injected with mineral oil i.p. at the same volume. The mice were sacrificed 16 h after 

the injection.

For acute liver injury induced by different doses of TAA, the mice were divided into 12 

groups of 5 mice each: 1. WT Control; 2. WT TAA 10 mg/kg; 3. WT TAA 50 mg/kg; 4. WT 
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TAA 75 mg/kg; 5. WT TAA 100 mg/kg; 6. WT TAA 200 mg/kg; 7. cyp2a5−/− Control; 8. 

cyp2a5−/− TAA 10 mg/kg; 9. cyp2a5−/− TAA 50 mg/kg; 10. cyp2a5−/− TAA 75 mg/kg; 11. 

cyp2a5−/− TAA 100 mg/kg; 12. cyp2a5−/− TAA 200 mg/kg. In TAA groups, the mice were 

injected with TAA (TAA in saline) i.p. at different doses. In Control groups, the mice were 

injected with saline i.p. at the same volume. The mice were sacrificed 24 h after the 

injection.

For acute liver injury induced by a high dose of TAA, the mice were divided into 6 groups 

of 5 mice each: 1. WT Control; 2. WT TAA; 3. cyp2a5−/− Control; 4. cyp2a5−/− TAA; 5. 

cyp2e1−/− Control; 6. cyp2e1−/− TAA. In TAA groups, the mice were injected with TAA 

i.p. at 200mg/kg. In Control groups, the mice were injected with saline at the same volume. 

The mice were sacrificed 24 h after the injection.

For chronic liver injury and fibrosis induced by CCL4, the mice were divided into 6 groups 

of 7 mice each: 1. WT Control; 2. WT CCL4; 3. cyp2a5−/− Control; 4. cyp2a5−/− CCL4; 5. 

cyp2e1−/− Control; 6. cyp2e1−/− CCL4. In CCL4 groups, the mice were injected with CCL4 

i.p. at 0.5 ml/kg, twice per week, for one month. In Control groups, the mice were injected 

with mineral oil i.p. at the same volume. The mice were sacrificed 48 h after the last 

injection.

For chronic liver injury and fibrosis induced by TAA, the mice were divided into 6 groups 

of 7 mice each: 1. WT Control; 2. WT TAA; 3. cyp2a5−/− Control; 4. cyp2a5−/− TAA; 5. 

cyp2e1−/− Control; 6. cyp2e1−/− TAA. In TAA groups, the mice were injected with TAA 

i.p. at 200mg/kg, twice per week, for one month. In Control groups, the mice were injected 

with saline at the same volume. The mice were sacrificed 48 h after the last injection.

Tissue preparations

The mice were sacrificed by cervical dislocation after blood was collected via the retro-

orbital venous sinus under anesthesia by inhalation of isoflurane. The blood was put in room 

temperature for 1 h and then serum was isolated following a centrifuge at 3000 cpm for 10 

min. Serum activity of ALT and AST were measured using kits (Pointe Scientific, Canton, 

MI, USA). The livers were rapidly excised into fragments and rinsed with cold saline. One 

piece of liver tissue from the biggest lobe without gall bladder was put in neutral Formalin 

solution to fix for paraffin bedding. The other liver tissues were snap-frozen and stored at 

−80°C.

Hepatic microsomes were prepared by placing liver aliquots in 0.15 M potassium chloride 

(KCl) and homogenizing in a polytron homogenizer for 10 strokes. The homogenate was 

centrifuged at 9,000 g for 20 min, and then the resulting supernatant fraction was 

centrifuged further at 105,000 × g for 60 min. The resulting pellets (microsomes) were re-

suspended in 50 mM sodium phosphate buffer (pH 7.4). All procedures were carried out 

under cold conditions.

Cytochrome P450 2E1 and 2A5 Activity

CYP2E1 activity was measured by the rate of oxidation of 1 mM p-nitrophenol to p-

nitrocatechol by 100 µg of microsomal protein for 15 min at 37 °C (Lu and Cederbaum, 
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2006). CYP2A5 activity was measured by assessing coumarin 7-hydroxylase activity with 

100 µM coumarin as substrate plus 100 µg of microsomal protein and incubation for 15 min 

at 37 °C (Lu and Cederbaum, 2006).

