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Abstract

Background/Objectives—CYP2A6 (CYP2A5 in mice) is mainly expressed in the liver. 

Hepatic CYP2A6 expression is increased in patients with non-alcoholic fatty liver disease 
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(NAFLD). In mice, hepatic CYP2A5 is induced by high fat diet (HFD) feeding. Hepatic CYP2A5 

is also increased in monosodium glutamate-induced obese mice. NAFLD is associated with 

obesity. In this study, we examined whether obesity is related to CYP2A6.

Subjects/Methods—Obesity genetic association study: The SAGE is a comprehensive genome-

wide association study (GWAS) with case subjects having a lifetime history of alcohol dependence 

and control subjects never addicted to alcohol. We used 1030 control individuals with self-reported 

height and weight. A total of 12 single nucleotide polymorphisms (SNP) within the CYP2A6 gene 

were available. Obesity was determined as a BMI ≥ 30: 30–34.9 (Class I obesity) and ≥ 35 (Class 

II and III obesity). Animal experiment study: CYP2A5 knockout (cyp2a5−/−) mice and wild type 

(cyp2a5+/+) mice were fed HFD for 14 weeks. Body weight was measured weekly. After an 

overnight fast, the mice were sacrificed. Liver and blood were collected for biochemical assays.

Results—Single marker analysis showed that 3 SNPs (rs8192729, rs7256108, and rs7255443) 

were associated with class I obesity (p<0.05). The most significant SNP for obesity was rs8192729 

(Odds Ratio=1.94, 95% Confidence intervals=1.21–3.10, p=0.00582). After HFD feeding, body 

weight was increased in cyp2a5−/− mice to a greater extent than in cyp2a5+/+ mice, and fatty liver 

was more pronounced in cyp2a5−/− mice than in cyp2a5+/+ mice. PPARα deficiency in cyp2a5−/− 

mice developed more severe fatty liver, but body weight was not increased significantly.

Conclusion—CYP2A6 is associated with human obesity; CYP2A5 protects against obesity and 

NAFLD in mice. PPARα contributes to the CYP2A5 protective effects on fatty liver but it opposes 

to the protective effects on obesity.
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INTRODUCTION

Dysfunction in lipid metabolism and glucose homeostasis leads to obesity, which is related 

to diabetes, hepatic steatosis, hyperlipidemia, and insulin resistance. The liver plays an 

essential role in the control of glucose and lipid homeostasis. Cytochrome P450 (CYP) 

enzymes are a family of hemeprotein mainly expressed in liver. Some subfamilies of CYPs 

contribute to microsomal fatty acid oxidation. CYP4A was found to be contributive to non-

alcoholic fatty liver in CYP2E1 knockout mice (ref. 1). CYP2E1 contributes to alcoholic 

fatty liver (ref. 2–3) and non-alcoholic fatty liver (ref. 4–5). Recently, CYP1B1 was reported 

to be a new modulator of liver lipid metabolism (ref. 6).

CYP2A is a subfamily of CYPs, which includes but does not limit to CYP2A6 in human and 

CYP2A5 in mice (ref. 7). Coumarin is 7-hydroxylated specifically by coumarin 7-

hydroxylase encoded by the mouse cyp2a5 gene and human cyp2a6 gene (ref. 7). Thus, 

activity of coumarin 7-hydroxylase is accepted as a marker of CYP2A5/6 catalytic activity. 

In the rest of this article, CYP2A5 and CYP2A6 are generally referred to CYP2A, and in 

catalytic enzyme level, they are referred to coumarin 7-hydroxylase.

In the liver sections from patients with alcoholic liver diseases, CYP2A expression was 

detected to be increased (ref. 8). Consistently, in a mouse model, we found that expression 
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of CYP2A and activity of coumarin 7-hydroxylase were induced by alcohol feeding (ref. 9–

10). However, alcoholic fatty liver was enhanced in cyp2a5 knockout (cyp2a5−/−) mice, 

suggesting that CYP2A protects but does not contributes to alcoholic fatty liver (ref. 11–12). 

