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Abstract Although the functions ofmetabolic enzymes and nuclear receptors in controlling physiological

homeostasis have been established, their crosstalk in modulating metabolic disease has not been explored.

Genetic ablation of the xenobiotic-metabolizing cytochrome P450 enzyme CYP2E1 in mice markedly

induced adipose browning and increased energy expenditure to improve obesity. CYP2E1 deficiency acti-

vated the expression of hepatic peroxisome proliferator-activated receptor alpha (PPARa) target genes,

including fibroblast growth factor (FGF) 21, that upon release from the liver, enhanced adipose browning

and energy expenditure to decrease obesity. Nineteenmetabolites were increased inCyp2e1-null mice as re-

vealed by global untargeted metabolomics, among which four compounds, lysophosphatidylcholine and

three polyunsaturated fatty acids were found to be directly metabolized by CYP2E1 and to serve as PPARa

agonists, thus explaining how CYP2E1 deficiency causes hepatic PPARa activation through increasing
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CYP2E1ePPARaeFGF21 axis modulates obesity 2225
cellular levels of endogenous PPARa agonists. Translationally, aCYP2E1 inhibitorwas found to activate the

PPARaeFGF21ebeige adipose axis and decrease obesity inwild-typemice, but not in liver-specificPpara-

null mice. The present results establish ametabolic crosstalk between PPARa andCYP2E1 that supports the

potential for a novel anti-obesity strategy of activating adipose tissue browning by targeting the CYP2E1 to

modulate endogenous metabolites beyond its canonical role in xenobiotic-metabolism.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sci-

ences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Obesity and the associated metabolic disorders are increasing at an
alarming rate globally, particularly in Western countries1. An
imbalance between energy intake and expenditure results in obesity,
and activation of adipose browning, characterized in rodent models,
is an attractive strategy for enhancing non-shivering thermogenesis
and thus countering the excess energy intake2. When voluntary
lifestyle and dietary strategies fail, medical treatment becomes a
necessary means for the treatment of obesity. However, no effective
pharmacotherapies are available in the clinic.

Glucolipid-metabolic enzymes and nuclear receptors have
become drug targets for the treatment of obesity3,4, although less is
known about their roles in the modulation of adipose browning.
Cytochrome P450 (CYP) 2E1 was suggested to be closely related to
the pathological process of metabolic diseases. CYP2E1 activity is
significantly increased in both humans and experimental rodent
models under conditionsofdiabetes5, fasting6, obesity7, andhigh-fat
diet (HFD) treatment8. Cyp2e1-null mice are protected from HFD-
induced obesity9 and nonalcoholic steatohepatitis10. Peroxisome
proliferator-activated receptor alpha (PPARa) plays an essential role
in lipid homeostasis and energy regulation, and the expression and
excretion of hepatic fibroblast growth factor (FGF)2111, a major
PPARa target gene in liver12, could act as an endocrinal beige
stimulator to alleviate the obesity13. However, the mechanism by
which CYP2E1 affects metabolic diseases has not been explored.

CYP2E1 was initially identified as an ethanol-inducible
enzyme14 involved in the metabolism of various low-molecular
weight xenobiotics including ethanol, benzene, carbon tetrachlo-
ride, and acetaminophen15. Notably beyond these xenobiotics,
CYP2E1 also metabolizes endogenous substrates including fatty
acids16e20, while various endogenous ligands, also including fatty
acids, were reported to activate PPARa21e23. Thus, it is possible that
some of the endogenous substrates of CYP2E1 also serve as PPARa
agonists.However,howthesharedsubstrates and ligandsofCYP2E1
andPPARa could act as signal-transducingmolecules inmodulating
metabolic diseases are largely unknown.

In the present study, to explore the potential crosstalk between
CYP2E1 and PPARa, global genomics, metabolomics in combina-
tion with Cyp2e1-null mice and liver-specific Ppara-null mice
(PparaDHep) as well as the CYP2E1 inhibitor dieth-
yldithiocarbamate (DDC)24 were employed to uncover the mecha-
nism by which CYP2E1 deficiency decreases obesity.

2. Materials and methods

2.1. Chemicals and reagents

DDC, docosahexaenoic acid (DHA), arachidonic acid (AA), 9,12-
linoleic acid (LCA), and Wy-14643 were purchased from
SigmaeAldrich (Saint Louis, MI, USA). Lipofectamine 3000 was
obtained from Invitrogen (Carlsbad, CA, USA). Human pGST-
PPARa and X3-TK-PPRE-luciferase vectors were from Addgene
(Watertown, MA, USA). The pCMV-renilla luciferase vector was
provided by Grace L. Guo (Rutgers University, New Brunswick,
NJ, USA). Mouse/rat FGF21 quantitative enzyme-linked immu-
nosorbent assay kit was purchased from R&D systems (Minne-
apolis, MN, USA). Anti-uncoupling protein 1 (UCP1) primary
antibody (ab209483) and HRP-conjugated goat anti-rabbit IgG
were obtained from Abcam (Cambridge, UK). Primers were or-
dered from Integrated DNATechnologies (San Diego, CA, USA).
HEK-293 cells were purchased from American Type Culture
Collection (ATCC, Manassas, VA, USA).

2.2. Animal treatment

Eight-week-old male Cyp2e1-null25 and wild-type (WT) mice on
the 129/SVJ background were used. The mice were fed a 60%
HFD (S3282, Bioserv, New Brunswick, NJ, USA) for 14 weeks.
To test the therapeutic effect of DDC in WT and PparaDHep

mice26, eight-week-old male mice were randomly divided into two
groups (n Z 6 mice per group), maintained on HFD feeding and
intraperitoneally administered phosphate buffered saline (PBS) for
the control group or DDC at a dose of 40 mg/kg once a day
starting from the first day of HFD feeding, for eight consecutive
weeks. This dose of DDC was determined based on pilot studies
of 10 mg/kg and 40 mg/kg revealing that 40 mg/kg had an anti-
obesity effect with no overt hepatic toxicity. For all HFD
feeding studies, the weights were recorded once a week. The
Peking University Committee on Animal Care and Use (SYXK
[Jing]2006-0025) and the National Cancer Institute Animal Care
and Use Committee approved all animal protocols used in this
study.

