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mice was observed when compared with wild 
type ones (Figure 2B). CYP1B1 deficient mice 

also had reduced adipose size (Figure 3A). 
However, no difference in Liver weight was 

Figure 3. CYP1B1 deficiency suppressed genes expression involved in fatty acid uptake and synthesis in white 
adipose tissue, Liver and skeletal muscle in HFD feeding mice. A. Genes of fatty acid uptake in white adipose tis-
sue; B. Genes of fatty acid uptake in liver; C. Genes of fatty acid uptake in gastrocnemius muscle; D. Genes of fatty 
acid synthesis in white adipose tissue; E. Genes of fatty acid synthesis in liver; F. Genes of fatty acid synthesis in 
gastrocnemius muscle. PPARγ: Peroxisome proliferative activated receptor γ; CD36: Fatty acid translocase (FAT); 
DGAT1: Diglyceride acyltransferase 1; FAS: Fatty acid synthase; SCD-1: Stearoyl-CoA desaturase 1; ACC: Acetyl-CoA 
carboxylase; Glut4: Glucose transporter 4; PPARδ: Peroxisome proliferative activated receptor δ; LPL: Lipoprotein 
lipase; PGC1α: Peroxisome proliferative activated receptor γ, coactivator 1 α.
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observed between both groups. To determine 
whether the difference in body weight gain and 
adiposity in both groups after HFD feeding was 
the result of calorie intake, we recorded the 
food consumption and there were no differenc-
es between two groups (Figure 2C), suggesting 
different adiposity in these animals were not 
associated with calorie consumption.

CYP1B1 deficiency improve insulin sensitivity 
in HFD feeding

To assess the effects of the absence of CYP1B1 
on insulin sensitivity, we measured fasting 
blood glucose and insulin concentration and 
performed glucose tolerance test. There was 
significant decreased in glucose and insulin lev-
els in CYP1B1 deficient mice when compared to 
wild types (Table 1). Lower glucose and insulin 
levels indicating mice with CYP1B1 deletion 
have a better glucose homeostasis when chal-
lenging with HFD. Following the administration 
of glucose, animals with absence of CYP1B1 
displayed improved glucose intolerance (Figure 
2D). However, the attenuated effect of CYP1B1 
deficiency on serum triglyceride (TG) levels was 
not significant (Table 1). 

CYP1B1 deficiency alters fat metabolism 
in liver and white adipose tissue, but not in 
muscle

The fact that lower adiposity without decreas-
ing food intake suggests CYP1B1 mediates 
decreased energy retention and/or increased 

energy expenditure. To gain insight into molecu-
lar mechanisms for energy balance in CYP1B1 
deficiency mice, we measured mRNA/protein 
levels of genes involved in fatty acid synthesis 
and fatty acid oxidation in white adipose tissue, 
liver and skeletal muscle.

In epididymal fat pad, CYP1B1 deficiency sig-
nificantly suppressed mRNA levels of PPARγ, 
CD36, FABP4, FAS, SCD-1 and Glut4 (Figure 3A 
and 3D), when compared with wild type mice. 
Similarly, PPARγ, CD36, DGAT1, FAS, SCD-1 and 
ACC (Figure 3B and 3E) expressions in liver 
were also inhibited by CYP1B1 deficiency, 
although FAS did not reach significant level. In 
contrast, CYP1B1 deficiency exhibited less 
effects on genes involved in fatty acid synthe-
sis in muscle, only CD36 and SCD-1 mRNA 
expression (Figure 3C and 3F) were markedly 
reduced, relative to the respective tissue of 
HFD wild type mice.

At the protein level, PPARγ was decreased by 
23% (Figure 4A, P = 0.09) and 31% (Figure 4B, 
P < 0.05) in epididymal adipose tissue and 
liver, respectively, in CYP1B1 deficiency mice 
compared with control tissues. These results 
suggest that CYP1B1 may specifically regulate 
PPARγ expression in WAT and liver, and that 
decreased PPARγ expression may account, at 
least in part, for the decreased energy reten-
tion in HFD fed CYP1B1 deficient mice.

On the other hand, genes controlling fatty acid 
β-oxidation were also regulated by CYP1B1. 