In the liver sections from patients with non-alcoholic fatty liver diseases, CYP2A expression 

was also detected to be increased (ref. 9). In an animal model, hepatic CYP2A protein was 

reported to be increased in monosodium glutamate-induced obese mice (ref. 13). But it is 

still unclear whether CYP2A protects against or contributes to obesity and non-alcoholic 

fatty liver.

Peroxisome proliferator-activated receptor α (PPARα) is a major to regulator for hepatic 

lipid metabolism. Interestingly, the basal level of PPARα was elevated in the cyp2a5−/− mice 

(ref. 11–12). Using Pparα and Cyp2a5 double knockout (P-A-) mice, we found that CYP2A 

cooperates with PPARα in mice to protect against alcoholic fatty liver (ref. 12). It is well 

known that PPARα regulates fatty acid oxidation and protects against non-alcoholic fatty 

liver (ref. 14–15). PPARα activation prevent obesity in ob/ob obese mice (ref. 16) and 

PPARα absence in ob/ob obese mice make the mice more obese (ref. 17), suggesting that 

PPARα may also protect against obesity. In this study we examined whether CYP2A 

interacts with PPARα to regulate obesity and non-alcoholic fatty liver.

MATERIALS AND METHODS

HUMAN SUBJECTS

The SAGE (Study of Addiction: Genetics and Environment) sample—The SAGE 

is a comprehensive genome-wide association study (GWAS) using approximately 4,000 

unrelated subjects of European and African-American descent. It was funded as part of the 

Gene Environment Association Studies (GENEVA) initiative supported by the National 

Human Genome Research Institute (dbGaP study accession phs000092.v1.p1). Cases were 

1,944 subjects with the primary phenotypes identified as having a lifetime history of alcohol 

dependence using DSM-IV criteria (ref. 18–19). Controls consisted of 1,965 subjects who 

had used alcohol, but had never been addicted to alcohol or other illicit substances. In the 

present study, we used 1030 Caucasian control individuals with self-reported height and 

weight. Those control individuals diagnosed as having drug dependence due to the likely 

genetic overlap between alcohol dependence and drug dependence were excluded. 

Participant characteristics are presented in Supplemental Table 1. There were more females 

than males in each weight class. The mean and ranges of age are similar in each weight 

class. Obesity was determined by body mass index (BMI), which was calculated by body 

weight (in kilograms) divided by squared height (in meters). Based on the magnitude of 

BMI (=kg/m2), the individuals were classified into four categories: 18.5–24.9 (normal 

weight as controls), 25–29.9 (overweight), 30–34.9 (Class I obesity), and ≥ 35 (Class II and 

III obesity). Twelve individuals with BMI <18.5 were excluded in this study. Social factors 

used in this study were age and gender. Genotyping was performed by the Center for 

Inherited Disease Research using the Illumina Human1M-Duo BeadChip system. A total of 

12 single nucleotide polymorphisms (SNPs) within the CYP2A6 and CYP2A7 genes were 

available in this sample (Table 1). All 12 SNPs were in Hardy-Weinberg equilibrium in the 
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controls (p>0.01). This study was approved by Internal Review Board (IRB) at East 

Tennessee State University (ETSU).

Statistical analyses—Hardy-Weinberg equilibrium was tested for all of the SNPs in 

individuals with normal weight as controls by using HAPLOVIEW software (ref. 20). Then, 

minor allele frequency (MAF) was determined for each SNP and the linkage disequilibrium 

(LD) structure was constructed using HAPLOVIEW software. Multiple logistic regression 

analysis of overweight, obesity I and obesity II+III, adjusted for age and sex, was performed 

using PLINK v1.07 (ref. 21). The asymptotic p-values for this test were observed while the 

odds ratio (OR) and its standard error were estimated. Haplotype analyses of obesity were 

performed for the SAGE sample using the PLINK software. Descriptive statistics for age 

and gender were conducted with SAS statistical software, version 9.4 (SAS Institute, Cary, 

NC, USA).