2.3. Glucose tolerance test and insulin tolerance test

After 10 weeks of HFD feeding, glucose tolerance tests (GTT) and
insulin tolerance tests (ITT) were carried out after fasting for 16 h
(for GTT) or 6 h (for ITT) using a glucometer to measure the
glucose levels from blood taken from tails (Bayer, Pittsburgh, PA,
USA) following intraperitoneal injection with glucose (2 g/kg) or
insulin (0.8 U/kg; Eli Lilly, Indianapolis, IN, USA). ITT was
performed one week after the GTT. Tail blood was collected at the
indicated time right before or after intraperitoneal injection of
glucose (for GTT) or insulin (for ITT) in 2.5 h.

2.4. Body composition and indirect calorimetry

An EchoMRI 3-in-1 mouse scanner (EchoMRI, Houston, TX,
USA) was used to determine body fat and lean mass of live mice
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following the manufacturer’s protocol. Indirect calorimetry was
carried out on mice using an Environment Controlled CLAMS
(Columbus Instruments, Columbus, OH, USA). Spontaneous lo-
comotor activity, energy expenditure, oxygen consumption (VO2)
and carbon dioxide production (VCO2) were determined as pre-
viously described27.
2.5. Lipid analysis

Serum and liver triglycerides (TG) and total cholesterol (TC) were
determined with assay kits obtained from Wako Chemicals
(Richmond, VA, USA), respectively. Serum alanine transaminase
(ALT) and aspartate aminotransferase (AST) levels were
measured using a standard automatic analyzer or a commercial
ALT or AST assay kit (Catachem, Bridgeport, CT, USA).
2.6. Surface plasmon resonance

Surface plasmon resonance (SPR) assays were carried out on a
Biacore T200 instrument (GE Healthcare, Chicago, IL, USA)
according to the protocol provided by GE Healthcare to test if
DHA, AA, and LCA could directly bind to the PPARa protein.
Recombinant human PPARa protein with an N-terminal His Tag
was immobilized on CM5 chip (GE Healthcare, Chicago, IL,
USA) through 1-ethyl-3-(30-dimethylaminopropyl) carbodiimide/
N-hydroxysuccinimide (EDC/NHS)-mediated crosslinking reac-
tion. The peptide sequence of the PPARa protein is described in
Supporting Information Table S1. The three polyunsaturated fatty
acids (PUFAs) (DHA, AA and LCA) were used at concentrations
ranging from 1.56 to 50 mmol/L. Each analysis was repeated three
times to confirm the stability of the sensor surface. The parameters
of SPR were as follows: contact time, 60 s; disassociation time,
150 s; flow rate, 30 mL/min; temperature, 25 �C. A steady-state
affinity model was performed for affinity curve fitting and the
disassociation constant Kd was calculated with Biacore T200
Evaluation Software (Version 1.0).
2.7. Molecular docking in silico

To evaluate the possible binding mode of DHA, AA, and LCA to
PPARa as potential ligands, the human PPARa-ligand binding
domain [Protein Data Bank (PDB): 5AZT] was selected as
described in a previous study28. Molecular docking analyses of
DHA, AA, and LCA to PPARa were performed with GOLD 5.2.2
software.
2.8. Luciferase reporter assays

For the luciferase reporter gene assays, HEK-293 cells were
seeded into 24-well plates at 1 � 104/well for 12 h. The plasmids
(human pGST-PPARa plasmid, X3-TK-PPRE-luciferase vector,
and pCMV-renilla luciferase vector) were co-transfected using
Lipofectamine 3000 reagent. After transfection for 24 h, the cells
were treated with 10 mmol/L of Wy-14643, DHA, AA, and LCA
or 5 or 10 mmol/L of LysoPC 22:4 for 24 h, respectively. The
selected doses of LysoPC 22:4 were found to be nontoxic using
pilot cell toxicity studies. Luciferase activity was measured with
Dual-Luciferase Reporter Assay System (Promega, Madison, WI,
USA). Renilla luciferase activity was utilized to normalize the
transfection efficiency.
2.9. Enzyme incubation studies

In vitro metabolism studies for DDC inhibition and recombinant
enzyme incubations were performed as described previously29,30. In
brief, the incubation system (200 mL) contained 50 mmol/L
TriseHCl buffer solution (pHZ 7.4), 5 mmol/LMgCl2, 0.5 mg/mL
human liver microsomes, 10 mmol/L of substrates dissolved in 0.1%
dimethylsulfoxide and 1 mmol/L NAPDH. After 30 min incubation
at 37 �C, the reactions were terminated with 200 mL cold aqueous
acetonitrile containing 5 mmol/L chlorpropamide. For the DDC in-
hibition study, DDC was used at 20 mmol/L and preadded to the
incubation system.

2.10. Quantitative real-time polymerase chain reaction

RNA was extracted from frozen tissues including liver, brown
adipose tissue (BAT), subcutaneous white adipose tissue (SWAT)
and epididymal white adipose tissue (EWAT) by using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA). cDNA was synthesized
from 1 mg of total RNA using qScript™ cDNA SuperMix
(Quantabio, Beverly, MA, USA). All primer sequences for quan-
titative real-time polymerase chain reaction (qPCR) are listed in
Supporting Information Table S2. qPCR was performed on an ABI
7900HT Fast Real-Time PCR System using SYBR Green PCR
master mix (AB Applied Biosystems, Warrington, UK). Relative
mRNA levels were calculated after normalizing to corresponding
Actb mRNA and the results expressed as fold change relative to
the control group.

2.11. Serum FGF21 assay

A mouse/rat FGF21 quantitative enzyme-linked immunosorbent
assay kit was used to determine serum FGF21 levels following the
manufacturer’s protocol.

2.12. Histopathology assessment and immunohistochemistry

Liver and adipose tissues were cut and immediately fixed in 4%
paraformaldehyde for 24 h at room temperature, dehydrated and
embedded in paraffin. Then, the tissues were sectioned into thick
slices (4 mm) and stained with hematoxylin and eosin (H&E). For
immunohistochemistry, SWAT were processed as described pre-
viously27 with rabbit polyclonal anti-UCP1 primary antibody and
horseradish peroxidase-conjugated goat anti-rabbit IgG. Slide
digital images were collected at 400 times magnification with
Pannoramic Viewer software (v.1.15.2, 3DHISTECH Ltd, Buda-
pest, Hungary). Images shown were representative results of three
biological replicates.