Figure 4. CYP1B1 deficiency inhibited PPARγ expression in both fat pad and liver. A. White adipose tissue; B. Liver.
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Messenger RNA levels of UCP2, a gene pro-
motes mitochondrial fatty acid oxidation, was 
markedly increased in both WAT and liver tis-
sues in HFD fed CYP1B1 deficient mice (Figure 
5A and 5B). CYP1B1 deficiency also elevated 
CPT-1a expression (Figure 5B), an essential 
mitochondrial enzyme in β-oxidation of long 
chain fatty acids in liver. However, UCP3 mRNA 
(Figure 5C), a major uncoupling protein in skel-
etal muscle, were increased slightly (P > 0.05) 
in gastrocnemius muscle in CYP1B1 deficient 
mice.

CYP1B1 deficiency enhances AMPK phosphor-
ylation in liver and white adipose tissue 

AMPK is an important nutrient sensors and 
plays an important role in cellular and whole 
body energy homeostasis [21]. Activation of 
AMKP in liver and skeletal muscle has been 
demonstrated to inhibit synthesis of fatty acids, 
hepatic gluconeogenesis while increasing fatty 
acid oxidation, muscle glucose transport, and 

calorie intake [22]. AMPKα1 also has been 
reported to be the dominant isoform in isolated 
epididymal adipocytes and cultured 3T3-L1 
adipocytes [23, 24]. Therefore, we detected 
AMPKα1 signaling in adipose and liver in mice, 
and found that CYP1B1 deficiency enhance 
AMPK phosphorylation in both epididymal fat 
pad and liver after 6 weeks HFD feeding when 
compared with wild type mice (Figure 6A and 
6B).

Knock down CYP1B1 expression in 
C3H10T1/2 cells does not abolish adipogen-
esis upon hormone cocktail induction

To explore the molecular mechanism of CYP1B1 
in lipogenesis and lipolysis in in vitro system, 
CYP1B1 levels were knocked down by trans-
fecting multi-potential cells C3H10T1/2 with a 
CYP1B1 specific siRNA. CYP1B1 expression 
was confirmed by western blotting (Figure 7A). 
However, adipogenic process induce by IDM 
cocktail was only slightly inhibited by CYP1B1 

Figure5. CYP1B1 deficiency increased genes 
expression involved in fatty acid β-oxidation in 
white adipose tissue, Liver and muscle in HFD 
feeding mice. A. Genes of fatty acid β-oxidation in 
white adipose tissue; B. Genes of fatty acid beta 
oxidation in liver; C. Genes of fatty acid beta oxi-
dation in gastrocnemius muscle. CPT-1a: Carni-
tine palmitoyltransferase 1a; UCP-2: uncoupling 
protein 2; GPAT: Glycerol-3-phosphate acyltrans-
ferase; CRAT: Carnitine acetyltransferase; UCP3: 
uncoupling protein 3; PPARα: Peroxisome prolif-
erative activated receptor α.
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Figure 6. CYP1B1 deficiency enhanced AMPK Signaling in fat and liver tissue after 6 weeks HFD feeding. A. White 
adipose tissue; B. Liver. AMPK: AMP activated protein kinase.

Figure7. Knock down CYP1B1 in C3H10T1/2 cells by siRNA failed to suppress adipogenesis. A. Western blot con-
firmed CYP1B1 silence in C3H10T1/2 cells by siRNA; B. C3H10T1/2 cells after 8 days differentiation under IDM 
condition; C. TG contents in C3H10T1/2 cells after 8 day differentiation; D. Gene expression involved in adipogen-
esis; E. PPARγ protein expression.
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knock-down. Figure 7B and 7C showed the adi-
pogenesis and TG contents in C3H10T1/2 cells 
after 8 days differentiation. The reduced mRNA 
and protein levels of the critical adipogenic 
transcription factor PPARγ (Figure 7D and 7E) 
also did not reach significant levels by CYP1B1 
knockdown. These results suggest a complex 
regulation network between CYP1B1 and fat 
metabolism. 

Discussion

Our findings demonstrated an important role of 
CYP1B1 in energy metabolism that modulates 
diet induced obesity and insulin sensitivity in 
adult mice. We showed that CYP1B1 constitu-
tively expressed in fat pad, liver and muscle of 
C57BL/6J mice. Overall deletion of CYP1B1 in 
mice exhibited extensive impacts on genes 
expression of those tissue, especially in fat pad 
and liver, and in paralleled with lower adiposity 
and improved glucose intolerance in CYP1B1 
deficient mice (KO) after 6 weeks HFD feeding. 
Compared with wild type (WT) mice, such meta-
bolic modifications occurred in CYP1B1 defi-
cient ones without change in caloric intake, 
suggesting a switch in energy utilization. 

Due to its mass, muscle tissue has an impor-
tant role in both energy metabolism and insulin 
sensitivity. However, CYP1B1 deficiency exert-
ed less influence on genes responsible for lipo-
genesis and lipolysis in muscle tissue. 