ANIMAL EXPERIMENTATION

Animals and Treatments—The colony of cyp2a5−/− mice was created by crossing male 

C57BL/6 cyp2a5−/− mice (ref. 22) (kindly provided by Dr. Xinxin Ding, SUNY College of 

Nanoscale Science and Engineering, Albany, NY, USA) and female C57BL/6 wild type 

mice (purchased from Charles River Laboratory, MA, USA). Littermates (cyp2a5+/+) were 

bred as a colony of WT control. The Pparα−/− mice were purchased from Jackson 

Laboratory (Strain #008154). The colony of Pparα and Cyp2a5 double knockout mice (P-A- 

mice) was created by crossing the Pparα−/− mice with Cyp2a5−/− mice. Littermates not 

expressing Cyp2a5 but expressing Pparα (P+A-) and expressing Cyp2a5 but not expressing 

Pparα (P-A+) were used as control mice. All 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. The animal studies were approved by Animal Care 

and Use Committee at Icahn School of Medicine at Mount Sinai and University Committee 

on Animal Care at ETSU, respectively.

The female, 6–8 weeks mice (5 mice/group by randomization) were used to induce obesity 

and non-alcoholic fatty liver disease by feeding a high fat diet (HFD). The mice in control 

groups were fed control diet (CD). All mice were permitted consumption of tap water and 

HFD or CD ad libitum. Mouse body weight and diet consumption were measured weekly. In 

HFD, fat calories are 60%. HFD and CD contain the same amount (20.5%) of protein. The 

mice were fasted overnight (15 h) and then sacrificed. Blood was collected and serum levels 

of triglyceride, free fatty acids, β-hydroxyl butyrate, FGF21, insulin, adiponectin, leptin, and 

CTRP3 were measured using commercially available kits (supplemental Table 2). The livers 

were rapidly excised into fragments and washed with cold saline. Liver tissues from same 

lobes of different mice were put in neutral Formalin solution for paraffin bedding. The other 

liver tissue aliquots were stored at −80°C for future assays. Liver homogenates were 

prepared in ice-cold 0.15 M potassium chloride (KCL) and liver triglyceride content was 

measured using the same assay kit as serum triglyceride.
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Glucose tolerance test, insulin tolerance test, and pyruvate tolerance test—For 

Glucose tolerance test and pyruvate tolerance test, the mice were subjected to an overnight 

fast (15h) followed by glucose or pyruvate injection ip at 1 g/kg and 2 g/kg, respectively. For 

insulin tolerance test, under feeding status the mice were injected with insulin ip at 2 U/kg. 

Blood was collected from tails for measuring blood glucose by Bayer Contour blood glucose 

meter.

Liver Histology—Liver sections with hematoxylin and eosin (H&E) staining were used 

for pathological evaluation as described before (ref. 2–3).

Liver microsomal CYP2E1 and CYP2A5 Activity—For liver microsomes preparation 

and microsomal CYP2E1 and CYP2A5 (coumarin 7-hydroxylase) activity assays please see 

reference (ref. 9–12).

Western Blotting—The SDS-PAGE and chemiluminescence imaging was carried out as 

described before (ref. 9–12). β-actin was detected as a protein loading control. Anti-

CYP2E1 and anti-CYP2A antibodies were gifts from Dr. Jerome Lasker (Hackensack 

Biomedical Research Institute, Hackensack, NJ, USA) and Dr. Risto Juvonen (Department 

of Pharmacology and Toxicology, University of Kuopio, Kuopio, Finland), respectively. 

Anti-ADRP was from Abcam (Cambridge, MA, USA).