Measurement of reduced glutathione (GSH) levels

Liver homogenate was mixed with trichloroacetic acid (TCA) to a final concentration of 5% 

TCA and the mixture was incubated at 4° C for 30 min to extract GSH. The TCA extracts 

(10 µl) were added to 200 µl of methanol containing 1 mg/ml o-phthalaldehyde and then 

were incubated for 15 min at 37°C in the dark (Hong et al., 2015). Fluorescence was 

measured at 350/420 nm (excitation/emission). The concentration of GSH was determined 

from a GSH standard curve.

Determination of Thiobarbituric Acid Reactive Substances (TBARS)

In brief, hepatic homogenates were incubated with 0.2 ml of TCA [15% (wt/vol)]-

thiobarbituric acid (TBA) [0.375% (wt/vol)]-hydrogen chloride (HCl) (0.25 N) solution in a 

boiling water bath for 10 min. After centrifugation at 1,000 rpm for 5 min, the resulting 

supernatant was used to determine the formation of TBARS by evaluating absorbance at 535 

nm (Hong et al., 2015). Malondialdehyde (MDA) was treated as above served as a standard.

Liver Histology and Immunohistochemistry

Liver sections were stained with hematoxylin and eosin (H&E) for necrosis evaluation. 

Sirius Red staining was performed to evaluate fibrosis. Fast green was used for background 

staining. Immunohistochemical staining (IHC) for collagen I was performed by using anti-

collagen I antibody (Millipore), followed by a Broad Spectrum (AEC) Histostain-Plus kit 

(Invitrogen). No staining was observed in the absence of the primary antibody. For the 

computer-assisted quantification assessment, the integrated optical density (IOD) was 

calculated from 10 random fields per section containing similar size portal tracts and central 

veins at ×100 and using Image-Pro 7.0 Software (Media Cybernetics, Bethesda, MD, USA). 

The results were expressed as fold-change over the controls.

Statistics

Results are expressed as means ± SD. Statistical evaluation was carried out by using a two-

way analysis of variance with subsequent the Student-Newman-Keuls post hoc test. P<0.05 

was considered as statistical significance.

RESULTS

CCL4-induced acute liver injury, sub-chronic liver injury and fibrosis are dependent on 
CYP2E1 but not on CYP2A5

To examine whether CYP2E1-dependent CCL4 liver injury is also related to CYP2A5 

activity, WT and cyp2a5−/− mice were injected with CCL4 at 0.5 ml/kg. CCL4-induced 

liver injury is not observed in cyp2e1−/− mice therefore cyp2e1−/− mice were also treated 

with same dose of CCL4 as a negative control. As shown in Fig 1A, after 24 h, serum ALT 

was increased comparably in WT mice and cyp2a5−/− mice, while serum ALT was not 
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increased in cyp2e1−/− mice. Single cell death and necrotic foci were observed comparably 

in WT mice and cyp2a5−/− mice, while none was observed in cyp2e1−/− mice (Fig 1B). 

These results suggest that CCL4-induced liver injury was dependent on CYP2E1 rather than 

CYP2A5.

CCL4-induced LPO is involved in CCL4-induced liver injury (Johansson and Ingelman-

Sundberg, 1985; Ekström et al., 1989). While CCL4-induced liver injury was comparable 

between WT mice and cyp2a5−/− mice, LPO as indicated by increases in TBARS and 

decreases in GSH was also comparable between WT mice and cyp2a5−/− mice (Fig 1C). 

After a single injection of CCL4, CYP activities were inhibited, and the inactivation of 

CYPs was one of the earliest signs of acute liver injury induced by CCL4 (de Groot H and 

Haas W, 1980). As shown in Fig. 1 D, both CYP2A5 and CYP2E1 were inhibited by 

administration of CCL4 in either WT mice or cyp2a5−/− mice.

We also examined liver injury induced by a lower dose of CCL4. As shown in Fig. 1 E and 

F, when mice were injected CCL4 at 15 µl/kg, serum ALT and AST were elevated 

comparably in WT mice and cyp2a5−/− mice after 24 h, suggesting that even at a lower 

dose, CCL4-induced mild liver injury is still independent of CYP2A5.