2.13. Transcriptome analysis

After feeding a HFD for 14 weeks, the liver samples were
randomly selected for RNA-seq (n Z 3 for each group). Liver
tissue samples were homogenized, and total RNA was extracted
using the Qiagen miRNeasy mini kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. An Agilent 2100
Bioanalyzer and a Nanodrop was used for determination of the
isolated RNA quantity and quality. cDNA libraries were con-
structed using an Illumina TruSeq RNA LS Sample Preparation kit
v2 (Illumina, San Diego, CA, USA). Final individual cDNA li-
braries were assessed for fragment size and quality with the 2100
Bioanalyzer (Agilent, Santa Clara, CA, USA) and sequencing
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libraries were quantified with the ABI StepOnePlus Real-Time
PCR System (Thermo Fisher, Waltham, MA, USA). Paired ter-
minal sequencing was performed on an HiSeq 2500 sequencer
(Illumina, San Diego, CA, USA). Differential expression analysis
was performed according to the gene expression in different
sample groups. GO functional analysis, pathway functional anal-
ysis, cluster analysis, and geneegene interaction network analysis
were used to analyze the differentially expressed genes. Tran-
scriptomic data were deposited in the Gene Expression Omnibus
under accession code GSE193796.

2.14. LCeMS/MS-based metabolomics

Sample preparation and metabolomics analyses of livers were as
described31. Sample analyses were performed on an ultra-
performance liquid chromatography coupled Xevo G2 quadru-
pole time-of-flight mass spectrometer with an ACQUITY UPLC
and a Waters Acquity CSH 1.7-mm C18 column
(2.1 mm � 100 mm; Waters, Milford, MA, USA).

2.15. Synthesis of LysoPC 22:4

To synthesize LysoPC 22:4, cis-7,10,13,16-docosatetraenoic acid
(SM1) and choline glycerophosphate (SM2) were selected as the
synthetic materials (see Fig. 4). At the first step, the corresponding
chloride of SM1 was obtained. Acyl chloride was generated from
the reaction of SM1 with oxalyl chloride in the presence of
anhydrous N,N-dimethylformamide catalyst under moderate re-
action conditions from 0 �C to room temperature. Then, the re-
action of SM2 and acyl chloride yielded LysoPC 22:4 in good
yields (66%) with two steps. The first step was carried out with
reflux for 1 h using Bu2SnO as a catalyst. LysoPC 22:4 was finally
synthesized at room temperature in isopropanol (iPrOH) in the
presence of triethylamine (Et3N). The chemical structure of
LysoPC 22:4 was confirmed by nuclear magnetic resonance and
mass spectroscopy.

2.16. Statistical analysis

The values are expressed as mean � standard error of mean
(SEM). Statistic difference was determined by two-tailed student’s
t-test between two groups or one-way ANOVA followed by
Bonferroni posttest among multiple comparisons using Prism
version 7.0 (GraphPad Software, San Diego, CA, USA). A value
of P < 0.05 was considered statistically significant.

3. Results

3.1. CYP2E1 deficiency induces adipose browning and
enhances energy expenditure to improve obesity

To examine the role of CYP2E1 in modulating obesity, WT and
Cyp2e1-null mice were subjected to HFD feeding for 14 weeks to
induce obesity. Consistent with previous findings that Cyp2e1-null
mice were resistant to HFD-induced obesity9, the Cyp2e1-null
mice gained less body weight (Supporting Information Fig. S1A),
had improved insulin sensitivity (Fig. S1B and S1C) and showed
decreased serum ALT, AST and TC levels without significant
changes in serum TG levels (Fig. S1DeS1G) compared to WT
mice. No differences in food intake and activity were found be-
tween Cyp2e1-null mice and WT mice (Fig. S1H and S1I).
However, body composition analysis showed that the weight gain
in WT mice was mainly due to an increase in adipose tissue mass
compared to the Cyp2e1-null mice, and the lean mass of the
Cyp2e1-null mice was even higher than that of WT mice
(Fig. 1A). Consistently, the mass of SWAT and EWAT in WT mice
were higher than that of Cyp2e1-null mice (Fig. 1B). Rectal
temperatures of the WT and Cyp2e1-null mice were then
measured under chow diet or after 14 weeks of HFD. Under chow
diet, the basal rectal temperature of Cyp2e1-null mice tended to be
higher than that of WT mice (P Z 0.08), albeit with no significant
statistical difference (Fig. 1C). Furthermore, the rectal tempera-
ture of the Cyp2e1-null mice was markedly higher than that of the
WT mice after feeding a HFD (Fig. 1D), indicating that Cyp2e1-
null mice are protected against HFD-induced fat accumulation by
increasing energy expenditure. An indirect calorimetry assay was
then carried out in a 24-h cycle, and daily energy expenditure of
the HFD-fed Cyp2e1-null mice was significantly increased over a
period of 24 h (Fig. 1E). The respiratory exchange ratios of
Cyp2e1-null mice were nearly equal to 0.7 and were significantly
lower than that of WT mice (Fig. 1F), suggesting that lipid utili-
zation was a major energy fuel for Cyp2e1-null mice. These re-
sults support the view that CYP2E1 deficiency increases the
metabolic rate of HFD-fed mice. Thermogenesis and adipose
browning were next analyzed. The expression of Ucp1 mRNA and
other thermogenesis-associated mRNAs, including cytochrome c
oxidase subunit 8b (Cox8b) and PR domain containing 16
(Prdm16), in BAT and SWAT of Cyp2e1-null mice were increased
(Fig. 1G and H), while the expression of these thermogenesis-
associated mRNAs was not increased in EWAT (Fig. 1I), indi-
cating selective activation of thermogenic genes in BAT and
SWAT. Interestingly, histological analysis of adipose tissue from
HFD-fed mice revealed a significant increase in multilobular ad-
ipocytes (Fig. 1J), a typical characteristic of beige adipocytes, in
SWAT of Cyp2e1-null mice but not in WT mice. Furthermore,
immunohistochemistry staining for UCP1 demonstrated a marked
increase of UCP1 in brown-like adipocytes of SWAT from
Cyp2e1-null mice (Fig. 1K). However, no significant difference in
body weight was found in chow diet-fed mice (Fig. S1J). These
data indicate that CYP2E1 deficiency induces adipose browning
and enhances energy expenditure to improve obesity under HFD
feeding.