RESULTS

Genetic association study: CYP2A6 gene is associated with obesity

Single marker analysis showed that 3 SNPs (rs8192729, rs7256108, and rs7255443) in the 

CYP2A6 gene were associated with class I obesity (p<0.05) (Table 1). The most significant 

SNP for obesity was rs8192729 (OR=1.94, 95%CI=1.21–3.10, p=5.82×10−3). The SNP 

rs7251418 revealed a borderline association with class II and III obesity (OR=1.34, 

95%CI=0.96–1.87, p=0.0878). The pairwise LD statistics (r2) for 10 SNPs were assessed for 

controls with normal weight using HAPLOVIEW (Supplemental Figure 1). Rough rule of 

thumb, values of r2 >1/3 might indicate sufficiently strong LD to be used for fine mapping 

(ref. 23). Table 2 shows eight haplotypes associated with class I obesity. The A-G haplotype 

from rs8192729-rs7256108 (r2 = 0.94 between the two SNPs) and the A-T haplotype from 

rs8192729-rs7255443 (r2 = 0.94 between the two SNPs) showed the most significant 

associations with class I obesity (p = 5.82 ×10−3). These results suggest that CYP2A6 gene 

is associated with obesity in human, especially class I obesity.

After HFD feeding, cyp2a5−/− mice exhibit more body weight gain than cyp2a5+/+ mice

The female cyp2a5−/− and cyp2a5+/+ mice were fed HFD or CD for 3 months. After HFD 

feeding, the cyp2a5−/− mice exhibited a significant increase in body weight starting from the 

6th week, while the significant increase in body weight was observed in cyp2a5+/+ mice 

starting from the 9th week. The body weight was increased in HFD-fed cyp2a5−/− mice to a 

greater extent than in HFD-fed cyp2a5+/+ mice starting from the 6th week (Fig 1 A). After 

HFD feeding, serum triglyceride was increased by 2-fold in cyp2a5−/− mice, but it was 

increased only 20% in cyp2a5+/+ mice (Fig 1 B). Similarly, serum glucose was not 
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significantly increased in cyp2a5+/+ mice but it was increased about 2.5-fold in cyp2a5−/− 

mice (Fig 1 C). In response to glucose challenge, the HFD-fed cyp2a5−/− mice exhibited a 

more severe glucose intolerance than the HFD-fed cyp2a5+/+ mice did (Fig 1 D). However, 

after 30min of insulin injection, there was no significant difference in blood glucose 

reduction between the cyp2a5−/− mice and cyp2a5+/+ mice, either HFD-fed or CD-fed (Fig 1 

E). After 2 h of insulin injection, while blood glucose remained reduced in CD-fed 

cyp2a5−/− mice, it started to recover in other three groups (Fig 1 E). Generally, CYP2A 

protects against HFD-induced dysfunction in lipid metabolism and glucose homeostasis, and 

HFD-induced obesity is protected by CYP2A.

HFD-induced fatty liver is more pronounced in cyp2a5−/− mice than in cyp2a5+/+ mice

After HFD feeding, liver contents of triglyceride were increased in cyp2a5−/− mice to a 

greater extent than in cyp2a5+/+ mice (Fig 2 A). Consistently, HFD-induced fatty liver as 

indicated by lipid droplets in H&E stained liver sections was more pronounced in cyp2a5−/− 

mice than in cyp2a5+/+ mice (Fig 2B, 2C). Expression of adipose differentiation-related 

protein (ADRP), a marker of fatty liver (ref. 24), was increased in cyp2a5−/− mice more than 

in cyp2a5+/+ mice (Fig 2 D). Fibroblast growth factor 21 (FGF21) is mainly expressed in 

liver and released into blood (ref. 25). Basal levels of serum FGF21 were elevated in 

cyp2a5−/− mice. HFD induced FGF21 in cyp2a5+/+ mice but did not induce FGF21 in 

cyp2a5−/− mice (Fig 2F). As expected, there was no hepatic CYP2A expression in cyp2a5−/− 

mice (Fig 2 D), activity of coumarin 7-hydroxylase was almost undetectable in hepatic 

microsomes isolated from cyp2a5−/− mice (Fig 2 E). Even though hepatic activity coumarin 