Compared to wild type mice, hepatic and fat 
pad genes expression responsible for fatty acid 
synthesis and transport are both decrease in 
KO mice upon 6 weeks HFD feeding. ACC is to 
provide the malonyl-CoA substrate for the fatty 
acids synthesis [25]; FAS is to catalyze the syn-
thesis of palmitate from acetyl-CoA and malo-
nyl-CoA into long chain saturated fatty acids; 
SCD-1 is a key enzyme in the synthesis of 
monounsaturated fatty acids and hepatic 
SCD-1 deficiency protects mice from carbohy-
drate induced adiposity [26]; DGAT catalyzes 
the formation of triglycerides from diacylglycer-
ol and Acyl-CoA and is essential for the forma-
tion of adipose tissue. DGAT knockout mice are 
lean and resistant to diet-induced obesity [27]. 
CPT-1 catalyzes the transfer of the acyl group 
from coenzyme A to carnitine to form palmi- 
toylcarnitine and plays a critical role in the 
β-oxidation of long chain fatty acids.  UCP2 pro-
motes mitochondrial fatty acid oxidation [28]. 

The suppression of ACC, FAS, SCD-1, DGAT and 
enhancement of CPT-1, UCP-2 genes expres-
sion in CYP1B1 deficient mice are consistent 
with the reduced fat pad weight, which arises 
from decreased fatty acid synthesis and 
increased fatty acid oxidation. In addition, the 
suppression of PPARγ, a critical transcriptional 
factor in adipocyte differentiation [29], both in 
mRNA and protein levels, also makes essential 
contribution to less fat accumulation in KO 
mice through decreases in downstream tar-
gets, such as CD36/FAT (fatty acid translocase) 
[30]. Furthermore, the genes responsible for 
fatty acid synthesis and β-oxidation mediated 
by the HFD challenge are similar in hepatic and 
adipose tissues, but more profound in liver 
although CYP1B1 expression in liver is relative-
ly lower when compared with fat tissue, sug-
gesting other possible regulation by CYP1B1 in 
energy regulation.

Although decreased TG contents in plasma and 
liver did not reached statistical levels, reduced 
fasting blood glucose and insulin levels, allevi-
ated glucose intolerance were markedly 
observed in CYP1B1 deficient mice when com-
pared with WT mice. 

The glucose levels in CYP1B1 KO mice may be 
regulated by the switch from energy storage as 
lipid droplets to energy utilization. AMPK acti-
vated protein kinase (AMPK) is a major cellular 
energy sensor and activated by elevated AMP/
ATP ratio due to cellular and/or environmental 
stress, such as energy shortage or higher  
energy demand [31]. In the liver, AMPK inhibits 
lipid synthesis and increases lipid oxidation 
through inhibition of ACC phosphorylation. A 
similar role of AMPK was observed in adipo-
cytes. Furthermore, AMPK also exhibits inhibi-
tory effects on lipolysis in adipocytes [32]. 
Therefore, enhanced AMPK activation in liver 
and fat pad by CYP1B1 deficiency decreased 
the availability of fatty acids in the plasma, 
improved insulin sensitization since accumula-
tion of plasma fatty acids will initiate insulin 
resistance.

However, knockdown CYP1B1 in C3H10T1/2 
cells did not effectively prevent adipogenic pro-
cess raises an important issue. We have  
several explanation for that: first, mice as a 
multicellular organism are much more complex 
than a single cell and there are various tissues 
that perform coordinated function for energy 
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homeostasis. And genes responsible for lipid 
metabolism in liver of CYP1B1 deficient mice 
did have more profound alteration when chal-
lenge with HFD. Second, as a monooxygenase, 
CYP1B1 not only bio-activates a number of 
exogenous procarcinogens, also metabolizes 
substrates of endogenous origin including reti-
nol, dietary plant flavanoids [33]. Other tissue 
in mice might provide such substrates to exert 
its inhibition on adipogenesis. Third, the sup-
pression of triglyceride synthesis by aryl hydro-
carbon receptor (AhR) in mouse embryo fibro-
blasts (MEFs) and preadipocytes are highly 
dependent on cell density. AhR loss only elevat-
ed TG synthesis in subconfluent cells [34]. AhR 
is a major transcriptional regulator of CYP1B1, 
and CYP1B1 expression often correlated with 
AhR activity. Thererfore, linking ligand metabo-
lism and cell-cell interaction in the interplay 
between AhR and CYP1B1 might be crucial to 
understanding the precise mechanisms modu-
lating energy homeostasis.