3.2. Global transcriptome analysis demonstrates the correlation
between CYP2E1 and PPARa pathway

To explore the potential mechanism that accounts for the meta-
bolic phenotype, RNA-seq of hepatic mRNA in Cyp2e1-null and
WT mice was performed. An average of 14,530 genes were
detected per sample. Differential expression genes were screened
with a fold change > 1.5 and P value < 0.05. Compared with WT
mice, 39 differentially expressed genes were detected in Cyp2e1-
null mice, including 29 up-regulated genes and 10 down-regulated
genes (Fig. 2A and B). Among these genes, the expression of the
PPARa target gene Cyp4a10, Cyp4a14 and Cyp4a31 mRNAs
were significantly increased in Cyp2e1-null mice compared to WT
mice (Fig. 2B). Distribution of the differentially expressed genes
were then annotated using Gene ontology enrichment analyses and
KEGG databases. Gene ontology enrichment analyses showed that
these genes were enriched in “metabolic process” (Fig. 2C).
KEGG pathway analyses also revealed that these differentially
expressed genes mainly enriched in “metabolism” process, espe-
cially in the “lipid metabolism” pathway (Fig. 2D). To search for



Figure 1 Cyp2e1 disruption improves high-fat diet (HFD)-induced metabolic syndrome and increases energy expenditure. (A) Fat mass. (B)

Adipose tissue/body weight ratios. (C) Circadian rectal temperature on normal condition. (D) Circadian rectal temperature after 14-week HFD

feeding. (E) Daily energy expenditure (EE), data are expressed as adjusted means based on body weight to the power 0.75. (F) Respiratory

exchange ratio (VCO2/VO2), VO2, oxygen consumption; VCO2, carbon dioxide production. (GeI), mRNA expression of the thermogenesis genes

in brown adipose tissue (BAT), subcutaneous white adipose tissue (SWAT), and epididymal white adipose tissue (EWAT). (J, K) Representative

hematoxylin and eosin (H&E) staining (J) and uncoupling protein 1 (UCP1) immunohistochemical staining (K) of SWAT sections from wild-type

(WT) and Cyp2e1-null mice, scale bar Z 50 mm. All data are presented as mean � SEM, n Z 6 mice/group; *P < 0.05, **P < 0.01 and

***P < 0.001, compared with WT mice group, by unpaired two-tailed t test. WT, wild-type. KO, knockout. SWAT, subcutaneous white adipose

tissue. BAT, brown adipose tissue. EWAT, epididymal white adipose tissue.
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the hub genes among these differentially-expressed genes, a
geneegene interaction network was constructed using STRING
database. The results showed that 19 genes were selected for the
network conduction. Among them, Cyp2e1 gene expression was
negatively correlated with that of Cyp4a10 and Cyp4a14, both of
which are encoded by PPARa target genes (Fig. 2E). These data
reveal a potential mechanistic link where CYP2E1 deficiency re-
sults in activation of hepatic PPARa.
3.3. CYP2E1 deficiency activates PPARaeFGF21 axis and
decreases hepatic lipid accumulation

The mRNA expression of PPARa target genes were then quanti-
fied. Cyp4a10, acyl-CoA thioesterase 1 (Acot1), acyl-CoA oxidase
1 (Acox1), carnitine palmitoyl transferase 1b (Cpt1b), carnitine
palmitoyl transferase 2 (Cpt2), enoyl-CoA, hydratase/3-
hydroxyacyl CoA dehydrogenase (Ehhadh), and Fgf21 mRNAs



Figure 2 Transcriptome profiles revealed differential genes expression of the wild-type (WT) and Cyp2e1-null (KO) mice. (A) MA plot of

differential gene expression levels in the two groups, where expression intensity is on the x-axis and differences in the gene expression levels (fold

change, FC) are on the y-axis (log2 FC), each dot represents one gene, red dots represent genes whose abundance is significantly up-regulated,

blue dots represent down-regulated, and black dots represent non-significantly changed genes. (B) Heatmap of differential gene expression in WT

and KO mice. (C) Gene ontology annotation of the differentially expressed unigenes. (D) KEGG annotation of the differentially expressed

unigenes. (E) Geneegene interaction network to show the key genes that link with Cyp2e1. WT, wild-type. KO, knockout. FC, fold change.

FPKM, fragments per kilobase million.
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were all significantly increased in Cyp2e1-null mice compared to
WT mice (Fig. 3A). Activation of PPARa increases expression of
Fgf21 encoding FGF21, a hepatokine that is released from the
liver to the circulation as an endocrinal signal to modulate ther-
mogenic gene expression and mediate non-shivering thermogen-
esis32. Serum FGF21 protein was found to be significantly higher



Figure 3 Cyp2e1 disruption induced white adipose beige via the PPARaeFGF21 axis. (AeF) wild-type (WT) and Cyp2e1-null (KO) mice

were fed a HFD for 14 weeks. (A) Hepatic mRNA expression of PPARa target genes under high-fat diet (HFD). (B) Serum FGF21 concentrations.

(C) Representative hematoxylin and eosin (H&E) staining of liver sections from WT and KO mice, scale bar Z 50 mm. (D, E) Liver triglycerides

(TG), total cholesterol (TC). (F) Hepatic expression of mRNAs encoded by hepatic lipogenesis-related genes. All data are presented as

mean � SEM, n Z 6; *P < 0.05, **P < 0.01 and ***P < 0.001 by unpaired two-tailed t test. WT, wild-type. KO, knockout.
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in Cyp2e1-null mice than in WT mice (Fig. 3B), which likely
accounts for the upregulation of thermogenic genes in BAT and
SWAT and the browning of SWAT adipocytes as well as the
increased energy expenditure in mice.

Hepatic PPARa activation plays a key role in restricting he-
patic lipid accumulation33. Accordingly, histological analysis
revealed less hepatic accumulation of intracellular lipid droplets in
Cyp2e1-null mice than in WT mice (Fig. 3C). Biochemical ana-
lyses showed that hepatic TG and TC levels in Cyp2e1-null mice
were much lower than that in WT mice (Fig. 3D and E), while no
significant change was found between the two genotypes under a
chow diet (Fig. S1K and S1L). The hepatic lipogenesis gene
mRNAs, sterol regulatory element-binding transcription factor 1c
(Srebp1c), stearoyl-CoA desaturase 1 (Scd1), acetyl-CoA
carboxylase 1 (Acc1), and elongation of very long chain fatty
acids family member 6 (Elovl6), were all decreased in Cyp2e1-
null mice compared to WT mice (Fig. 3F).