7-hydroxylase and expression of CYP2A were detectable in cyp2a5+/+ mice, they were not 

induced by HFD feeding (Fig 2D, 2E). CYP2E1, both activity and protein expression, was 

comparable in cyp2a5−/− mice and cyp2a5+/+ mice, and they were induced by HFD feeding 

in both cyp2a5−/− mice and cyp2a5+/+ mice (Fig 2D, 2E). These results suggest that HFD-

induced fatty liver is more pronounced in cyp2a5−/− mice than in cyp2a5+/+ mice, which is 

not related to CYP2E1.

PPARα absence in cyp2a5−/− mice blunts HFD-induced obesity but enhances HFD-induced 
fatty liver

Female PPARα and CYP2A5 double knockout mice (P-A- mice), their female littermates 

not expressing CYP2A5 but expressing PPARα (P+A-) or expressing CYP2A5 but not 

expressing PPARα (P-A+), were fed HFD or CD for 10 weeks. While P+A- mice 

(equivalent to cyp2a5−/− mice) developed severe obesity (Fig. 3A middle panel), 
surprisingly, body weight in P-A- mice (Fig. 3A left panel) and P-A+ mice (equivalent to 

Pparα−/− mice) (Fig. 3A right panel) was not significantly increased in response to HFD 

feeding. Adipose tissue section H&E staining showed that sizes of adipocyte in P+A- mice 

were larger than those in P-A- mice and P-A+ mice (Fig. 3B). Although there was no 

difference in serum insulin levels among P-A- mice, P+A-mice and P-A+ mice 

(Supplemental Fig. 2A), P+A- mice exhibited more severe glucose intolerance (Fig. 3C 

middle panel) than P-A- mice (Fig. 3C left panel) and P-A+ mice (Fig. 3C right panel); 
HFD feeding worsen the glucose intolerance in P+A- mice but HFD had no effect on 

glucose intolerance in P-A- mice and P-A+ mice (Fig. 3C). Pyruvate tolerance test showed 

that blood glucose in response to pyruvate injection was lower in P-A- mice than in P+A- 
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mice (Fig. 3D), suggesting a lower capacity for liver gluconeogenesis in P-A- mice than in P

+A- mice.

Using Bio-Plex mouse diabetes panel kit we screened 8 diabetes-related cytokines and found 

that serum leptin was induced by HFD in P+A- mice but not in P-A- mice and P-A+ mice 

(Fig. 3E). In contrast, serum ghrelin was induced in P-A- mice and P-A+ mice but not in P

+A- mice (Fig. 3E). The other 6 cytokines including insulin, glucagon, PAI-1, resistin, GIP, 

and GLP-1 had no or little changes (Supplemental Fig. 5).

While HFD-induced obesity was suppressed in P-A- mice, HFD-induced fatty liver was 

more pronounced in P-A- mice than in P+A- mice and P-A+ mice, even CD-fed P-A- mice 

exhibited a weak steatosis but CD-fed P+A- mice or P-A+ mice did not (Fig. 4A). 

Immunohistochemistry staining indicates that most lipid droplets were surrounded by ADRP 

(Supplemental Fig. 3). Sirius Red staining showed that HFD-induced collagen fiber was 

mainly located in sinusoids (Supplemental Fig. 4). There were no significant differences in 

serum levels of triglyceride and aspartate transaminase (ALT) between P-A- mice and P+A- 

mice (Supplemental Fig. 2B, 2C). Although serum glycerol, a marker of adipolysis, had no 

significant difference among the groups (Supplemental Fig. 2D), serum free fatty acids, 

which are mainly derived from adipose tissue after an overnight fasting, was lower in P+A- 

mice than in P-A- mice and P-A+ mice (Fig. 4B),. Serum β-hydroxylbutyrate, indicative of 

ketogenesis, was lower in P-A- mice and P-A+ mice than in P+A- mice (Fig. 4C).