Next, we examined sub-chronic liver injury induced by a long-term (1 month) 

administration of CCL4 in WT mice, cyp2e1−/− mice and cyp2a5−/− mice. The mice were 

injected with CCL4 at 0.5 ml/kg, twice a week. After 1 month of injection, the mice didn’t 

show any evident clinical signs, and the body gain was similar to the control mice. The mice 

were sacrificed 48 h after the last injection of CCL4. In cyp2e1−/− mice, serum ALT 

remained normal after a long-term CCL4 administration, however, serum ALT was elevated 

by a long-term CCL4 in the cyp2a5−/− mice, which was slightly and insignificantly lower 

than those in WT mice (Fig 2 A). In paraffin liver sections with H&E staining, massive 

ballooning degeneration was observed in both of WT mice and cyp2a5−/− mice, while 

normal structure and morphology was observed in cyp2e1−/− mice after the long-term CCL4 

treatment (Fig 2 B). These results suggest that sub-chronic liver injury induced by CCL4 is 

also independent of CYP2A5.

Liver fibrosis is characteristic of extra collagen deposition in extracellular matrix (Mallat 

and Lotersztajn, 2013). Sirius Red staining in paraffin liver sections was performed for 

collagen fiber observation. Collagen fibers were observed comparably in WT mice and 

cyp2a5−/− mice after the long-term CCL4 injection, whereas no fibrosis was observed in 

cyp2e1−/− mice (Fig 2 C, D). The similar extent of fibrosis in WT mice and cyp2a5−/− mice 

but not in cyp2e1−/− mice was also confirmed by IHC for collagen I (Fig 2 E, F). In fibrotic 

liver, the surface is coarse. As shown in Fig 2 C lower panels, after CCL4 treatment, liver 

surface was coarse in WT mice and cyp2a5−/− mice but not in cyp2e1−/− mice. These 

results suggest that CCL4-induced fibrosis is dependent on CYP2E1 but independent of 

CYP2A5.

CYP2A5 protects against low doses of TAA-induced mild liver injury

Unlike CCL4, TAA can induce CYP2A5 in C57BL/6 mice (Salonpää et al., 1995). To 

examine the relationship of TAA-induced liver injury and CYP2A5 activity, various doses 
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of TAA were administrated to WT mice with C57BL/6 background. TAA inhibited CYP2E1 

activity in a dose-dependent manner: while 10 mg/kg TAA had no effect on CYP2E1 

activity, 50 mg/kg TAA inhibited CYP2E1 activity by 50%, and 75–200 mg/kg further 

decreased CYP2E1 activity to 90% (Fig. 3 A). However, TAA affected CYP2A5 activity in 

a different pattern: CYP2A5 activity was also inhibited dramatically by 75–200 mg/kg TAA, 

but it was induced 2.3-fold by 10 mg/kg TAA and remained unchanged after 50 mg/kg TAA 

treatment (Fig. 3 A). As for liver injury, 10 – 75 mg/kg TAA didn’t induce significant liver 

injury as reflected by the levels of serum ALT and AST, but 100 mg/kg TAA increased 

levels of serum ALT and AST up to around 3000 U/L and 200 mg/kg TAA further increased 

serum ALT and AST up to 8000 U/L (Fig. 3 B). These results suggest that TAA induces 

CYP2A5 but not CYP2E1 at a low, nontoxic dose, but TAA inhibits both CYP2A5 and 

CYP2E1 at a hepatotoxic dose.

To investigate the role of CYP2A5 in TAA-induced liver injury, WT mice and cyp2a5−/− 

mice were administrated i.p. with TAA at doses of 10, 50, 75, 100, and 200 mg/kg. After 24 

h, TAA at 10 and 50 mg/kg did not cause increases in serum ALT and AST in WT mice or 

cyp2a5−/− mice. While 75 mg/kg of TAA caused a slight and insignificant increase in serum 

ALT and AST in WT mice, serum ALT and AST were significantly increased up to 600–

700 U/L in cyp2a5−/− mice. At 100 mg/kg of TAA, while serum AST and ALT were 

increased up to 2500–3500 U/L in WT mice and 5000–6000 U/L in cyp2a5−/− mice (Fig. 3 

C and D). However, at dose of 200 mg/kg, serum ALT and AST levels were further 

increased up to 8000 U/L in WT mice and cyp2a5−/− mice comparably (Fig. 3 C and D). 

These results suggest that TAA-induced liver injury may be protected by CYP2A5 at lower 

doses (i.e. 75 and 100 mg/kg) rather than higher dose (200 mg/kg).