3.4. Global metabolomics revealed a novel CYP2E1
endogenous substrate

Cyp2e1 disruption did not affect Ppara mRNA level but induced
PPARa target gene expression, suggesting that endogenous
PPARa agonists might be increased when CYP2E1 was inactive.
To further explore which endogenous metabolites potentially
mediated hepatic PPARa activation in Cyp2e1-null mice,
LCeMS/MS-based global untargeted metabolomics were per-
formed on liver samples obtained from HFD-fed WT and Cyp2e1-
null mice. PCA modeling displayed an obvious separation be-
tween the two groups (Fig. 4A). A heatmap was produced for ions
that were responsible for the separation of the two groups
(Fig. 4B). Among the 19 ions that were upregulated in HFD-fed
Cyp2e1-null mice, four ions ranked among the top of the list
were selected for further study based on their structural similar-
ities with published CYP2E1 substrates and PPARa agonists. By
comparing their MS/MS data with that of authentic standards,
these four ions were further determined to be lysophosphati-
dylcholine (LysoPC 22:4) and three PUFAs including DHA, AA,
and LCA. Among these four endogenous metabolites, whether
LysoPC 22:4 was a direct substrate of CYP2E1 had never been
reported, while the three PUFAs were already suggested to be
metabolized by CYP2E1 in previous studies16e20, which could
serve as positive biomarker controls of the present metabolomics
study. The relative quantitation of these four markers showed that
they were all elevated in Cyp2e1-null mice compared with WT
mice (Fig. 4C for LysoPC 22:4; Supporting Information
Fig. S2AeS2C for DHA, AA, LCA).

The question arose whether LysoPC 22:4 and the three PUFAs,
elevated in Cyp2e1-null mice, were direct CYP2E1 substrates. To
answer this question, molecular docking analyses in silico was
first carried out between these compounds and the human
CYP2E1 protein (PDB ID: 3LC4) by using Discovery Studio 2016
(v16.1, Accelrys, San Diego, CA, USA) software. Molecular
docking scores of LysoPC 22:4, DHA, AA, and LCA were
121.933, 156.76, 144.99, and 133.87, respectively. The binding
modes of LysoPC 22:4, DHA, AA, and LCA with CYP2E1 are
shown (Fig. 4D for LysoPC 22:4; Fig. S2DeS2F) for DHA, AA
and LCA). These data showed that all four biomarkers could
interact with the CYP2E1 protein. To further identify if these
compounds were direct enzyme substrates of CYP2E1, the three
PUFAs (DHA, AA, and LCA) were purchased commercially,
while the LysoPC 22:4 was newly synthesized by the route shown
in Fig. 4E. In vitro incubation of LysoPC 22:4, DHA, AA and
LCA with recombinant human CYP2E1 was then performed. All
the compounds were metabolized by recombinant CYP2E1 and
their metabolites identified by LCeMS/MS (Supporting
Information Fig. S3). The metabolic sites on LysoPC 22:4 were
at C-7, C-10, C-13, C-16, C-22 and ester bond (Fig. 4F), DHA
were at C-9, C-17, C-20 and C-21, and AAwere at C-1 and C-6 to
C-16, while the metabolic sites on LCA by recombinant CYP2E1
protein were at C-6 to C-10, C-16, and C-17 (Fig. S2G).
Furthermore, the CYP2E1 inhibitor DDC increased the residual
levels of LysoPC 22:4 compared to control vehicle (Fig. S2H),
indicating that DDC inhibits metabolism of LysoPC 22:4. These
results reveal that CYP2E1 directly metabolizes the LysoPC 22:4
and the three PUFAs, thus explaining why they are elevated in the



Figure 4 The LysoPC 22:4 was increased in Cyp2e1-null mice and identified as a direct CYP2E1 substrate. (A) Score scatter plot of a PCA

model of the hepatic metabolites between wild-type (WT) and Cyp2e1-null (KO) mice, each point represents an individual mouse sample. (B)

Heatmap analysis of the different hepatic metabolites in WT and KO mice. (C) Relative response of LysoPC 22:4 in WT and KO mice. (D)

Docking pose of LysoPC 22:4 in the human CYP2E1 binding pocket. (E) Synthesis route of LysoPC 22:4. (F) Metabolic sites of LysoPC 22:4

after incubation with recombinant human CYP2E1. Data are presented as mean � SEM, n Z 6 mice/group; ***P < 0.001 by unpaired two-tailed

t test. WT, wild-type. KO, knockout.
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livers of Cyp2e1-null mice. Among these four metabolites,
LysoPC 22:4 was identified as a novel CYP2E1 substrate while the
other three PUFAs were systematically confirmed to be the direct
CYP2E1 substrates.

3.5. LysoPC 22:4 was identified as a novel PPARa agonist

To determine if LysoPC 22:4 and the three PUFAs are PPARa
ligands, a SPR assay was carried out to observe the interaction
between Wy-14643 (a known PPARa agonist used as a positive
control), LysoPC 22:4, DHA, AA, LCA, and the PPARa protein,
respectively. The equilibrium binding curve fits were developed
with different concentrations of these compounds, and the equi-
librium dissociation constants (Kd) were calculated with Biacore
T200 Evaluation Software. The extracellular binding affinity of
Wy-14643, LysoPC 22:4, DHA, AA, and LCA with PPARa was
2.69, 44.5, 14.3, 16.1, and 23.8 mmol/L, respectively (Fig. 5A and
B and Supporting Information Fig. S4AeS4C). Thus, the four
biomarkers could serve as ligands that bind the PPARa protein.

To further determine the possible binding mode between these
four biomarkers with PPARa protein, molecular docking analyses
in silico were carried out between the three tested PUFAs and the
human PPARa-ligand binding domain (LBD: aa 201e468),
similarly as described28, by using SYBYL-X 2.1.1 software. In
line with the results of the SPR assay, molecular docking scores of
LysoPC 22:4, DHA, AA, and LCA were 88.42, 63.58, 62.70, and
62.42, respectively, showing that LysoPC 22:4 had the strongest
interaction with the PPARa protein among the four biomarkers.
The binding modes of Wy-14643, LysoPC 22:4, DHA, AA, and
LCAwith PPARa are shown in Fig. 5C, D and Fig. S4DeS4F. To
show the interaction between the ligands and PPARa protein more
intuitively, eyelash maps were also created (Supporting
Information Fig.S5). The interaction of Wy-14643 with PPARa
was shown in Fig. S5A as a positive control, Wy-14643 showed
hydrogen bond interactions with Cys276 and Phe273,
carbonehydrogen interaction with His440, alkyl interaction with
Ile317, Leu321, and Met355, donneredonner interaction with
Ser280, van der Waals interaction with Gln277 and Thr279,
piealkyl interaction with Cys276, Phe318, Leu321, Ile354,
Met330 and Met355, and piesulfur interaction with Cys276 and
His440 of PPARa (Fig. S5A). The eyelash maps demonstrated
that interaction of LysoPC 22:4 with PPARa was through mainly
hydrophobic interactions. The lipid chain and glycerophosphate
choline moieties form carbonehydrogen interaction with Asn219,



Figure 5 The LysoPC 22:4 was identified as a direct PPARa agonist. (A, B) Surface plasmon resonance (SPR) assay for interaction of Wy-

14643 and LysoPC 22:4 with PPARa protein. (C, D) Docking pose of Wy-14643 and LysoPC 22:4 in the human PPARa-AF-2 binding pocket. (E)

Luciferase assays for PPARa activation in HEK293 cells after treatment with 10 mmol/L Wy-14643, and 5 and 10 mmol/L LysoPC 22:4,

respectively. ***P < 0.001, compared with vehicle group, by one-way ANOVA analysis. Data are presented as mean � SEM; n Z 3 per group.