FGF21 is regulated by PPARα (ref. 25). Serum FGF21 was higher in P+A- mice than in P-

A- and P-A+ mice (Fig. 4D). FGF21 may exert its effect via adiponectin (ref. 26–27). 

However, we did not see any significant difference in serum adiponectin between P-A- and P

+A- mice (Fig. 4E). Instead, basal levels of serum C1q TNF Related Protein 3 (CTRP3), a 

new adipokine (ref.28), were upregulated in P-/A- mice and P-/A+ mice, and HFD feeding 

suppressed CTRP3 in P-/A- mice and P-/A+ mice but not in P+/A- mice, suggesting that 

PPARα contributes to maintaining the serum levels of CTRP3 stable in P+A- mice (Fig. 4F).

DISCUSSION

Kirby et al first reported that hepatic CYP2A may regulate lipid metabolism (ref.29). 

Recently it was found that fatty acids can induce CYP2A in hepatocytes (ref.30–31). 

Previously, we found that CYP2A protects against alcoholic fatty liver (ref.11–12). In this 

study, we identified an association of CYP2A6 gene with obesity in human subjects. In 

animal experiments, we found that obesity and hepatic steatosis was more severe in 

cyp2a5−/− mice than in cyp2a5+/+ mice, suggesting that CYP2A protects against obesity and 

non-alcoholic fatty liver.

It is well known that PPARα can regulate liver fatty acid oxidation and prevent fatty liver. 

Fasted pparα−/− mice exhibited more severe steatosis than fasted wild type mice (ref.14–15). 

Global or liver-specific PPARα absence revealed an enhanced fatty liver in response to 

methionine and choline deficient diet (ref.32). Consistently, P-A- mice developed more 

severe fatty liver than P+A- mice did, and serum free fatty acids was higher in P-/A- mice 

and P-A+ mice than in P+/A- mice, suggesting that PPARα may synergize with CYP2A to 
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protect against hepatic steatosis i.e. the protective effects of CYP2A on non-alcoholic fatty 

liver are augmented but not masked by PPARα. PPARα can also regulate glucose 

homeostasis (ref.33). Gluconeogenesis indicated by pyruvate tolerance test and glucose 

intolerance indicated by glucose tolerance test were lower in P-/A- and P-/A+ mice than in P

+A- mice, suggesting that PPARα regulates gluconeogenesis and glucose homeostasis 

independent of CYP2A. More severe glucose and pyruvate intolerance in P+/A- mice than in 

P-/A- mice suggests that CYP2A regulates glucose homeostasis via PPARα. Both P-/A- 

mice and P-/A+ mice exhibited comparable higher serum free fatty acids, lower serum β-

hydroxylbutyrate, and lower serum glucose (glucose tolerance and gluconeogenesis), but 

only P-/A- mice revealed a more pronounced fatty liver, suggesting that PPARα-regulated 

lipid metabolism and gluconeogenesis are prime factors for the development of severe fatty 

liver in P-/A- mice, and CYP2A deficiency can enhance the PPARα deficiency-related 

steatosis. PPARα was upregulated in cyp2a5−/− mice (ref.11–12). Thus, elevation of PPARα 
in cyp2a5−/− mice might be a compensatory response to improve the impaired metabolism 

capacity caused by the deletion of CYP2A. Further deletion of PPARα in cyp2a5−/− mice 

causes de-compensation and induces severe fatty liver.