TAA also induces oxidative stress (Kang et al., 2008). Administration of 75 mg/kg of TAA 

caused hepatic GSH depletion comparably in WT mice and cyp2a5−/− mice, but TBARS 

was produced in cyp2a5−/− mice to a greater extent than in WT mice(Fig. 3 E), suggesting 

that 75 mg/kg of TAA-induced LPO is stronger in cyp2a5−/− mice, which may be associated 

with 75 mg/kg TAA-induced liver injury was more severe in cyp2a5−/− mice (Fig. 3 C and 

D). However, administration of 200 mg/kg of TAA caused hepatic GSH depletion 

comparably in WT mice and cyp2a5−/− mice, but TBARS production was not increased in 

either cyp2a5−/− mice or WT mice (Fig. 3 E), which is consistent with comparable and 

severe liver injury induced by 200 mg/kg of TAA in cyp2a5−/− mice and WT mice.

The cyp2e1−/− mice were also injected with TAA at 200 mg/kg, but serum ALT and AST 

were almost normal in cyp2e1−/− mice (data not shown), suggesting that CYP2E1 is 

indispensible for TAA liver injury.

TAA-induced liver fibrosis is more severe in cyp2a5−/− mice than in WT mice

The fact that a low dose of TAA-induced liver injury was more severe in cyp2a5−/− mice 

led us to examine whether TAA-induced fibrosis is also more pronounced in cyp2a5−/− 

mice. Fibrosis is a response to chronic liver injury (Mallat and Lotersztajn, 2013). To 

exclude the possibility that higher grades of fibrosis is due to more severe liver injury, a 

dose of 200 mg/kg of TAA was selected because there is no difference in liver injury 

between WT and cyp2a5−/− mice at this high dose. WT and cyp2a5−/− mice were injected 
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with TAA at 200 mg/kg, twice a week. After 1 month of injection with TAA, the mice 

didn’t show any evident clinical signs, and the body gain was similar to the control mice. 

The cyp2e1−/− mice were also treated with TAA to confirm the role of CYP2E1in TAA-

induced liver fibrosis. The mice were sacrificed at 48 h after the last injection of TAA. 

Serum ALT was elevated to about 550 U/L in both WT and cyp2a5−/− mice, while it was 

not significantly increased in cyp2e1−/− mice (Fig 4 A). Consistent with serum ALT, H&E 

staining showed that massive ballooning degeneration and inflammatory cell infiltration 

were observed in both WT mice and cyp2a5−/− mice, while normal liver structure and 

morphology were observed in cyp2e1−/− mice (Fig 4 B), suggesting that high dose of TAA-

induced sub-chronic liver injury was also dependent on CYP2E1 but independent of 

CYP2A5. Sirius Red/Fast Green staining showed that collagen fibers were observed in WT 

mice but not in cyp2e1−/− mice (Fig 4 C, D), suggesting that TAA-induced fibrosis is also 

dependent on CYP2E1. Unlike CCL4, TAA-induced fibrosis was stronger in cyp2a5−/− 

mice than in WT mice (Fig 4 C, D): fiber-containing septa in cyp2a5−/− mice were thicker 

than in WT mice (Fig 4 C). IHC for collagen I further confirmed the above observation (Fig 

4 E, F). These results suggest that CYP2A5 may protect against TAA-induced liver fibrosis.

DISCUSSION

It has long been known that CYP2E1 contributes to liver injuries induced by CCl4 and 

TAA. CYP2A subfamily is in association with CYP2E1in some aspect. For example, 

pyrazole can induce CYP2A5 as well as CYP2E1, and enhancement by pyrazole of 

lipopolysaccharides-induced liver injury in mice may involve both CYP2E1 and CYP2A5 in 

mice (Lu and Cederbaum, 2006). A major cause of boar taint in pigs is accumulation of 3-

methylindole, which can be metabolized by both CYP2E1 and CYP2A (Terner et al., 2006). 

In this study we examined whether CYP2A5 affects liver injuries induced by CCl4 and 

TAA. We found that CYP2A5 does not affect CCL4-induced liver injury, but CYP2A5 may 

protect against moderate liver injury induced by TAA. While CYP2A5 has no effect on 

CCL4-induced liver fibrosis, it can protect against TAA-induced fibrosis.