RU, response units.
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Cys275, Thr279, Glu282 and Ala333, van der Waals interaction
with Met220, Gln277, Cys278, Ser280, Val324 and Val332,
negativeenegative interaction with Glu282, chargeecharge
interaction with Glu282, alkyl interaction with Cys276, Ile317,
Ile354, Met355, Val444, Leu456, Leu460 and Leu321, pieanion
interaction with Tyr334, and piealkyl interaction with Phe273,
Phe318, His440 and Tyr464 of PPARa, separately. It can also
form hydrogen bond interactions with Tyr334 and Asn219 of
PPARa (Fig. S5B).

DHA binding to PPARa was mainly through hydrophobic in-
teractions and interaction of the oxygen atom on the carbonyl
group with Asn219, Glu282 and Tyr334 of PPARa to form
hydrogen bonds. It also can form van der Waals interaction with
Gln277, Thr279, Ser280 and Leu331 of PPARa. The hydrophobic
interaction sites of PPARa with the lipid chain of DHA were
shown as Met220, Tyr314, Cys276, Phe318, Ile317, His440,
Leu321, Tyr334, Val324, Ile354, Met355, Tyr314, Phe318, His440
and Tyr334 (Fig. S5C). For AA binding to PPARa, the oxygen
atom on the AA carbonyl group interacted with Asn219 and
Glu282 to form hydrogen bonds, while the hydroxyl group also
interacted with Tyr334 to form hydrogen bonds. It also can form
van der Waals interaction with Thr279 and Ser280 of PPARa. The
lipid chain of AA hydrophobically interacted with Met355,
His440, Cys276, Phe318, Ile354, Lys358, Leu321, Ile317,
Met330, Met220, Val324 and Leu331 of the PPARa protein
(Fig. S5D). Similarly, the binding mode between LCA and PPARa
was also through hydrophobic interactions. The lipid chain of
LCA had hydrophobic interactions with Cys276, Ile317, Leu321,
Val324, Met330 and Tyr334 of PPARa. The oxygen atoms on the
carbonyl group interacted with Asn219 and Glu282 of PPARa to
form hydrogen bonds, while the hydroxyl group interacted with
Tyr334 to form hydrogen bond (Fig. S5E). These data further
demonstrate the binding modes between these four biomarkers
and PPARa protein.

To determine if LysoPC 22:4 and the three PUFAs also serve as
PPARa agonists, transactivation of PPARa was first examined
using a dual luciferase reporter assay for LysoPC 22:4, DHA, AA
and LCA with Wy-14643 as a positive control. These compounds
significantly activated PPARa in HEK-293 cells, and LysoPC 22:4
showed the most potent activity among the four biomarkers, which
was even higher than the positive control Wy-14643 when used at
10 mmol/L, suggesting that LysoPC 22:4 is a novel potent
endogenous PPARa agonist (Fig. 5E and Fig. S4G). These data
further support the view that these four biomarkers are the direct
agonists of PPARa, among which LysoPC 22:4 is a novel potent
PPARa agonist.

3.6. CYP2E1-specific antagonist induces adipose browning and
alleviates obesity via the PPARaeFGF21 axis

To verify whether CYP2E1 could be a pharmacotherapy target for
treating obesity and its associated metabolic syndrome, HFD-fed
WT mice were intraperitoneally administered PBS or 40 mg/kg of
DDC, a CYP2E1 inhibitor. DDC treatment substantially inhibited
HFD-induced body weight gain and improved glucose tolerance
and insulin resistance of mice compared with PBS treatment
(Fig. 6AeC). Histology analysis showed that DDC reduced he-
patic lipid accumulation, induced browning of SWAT, and
increased UCP1 protein expression in SWAT compared with the
PBS treatment (Fig. 6D and E). The mRNA expression of the



Figure 6 CYP2E1 antagonist alleviates high-fat diet-induced obesity via PPARaeFGF21ebeige axis. (A) Body weight gain. (B) Glucose

tolerance test. (C) Insulin tolerance test. (D) Representative hematoxylin and eosin (H&E) staining of liver and subcutaneous white adipose tissue

(SWAT) sections from phosphate buffered saline (PBS) and diethyldithiocarbamate (DDC)-treated mice, scale bar Z 100 mm. (E) Representative

uncoupling protein 1 (UCP1) immunohistochemical staining (right) of subcutaneous white adipose tissue (SWAT) sections from PBS and DDC-

treated mice, scale bar Z 100 mm. (F, G) mRNA expression of the thermogenesis genes in brown adipose tissue (BAT) and SWAT. (H) Rectal

temperature. (I) Hepatic mRNA expression of PPARa target genes. (J) Serum FGF21 concentrations. Data are presented as mean � SEM, n Z 6;

*P < 0.05; **P < 0.01 and ***P < 0.001 by unpaired two-tailed t test.
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thermogenesis genes Ucp1, Pgc1a, and Prdm16 in BAT, and
Ucp1, and Pgc1a in SWAT were increased by DDC treatment in
WT mice (Fig. 6F and G). Similar with the observations in HFD-
fed Cyp2e1-null mice, DDC-treated WT mice exhibited higher
rectal temperature (Fig. 6H), lower weights of liver and white
adiposes, and lower levels of hepatic TG and TC levels compared
to PBS-treated mice (Supporting Information Fig. S6AeS6E). In
HFD-fed WT mice, DDC decreased serum TC levels in the
absence of changes in serum TG levels (Fig. S6F and S6G). DDC
treatment significantly decreased the serum AST levels, while
tended to decrease the serum ALT levels (Fig. S6H and S6I).
Accordingly, the mRNA levels of PPARa target genes including
Cyp4a10, Cyp4a14, Cpt1b and Fgf21 were increased in the livers
of DDC-treated WT mice (Fig. 6I). In addition, serum FGF21
levels in DDC-treated mice were higher than in PBS-treated WT
mice (Fig. 6J). Thus, consistent with genetic CYP2E1 ablation,
CYP2E1 antagonism by DDC decreased the obesity accompanied
by induced hepatic PPARaeFGF21 activation and induced white
adipose browning.