Recently it was found that failure to increase PPARα-regulated free fatty acid oxidation may 

be more prone to developing obesity because PPARα deficiency in ob/ob obese mice makes 

the mice become more obese (ref.17). Fat is mainly stored in adipose tissue in the form of 

triglyceride. When the fat in adipose tissue is saturated, the fat “overflows” from adipose 

tissue to liver, which contributes to hepatic steatosis (ref.34). Indeed, liver fat is mainly from 

adipose tissue (ref.35). In this study, while fatty liver was more severe in P-/A- mice than in 

P+/A- mice, body weight gain (obesity) was less in P-/A- mice than in P+/A- mice. When 

fat is subjected to lipolysis in adipose tissue, free fatty acids will be released into blood, so 

fat flow from adipose tissue to liver is in the form of serum free fatty acids. Compared with 

P+A- mice, P-/A- mice exhibited higher serum free fatty acids, suggesting a stronger 

adipose lipolysis, which may cause less obese and more severe fatty liver. Therefore, this 

observation is still in agreement with the notion that “fat flow” from adipose to liver 

contributes to hepatic steatosis. On the other hand, both P-/A- mice and P-/A+ mice 

exhibited identical less obesity and higher serum free fatty acids, but only P-/A- mice 

developed severe fatty liver, suggesting that CYP2A5 deficiency is essential for the severe 

fatty liver development. Thus, the interaction between CYP2A and PPARα has opposing 

effects: protecting against fatty liver but promoting obesity.

FGF21 is a modulator of lipid metabolism and glucose homeostasis (ref.36). FGF21 

attenuates hyperglycemia by increasing energy metabolism in adipose tissues (ref.37); 

hepatic FGF21 transgenic mice were protected from diet-induced obesity (ref.25). Treatment 

with FGF21 also acts directly on the liver to modulate hepatic metabolism (ref.37) and 

FGF21 knockdown caused both hepatic steatosis and hypertriglyceridemia (ref.38). We 

found that recombinant FGF21 (rFGF21) treatment blunted hypertriglyceridemia induced by 

alcohol feeding in pparα−/− mice (ref.12), so PPARα regulates lipid metabolism through 

FGF21. FGF21 is mainly produced in liver and is released from liver into blood. FGF21 can 

target adipocytes because FGF21 exerts its effect via binding to FGF receptor 1 which is 

mainly expressed in adipocytes (ref.37 and 39). Thus, interaction between adipose tissue and 

liver might be mediated by the liver-released FGF21. Because FGF21 is regulated by 
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PPARα (ref.38, ref.40–41), serum FGF21 was much lower in P-/A- mice and P-/A+ mice 

than in P+/A- mice (Fig.4D). Free fatty acids are endogenous ligands to activate PPARα, but 

serum free fatty acids from adipose tissue do not activate PPARα, instead, it is de novo 
synthesized fatty acids that activate PPARα (ref.42). Fatty acid synthase (FAS) is elevated in 

cyp2a5−/− mice (ref.11). Thus, in cyp2a5−/− mice fatty acids de novo synthesized by FAS 

may activate the already elevated PPARα. Therefore, serum FGF21 were still higher in P

+A- mice than in P-/A- mice and P-/A+ mice even though serum free fatty acids (mainly 

derived from adipose lipolysis) were lower in P+/A- mice than in P-/A- mice and P-/A+ 

mice. FGF21 may exert effect via adiponectin (ref.26–27). However, no difference in serum 

adiponectin between P-A- and P+A- mice was observed. Instead, serum leptin was 

dramatically induced by HFD in P+/A- mice but not in P-/A- mice and P-/A+ mice, which is 

similar to changes of serum FGF21. In fact, leptin is a potential regulator of FGF21 (ref.43) 

and FGF21 can promote metabolic homeostasis via leptin (ref.44). In addition, another 

adipokine CTRP3 also protected against hepatic steatosis (ref.45). It is possible that PPARα 
regulates interaction between liver and adipose tissue through the liver released FGF21 and 

adipose tissue released adipokines. Whether CYP2A protects against obesity and fatty liver 

via interacting with a PPARα-FGF21-adipokine axis needs further studies.