CYP2E1 contributes to liver injury induced by TAA and CCL4 because CYP2E1 

metabolizes TAA and CCL4 to hepatotoxic active metabolites (Johansson and Ingelman-

Sundberg, 1985; Ekström et al., 1989; Hunter et al., 1977; Porter et al., 1979). CYP3A and 

other CYP isoforms including CYP2B may contribute to CCL4 metabolism (Zangar et al., 

2000; Frank et al., 1982). However, unlike CYP2E1, other CYPs may detoxify CCL4 

because CCL4-induced liver injury was almost negligible (Wong et al., 1998; Avasarala et 

al., 2006). It is well known that CYP2E1 is ethanol inducible (Lu and Cederbaum, 2008). 

Ethanol administration is known to increase CCL4- and TAA-induced liver injury, and the 

underlying mechanism involves the induction of CYP2E1 that accelerates the bio-activation 

of CCL4 and TAA (Maling et al., 1975; Strubelt et al., 1978). Recently we found that 

besides CYP2E1, mouse CYP2A5 can also be induced by ethanol, and very interestingly, 

ethanol induction of CYP2A5 is CYP2E1-dependent (Lu et al., 2011). It has never been 

examined whether CYP2A5 metabolizes TAA and CCL4. Due to the comparable liver 

injury between CCL4-treated WT mice and cyp2a5−/− mice, it seems that CYP2A5 has 

little, if any, effect on CCL4 metabolism. In contrast, TAA-induced liver injury and fibrosis 
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were less severe than those observed in WT mice. Therefore, it will be interesting to address 

whether CYP2A5 metabolizes TAA.

Liver injury induced by TAA and CCL4 involves oxidative stress (Brattin et al., 1985; Kang 

et al., 2008). The redox sensitive transcription factor nuclear factor-erythroid 2-related factor 

2 (Nrf2) usually protects against oxidative injury via regulating a panel of antioxidant genes 

(Cederbaum, 2009). CYP2A6, the human ortholog of CYP2A5, is regulated by Nrf2 

(Yokota et al., 2011; Jin et al., 2012). CYP2A5 levels in liver are lower in Nrf2−/− mice 

compared to WT mice (Lu et al., 2008; Lämsä et al., 2010). CYP2A5 might be among the 

panel of Nrf2-regulated antioxidants to inhibit oxidative liver injury. Indeed, ethanol-

induced CYP2A5, which is regulated by Nrf2, protected against alcoholic liver injury (Lu et 

al., 2012; Hong et al., 2015). Likewise, TAA-induced liver injury and LPO were enhanced 

in cyp2a5−/− mice (Fig. 3). CCL4 does not induce CYP2A5, which seems to be a reason 

why CYP2A5 didn’t protect CCL4-induced liver injury and oxidative stress (Fig. 1). 

However, heavy metal cadmium can also induce CYP2A5, and the cadmium induction of 

CYP2A5 is also regulated by Nrf2 (Abu-Bakar et al., 2004), but CYP2A5 appeared to 

promote cadmium-induced liver injury (unpublished observation). It needs to further study 

on the relationship between CYP2A5 and oxidative liver injury.

The liver fibrogenic response is characterized by progressive accumulation of extracellular 

matrix components enriched in collagens (Mallat and Lotersztajn, 2013). In the present 

study, 200 mg/kg of TAA-induced fibrosis was more severe in cyp2a5−/− mice than in WT 

mice, suggesting that CYP2A5 has a protective effect against TAA-induced liver fibrosis. 

This protective effect of CYP2A5 is not due to its protective effect on liver injury, because 

200 mg/kg of TAA induced similar acute and chronic liver injury in cyp2a5−/− mice and 

WT mice. Hepatic stellate cells (HSC) are a major cell type responsible for liver 

fibrogenesis. Upon chronic liver injury and inflammatory cell infiltration in parenchyma, 

normally quiescent HSCs become activated and acquire a myofibroblast-like phenotype. The 

activated HSCs, which become proliferative, contractile, and migratory, synthesize and 

secrete extra fibrillar collagen-I, which contributes to liver fibrosis (Mallat and Lotersztajn, 

2013). Very interestingly, while we failed to detect CYP2E1 expression by western blotting 

analysis, we observed an expression of CYP2A5 in primary isolated mouse HSCs (Hong et 

al., 2015). Liver CYP2A5 in C57BL/6 mice can be induced by TAA but not by CCL4 

(Salonpää et al., 1995; Pellinen et al., 1993). It is possible that CYP2A5 in HSCs can also be 

induced by TAA but not by CCL4. Whether CYP2A5 induction in HSC prevents HSC 

activation and the consequent fibrogenesis needs further study.