While DDC has a marked anti-obesity effect in HFD-fed mice,
DDC failed to further decrease the body weight and also showed
no effect in white adipose weight and liver weight in the matched
HFD-fed Cyp2e1-null mice (Supporting Information
Fig. S7AeS7D). Accordingly, DDC showed no significant effect
in HFD-induced liver TG and TC accumulation as well as the
rectal temperature (Fig. S7EeS7G). Hepatic PPARa activation
and SWAT thermogenesis were also abolished in Cyp2e1-null
mice (Fig. S7H and S7I). These data demonstrate that the anti-
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obesity effect of DDC was lost in Cyp2e1-null mice, supporting an
on-target effect of this CYP2E1 inhibitor for the treatment of
metabolic disorders.

3.7. Anti-obesity effect of CYP2E1 inhibitor depends on the
presence of hepatic PPARa

To explore whether hepatic PPARa activation is a result or a cause
of improved metabolic disorders in CYP2E1-inhibited mice,
HFD-treated PparaDHep mice were intraperitoneally administered
PBS or 40 mg/kg of DDC once daily for 8 weeks, and mouse
weights recorded once a week. DDC failed to affect HFD-induced
body-weight gain, white adipose weights, insulin resistance and
rectal temperature in PparaDHep mice (Fig. 7AeF). In addition, no
difference of hepatic mRNA expression for the PPARa target
genes including Fgf21 was noted in livers of DDC-treated and
PBS-treated PparaDHep mice (Fig. 7G). Accordingly, the effects of
DDC on inducing the mRNA levels of the thermogenesis genes in
the BAT and SWAT were lost in PparaDHep mice (Fig. 7H and I).
No notable changes of serum FGF21 levels by DDC treatment
were found in HFD-treated PparaDHep mice (Fig. 7J). Histological
analyses showed that hepatic lipid levels and adipocyte size as
well as UCP1 expression in SWAT were not changed by DDC
treatment (Fig. 7K and L). Biochemical analyses showed no
notable change of hepatic TG/TC, serum TG/TC and serum ALT/
AST levels (Fig. 7MeR). All the above findings reveal that the
improvement of obesity-associated disorders by CYP2E1 antag-
onism is lost in PparaDHep mice.
4. Discussion

Although CYP2E1 as the metabolic enzyme and PPARa as the
metabolic nuclear receptors are well-known to modulate meta-
bolic homeostasis, whether and how CYP2E1 inhibition could be
a method to induce white adipose browning by crosstalk with
PPARa via sharing the same endogenous compounds as enzyme
substrates and agonists have not been explored. Here, a novel
CYP2E1ePPARa crosstalk was revealed to modulate adipose
browning. CYP2E1 could be directly targeted by use of the
chemical inhibitor DDC for the therapeutic treatment of obesity
and inducing adipose browning. Mechanically, CYP2E1-mediated
hepatic PPARa activation was probably due to the increase of
LysoPC 22:4, DHA, AA and LCA, in Cyp2e1-null mice, and these
biomarkers were further demonstrated to be both enzyme sub-
strates of CYP2E1 and direct PPARa agonists, among which
LysoPC 22:4 was identified as a novel endogenous CYP2E1
enzyme substrate and a new potent endogenous PPARa agonist. A
schematic of the proposed mechanism that accounts for the major
findings in this study is shown in Fig. 8. In line with the “multiple
organemultiple hits model” for the pathological progression
mechanism of nonalcoholic fatty liver disease proprosed previ-
ously34, the current study further supports the potential of liver-
adipose crosstalk in modulating obesity and fatty liver.

Recent studies have focused on the regulation of non-shivering
thermogenesis for the treatment of obesity35,36. However, it is
largely unknown whether targeting metabolic enzymes such as
CYP2E1, that is largely known for catalyzing xenobiotic-meta-
bolism15, modulates thermogenic adipose browning. A striking
finding from this study is that CYP2E1 deficiency activates the
white adipose browning, accompanied by increased core temper-
ature and energy expenditure. Various methods were developed to
activate white adipose browning such as the voluntary intermittent
fasting27 and intestinal farnesoid X receptor37 or hypoxia-
inducible factor 2a31 antagonism, cold exposure38 and b-adren-
ergic receptor agonism39,40. However, brown adipocyte activation
by cold exposure and b-adrenergic receptor agonism is clinically
non-feasible, while long-term intermittent fasting could be intol-
erant for many people. Understanding the underlying mechanisms
how CYP2E1 functional loss drives white adipose browning could
reveal new alternative pharmacotherapies.

Implicit of the mechanistic link between CYP2E1 deficiency
and white adipose browning is that CYP2E1 deficiency activates
the PPARaeFGF21 axis. FGF21, encoded by a PPARa target
gene12, was shown to be involved in white adipose browning32,41,
and FGF21 modulators or analogues have emerged as promising
anti-obesity therapies both in rodent models and humans42,43.
Hepatic PPARa activation induced by CYP2E1 deficiency
increased the expression and excretion of FGF21 from liver, which
circulates to induce the remote adipose tissue browning. This
finding supports the possibility that inhibition of CYP2E1 could
activate PPARa and modulate FGF21 release. In line with the
present findings, a previous study also demonstrates the CYP4A
enzymes, encoded PPARa target genes, are activated in livers of
Cyp2e1-null mice during acute acetaminophen-induced liver
injury44. In addition to enhanced FGF21 release, CYP2E1 defi-
ciency also markedly induced the expression of genes involved in
fatty acid b-oxidation such as Acox1, Acot1, Cpt2, Ehhadh, Acot1,
all of which are typical PPARa target genes; activation of these
b-oxidation-related genes is concurrent with the marked activation
of PPARa induced by CYP2E1 disruption. Beyond PPARa acti-
vation, the anti-obesity effects of CYP2E1 deficiency were also
accompanied by decreased hepatic lipogenesis. A recent study
using E3 ubiquitin ligase knockout mouse models to elevate he-
patic CYP2E1 levels, found that increased hepatic CYP2E1 alone
was insufficient to promote the progression of nonalcoholic fatty
liver disease under chow diet feeding due to lack of concurrent
hepatic lipogenesis or increased dietary lipids, suggesting that
CYP2E1 does not directly modulate lipogenesis45. Thus,
decreased hepatic lipogenesis under HFD in Cyp2e1-null mice is
possibly a result of CYP2E1 gene deficiency-induced lower
obesity.