In this study, we evaluated glucose homeostasis during HFD feeding in a few colonies of 

mice. The P+/A- and P-A- mice are new colonies created in our lab; HFD can deteriorate 

glucose intolerance in P+A- mice but not in P-A- mice. For observing an effect of HFD on 

glucose intolerance, the optimal fasting time was 6 h because the longer fasting times ( 18 or 

24 h) diminished the HFD-enhancing effect on glucose intolerance (ref 46). In this study, the 

mice were fasted for 15 h before glucose tolerance test, and the HFD-enhancing effect on 

glucose intolerance was still observed in P+A- mice but not in P-A- mice. If a 6 h of fasting 

make the P-A- mice exhibit a HFD-enhancing effect, probably this HFD-enhancing effect in 

P-A- mice is still less than in P-A+ mice. The P-A+ mice are equivalent to ppara−/−mice and 

our observation with glucose homeostasis in P-A+ mice is consistent with others’ reports 

(ref. 14, 15). The cyp2a5−/− mice exhibited obvious glucose intolerance, which is consistent 

with our previous report that alcohol can induce hyperglycemia in cyp2a5−/− mice but not in 

cyp2a5+/+ mice (ref.11). However, we did not observe a blood glucose recovering in 

cyp2a5−/− mice within 2 h after an insulin injection. FGF21 can augment insulin activity to 

promote glucose uptake in adipocytes (ref. 36). Basal levels of serum FGF21 was higher in 

cyp2a5−/− mice than in cyp2a5+/+ mice. It needs further studies to address whether elevated 

FGF21 in cyp2a5−/− mice contributes to sustained reduction of blood glucose in response to 

insulin injection.

In summary, genetic association study suggests that CYP2A6 gene is associated with obesity 

in human subjects. Animal experiments suggest that CYP2A protects against obesity and 

nonalcoholic fatty liver in mice, and through regulating lipid metabolism and glucose 

homeostasis, PPARα contributes to the CYP2A protective effects on fatty liver but it 

opposes to the CYP2A protective effects on obesity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
HFD-induced obesity is more severe in cyp2a5−/− mice than in cyp2a5+/+ mice. (A) Body 

weight. *P<0.05, compared with WT HFD group. (B) Serum triglyceride. *P<0.05, 

compared with CD group; #P<0.05, compared with WT HFD group. (C) Serum glucose. 

*P<0.05, compared with CD group; #P<0.05, compared with WT HFD group. (D) Glucose 

tolerance test. * P<0.05, compared with WT HFD group. (E) Insulin tolerance test. * 

P<0.05, compared with WT HFD group. CD, control diet; HFD, high fat diet; KO, 

cyp2a5−/− mice; WT, cyp2a5+/+ mice.
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Figure 2. 
HFD-induced nonalcoholic fatty liver is more severe in cyp2a5−/− mice than in cyp2a5+/+ 

mice. (A) Liver triglyceride. *P<0.05, compared with CD group; #P<0.05, compared with 

WT HFD group. (B) Liver section H&E staining. (C) Pathological quantification: steatosis 

score. *P<0.05, compared with CD group; #P<0.05, compared with WT HFD group. (D) 

Liver expression of CYP2E1, CYP2A5, ADRP, PPARα and FGF21. (E) Activities of 

microsomal CYP2E1 and CYP2A5. *P<0.05, compared with CD group. (F) Serum FGF21 

level. *P<0.05, compared with WT CD group.
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Figure 3. 
HFD does not induce obesity in P-A- mice. (A) Body weight. (B). Adipose tissue H&E 

staining shows size of adipocytes. (C) Glucose tolerance test. (D) Pyruvate tolerance test. * 

P<0.05, compared to P+A- CD group. (E) Serum leptin. (F) Serum grhelin.
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Figure 4. 
HFD-induced fatty liver is more severe in P-A- mice than in P+A- mice. (A) Liver section 

H&E staining. Arrows show lipid droplets. (B) Serum levels of free fatty acids. (C) Serum 

β-hydroxylbutyrate. (D) Serum FGF21. (E) Serum adiponectin. (F) Serum CTRP3. *P<0.05, 

compared with P-A- CD group; $ P<0.05, compared with P-A+ CD group; # P<0.05, 

compared to P-A- HFD Group; & P<0.05, compared with P-A+ HFD group.
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