CONCLUSION

In conclusion, CCL4-induced oxidative liver injuries including fibrosis are independent of 

CYP2A5. Oxidative liver injuries induced by lower doses of TAA are protected by 

CYP2A5. CYP2A5 cannot protect against liver injury induced by a high dose of TAA, but it 

protects against liver fibrosis induced by the same dose of TAA.
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ABBREVIATION

ALT alanine aminotransferase

AST aspartate aminotransferase

CCL4 carbon tetrachloride

COH coumarin 7-hydroxylase

CYPs cytochrome P450s

HSC hepatic stellate cell

IHC Immunohistochemical staining

LPO lipid peroxidation

TAA thioacetamide

Nrf2 nuclear factor-erythroid 2-related factor 2
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Figure 1. 
CCL4-induced liver injury and oxidative stress are CYP2E1 dependent but independent of 

CYP2A5. (A) Serum ALT activity and (B) pathological observation in liver sections with 

H&E staining (×200) after CCL4 was injected i.p. at 0.5 ml/kg into WT, cyp2a5−/− mice 

and cyp2e1−/− mice. CV, central vein. Arrows show small single necrotic foci. (C) Liver 

TBARS and GSH and (D) liver microsomal CYP2E1 and CYP2A5 activity after CCL4 was 

injected i.p. at 0.5 ml/kg into WT and cyp2a5−/− mice. (E) Serum ALT activity and (F) 
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Serum AST activity after CCL4 was injected i.p. at 15 µl/kg into WT and cyp2a5−/− mice. * 

P<0.05, compared with Control; # P<0.05, compared with cyp2e1−/− mice group.
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Figure 2. 
CCL4-induced chronic liver injury and fibrosis are dependent on CYP2E1 but independent 

of CYP2A5. CCL4 was injected i.p. at 0.5 ml/kg into WT, cyp2a5−/− mice and cyp2e1−/− 

mice, twice a week, for one month. The mice were sacrificed 48 h after the last CCL4 

injection. (A) Serum ALT activity. (B) H&E staining (×100). (C) Sirius Red/Fast Green 

staining(×100). Lower panels show the coarse surfaces of liver. Arrows show red stained 

fibers. (D) Quantification for Sirius Red staining. (E) IHC for collagen I (×100). Arrows 

show red stained collagen I. (F) Quantification for Collagen I IHC staining. * P<0.05, 

compared with Control; # P<0.05, compared with WT group; & P<0.05, compared with 

cyp2a5−/− mice group.
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Figure 3. 
Relationship of CYP2A5 and TAA-induced liver injury and oxidative stress. (A) Liver 

microsomal activities of CYP2E1 and CYP2A5 and (B) serum levels of ALT and AST after 

the WT mice were injected with different doses of TAA. (C) Serum levels of ALT, (D) 
serum AST and (E) hepatic TBARS and GSH after different doses of TAA were injected 

into WT mice and cyp2a5−/− mice. * P<0.05, compared with Control group (0 mg/kg); # 

P<0.05, compared with WT group.
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Figure 4. 
TAA-induced liver fibrosis but not chronic liver injury is enhanced in the cyp2a5−/− mice 

compared to WT mice. TAA was injected at 200 mg/kg into WT mice, cyp2a5−/− mice and 

cyp2e1−/− mice, twice a week, for one month. The mice were sacrificed 48 h after the last 

TAA injection. (A) Serum ALT activity. (B) H&E staining (×100). (C) Sirius Red/Fast 

Green staining(×100). Lower panels show the coarse surfaces of liver. Arrows show red 

stained fibers. (D) Quantification for Sirius Red staining. (E) IHC for collagen I (×100 upper 

panels; ×200 lower panels). Arrows show red stained collagen I. (F) Quantification for 

Collagen I IHC staining. * P<0.05, compared with Control; # P<0.05, compared with WT 

group; & P<0.05, compared with cyp2a5−/− mice group.
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