The increased LysoPC 22:4 and three PUFAs were further
identified to mediate the mechanism of CYP2E1 deficiency-
induced hepatic PPARa activation as signaling-transducing mol-
ecules. PPARa is nuclear receptor that can be modulated by
endogenous ligands21e23. Intriguingly, global metabolomics
screening found that function loss of CYP2E1 resulted in a sig-
nificant increase of LysoPC 22:4 and three PUFAs, DHA, AA and
LCA in the liver, the same tissue where PPARa is highly
expressed that could regulate hepatic FGF21 release once acti-
vated. These biomarkers were further validated to function as both
CYP2E1 enzyme substrates and direct PPARa agonists. Once
CYP2E1 is inhibited, liver-mediated metabolism of endogenous
metabolites of CYP2E1 including LysoPC 22:4, DHA, AA and
LCA is blunted so that these compounds are increased in hepa-
tocytes, which then act as the direct PPARa agonists to induce
orthotopic hepatocyte activation. Notably, LysoPC 22:4 was syn-
thesized and verified as a newly-described CYP2E1 substrate and
PPARa agonist.

Another important finding from the present study is that the
CYP2E1 inhibitor DDC causes marked white adipose browning
and attenuates metabolic dysfunction depending on the presence
of hepatic PPARa. The causal relationship for the contribution of



Figure 7 Anti-obesity effect of Cyp2e1 inhibition is lost in the absence of liver PPARa. (A) Body weight gain. (B) Subcutaneous adipose tissue

(SWAT)/body weight ratio. (C) Epididymal adipose tissue (EWAT)/body weight ratio. (D) Glucose tolerance test. (E) Insulin tolerance test. (F)

Rectal temperature. (G) Hepatic mRNA expression of PPARa target genes. (H, I) mRNA expression of the thermogenesis genes in brown adipose

tissue (BAT) and SWAT. (J) Serum FGF21 concentration. (K) Representative hematoxylin and eosin (H&E) staining of liver and subcutaneous

white adipose tissue (SWAT) sections from phosphate buffered saline (PBS) and diethyldithiocarbamate (DDC)-treated mice, scale bar Z 50 mm.

(L) Representative uncoupling protein 1 (UCP1) staining of SWAT. (M) Liver triglycerides (TG). (N) Liver total cholesterol (TC). (O) Serum TG.

(P) Serum TC. (Q) Serum alanine transaminase (ALT) levels. (R) Serum aspartate transaminase (AST) levels. Data are presented as mean � SEM,

n Z 6.
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Figure 8 Proposed CYP2E1ePPARaeFGF21 axis in inducing white adipose browning for reducing obesity. CYP2E1 deficiency, either by

gene disruption or chemical inhibition, leads to hepatic PPARa activation that decreases lipid accumulation as well as increasing the expression

and secretion of FGF21 from the liver. Secreted FGF21 then circulates to the peripheral subcutaneous white adipose to enhance beiging, which in

turn increases the energy expenditure and decreases obesity.
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hepatic PPARa activation to the anti-obesity effects of DDC was
validated using liver-specific Ppara-null mice. The CYP2E1 in-
hibitor induced white adipose browning and improved obesity to a
marked extent via the PPARaeFGF21 axis only in HFD-fed WT
mice, but not in liver-specific Ppara-null mice, demonstrating that
CYP2E1 deficiency-mediated hepatic PPARa activation is a cause
but not a result that could contribute to its anti-obesity effect.
Since CYP2E1 is predominantly expressed in hepatocytes where
metabolism mainly occurs, targeted inhibition of CYP2E1 could
possibly achieve the PPARa activation in the orthotopic hepato-
cytes, which could avoid the side-effects of non-tissue-specific
PPARa activation that happens occasionally in clinic46.

By taking advantage of the shared structural similarities be-
tween CYP2E1 substrates and PPARa agonists, the present work
uncovered novel perspectives on beige-fat development by
CYP2E1 inhibition via a crosstalk with PPARa, providing a novel
druggable target for adipose browning induction. Crosstalk be-
tween metabolic enzymes and nuclear receptors by sharing the
same substrates as singling-transducing molecules deserves addi-
tional studies. Notably, natural products such as resveratrol,
quercetin, myricetin, are known as dietary CYP2E1 inhibitors47,48,
that are present in many dietary sources such as red wine, coffee
and fruits49,50. Based on results of the current study, CYP2E1
inhibition by these natural products may partially explain their
beneficial effects in restricting obesity-associated metabolic syn-
drome and fatty liver34,51,52. CYP2E1 inhibition could potentially
be a pharmacological target. For example, disulfiram, an FDA-
approved drug treatment for alcoholism, was reported to have a
potent anti-obesity effect which is not through its inhibitory ef-
fects on aldehyde dehydrogenase 2 (ALDH2)53. Structurally,
disulfiram could be metabolized into DDC54, the CYP2E1 inhib-
itor24, and thus it is reasonable to infer that the effect of disulfiram
is possibly through its metabolite DDC-mediated CYP2E1
inhibition.
5. Conclusions

In the present study, by combined use of global genomics and
metabolomics with Cyp2e1-null mice and hepatocyte-specific
PPARa knockout mice, a novel crosstalk between CYP2E1and
PPARa that modulates adipose browning and obesity was estab-
lished with their shared substrates, LysoPC 22:4, DHA, AA and
LCA as the signaling-transducing molecules, among which
LysoPC 22:4 is a novel endogenous substrate of CYP2E1 that also
serves as a novel bona fide PPARa agonist. Genetic CYP2E1
ablation causes an increase of its endogenous PUFA substrates,
which subsequently serve as endogenous PPARa agonists. He-
patic PPARa activation results in induced expression of its target
genes and FGF21 release, which then enhances remote white
adipose beiging leading to a reduced obesity-associated metabolic
syndrome. Treatment with a CYP2E1 inhibitor DDC also allevi-
ates the obesity-associated metabolic syndrome by inducing the
activation of PPARaeFGF21 axis and adipose browning
depending on the presence of hepatocyte PPARa. These findings
define the CYP2E1ePPARa axis as a novel therapeutic target for
obesity treatment.
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