Conclusion

In conclusion, our results demonstrate that 
CYP1B1 deficiency prevent adult mice from diet 
induced obesity and glucose intolerance. 
Enhanced of AMPK activation might be the sig-
naling mechanism underlying such effects. 
However, knockdown CYP1B1 expression in 
C3H10T1/2 cells by siRNA did not statistically 
suppressed its adipogenesis, suggesting a 
complex regulation by CYP1B1 in energy 
homeostasis. Remaining important issues: the 
precise molecular mechanisms by which 
CYP1B1 modulates in energy metabolism and 
whether the effects of CYP1B1 on energy utili-
zation can be translated into a human setting. 
Considering the worldwide pandemic of obesi-
ty, and common used dietary compounds such 
as flavonoids, such potential has not been 
investigated in current study and warrants fur-
ther investigation. 
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Supplement Table 1. Primers for Real-time PCR 
ID Name Primers Amplicon (bp)
NM_009994.1 CYP1B1 F-CCAGATCCCGCTGCTCTACA 77

R-TGGACTGTCTGCACTAAGGCTG
NM_011146.3 PPARγ F-ACCCCCTGCTCCAGGAGAT 84

R- TGCAATCAATAGAAGGAACACGT
NM_011144.6 PPARα F- CCTGAACATCGAGTGTCGAATAT 158

R- GGTTCTTCTTCTGAATCTTGCAGCT
NM_011145.3 PPARδ F-TAAAAGCAGTGGGGCCTGTG 177

R-TCTCTGGAGGAGGAACCCTG
NM_007643.4 CD36 F-TCCTCTGACATTTGCAGGTCTAT 99

R-AAAGGCATTGGCTGGAAGAA
NM_024406.2 FABP4 F-GCGTGGAATTCGATGAAATCA 68

R-CCCGCCATCTAGGGTTATGA
NM_011480.3 SREBP1c F-TACCACTCCCAACAGACC 182

R-TTTCCACGATTTCCCAG
NM_008149.3 GPAT F-CAATGGCGTACTTCATGTGTTCA 221

R-GCACCTCTTATTCAGGACTGCAT
NM_010046.2 DGAT1 F-TTCCGCCTCTGGGCATT 67

R-AGAATCGGCCCACAATCCA
NM_007988.3 FAS F-GCTGCGGAAACTTCAGGAAAT 84

R-AGAGACGTGTCACTCCTGGACTT
NM_009127.4 SCD-1 F-CCGGAGACCCCTTAGATCGA 89

R-TAGCCTGTAAAAGATTTCTGCAAA
NM_133360.2 ACC F-TGTCCGCACTGACTGTAACCA 89

R-TGCTCCGCACAGATTCTTCA
NM_013495.2 CPT-1a F-GCACTGCAGCTCGCACATTACAA 324

R-CTCAGACAGTACCTCCTTCAGGAA
NM_007393.3 β-actin F-AACAGTCCGCCTAGAAGCAC 281

R-CGTTGACATCCGTAAAGACC
NM_008907.1 Cyclophilin F-AGCGTTTTGGGTCCAGGAAT 91

R-AAATGCCCGCAAGTCAAAAG
NM_011671.5 UCP-2 F-TGTTGATGTGGTCAAGACGAGAT 79

R-CATGGTAAGGGCACAGTGA
NM_007760.3 Crat F-TGCACTTGTGGACCATGTC 76

R-CATTGGCAAGGGCACCATA
NM_009204.2 Glut4 F-TACATACCTGACAGGGCAAGG 131

R-TTCGGGTTTAGCACCCTTC
NM_008493.3 Leptin F-CAGGGAGGAAAATGTGCTGGAG 162

R-CCGACTGCGTGTGTGAAATGT
NM_008509.2 LPL F-AGTGGCCGAGAGCGAGAAC 86

R-CCACCTCCGTGTAAATCAAGAAG
NM_008904.2 PGC1a F-AACCACACCCACAGGATCAGA 73

R-TCTTCGCTTTATTGCTCCATGA

Supplement Table 2. Primary antibodies and working condition 
Antibody Name Company Dilution (method)
Mouse monoclonal Anti-β-Actin SIGMA 1:5000 (WB)
Phospho-AMPKα Rabbit mAb Cell Signaling 1:1000 (WB)
AMPKα Rabbit mAb Cell Signaling 1:1000 (WB)
Rabbit polyclonal to CYP1B1 abcam 1:5000 (WB)  
PPARγ Rabbit mAb Santa Cruz 1:500 (WB)


