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Abstract

Multiple factors in addition to over consumption lead to obesity and non-alcoholic fatty liver
disease (NAFLD) in the United States and worldwide. CYP2B6 is the only human detoxifica-
tion CYP whose loss is associated with obesity, and Cyp2b-null mice show greater diet-
induced obesity with increased steatosis than wildtype mice. However, a putative mecha-
nism has not been determined. LC-MS/MS revealed that CYP2B6 metabolizes PUFAs, with
a preference for metabolism of ALA to 9-HOTrE and to a lesser extent 13-HOTTE with a pref-
erence for metabolism of PUFAs at the 9- and 13-positions. To further study the role of
CYP2BS6 in vivo, humanized-CYP2B6-transgenic (hCYP2B6-Tg) and Cyp2b-null mice were
fed a 60% high-fat diet for 16 weeks. Compared to Cyp2b-null mice, hCYP2B6-Tg mice
showed reduced weight gain and metabolic disease as measured by glucose tolerance
tests, however hCYP2B6-Tg male mice showed increased liver triglycerides. Serum and
liver oxylipin metabolite concentrations increased in male hCYP2B6-Tg mice, while only
serum oxylipins increased in female hCYP2B6-Tg mice with the greatest increases in LA
oxylipins metabolized at the 9 and 13-positions. Several of these oxylipins, specifically 9-
HODE, 9-HOTTrE, and 13-0x0ODE, are PPAR agonists. RNA-seq data also demonstrated
sexually dimorphic changes in gene expression related to nuclear receptor signaling, espe-
cially CAR > PPAR with gPCR suggesting PPARY signaling is more likely than PPARa sig-
naling in male mice. Overall, our data indicates that CYP2B6 is an anti-obesity enzyme, but
probably to a lesser extent than murine Cyp2b’s. Therefore, the inhibition of CYP2B6 by
xenobiotics or dietary fats can exacerbate obesity and metabolic disease potentially through
disrupted PUFA metabolism and the production of key lipid metabolites.
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Introduction

Obesity, in addition to insulin resistance and dyslipidemia, are the most important risk factors
for development of nonalcoholic fatty liver disease (NAFLD) [1]. The prevalence of obesity is
increasing in the United States, and the most recent 2017-2018 National Health and Nutrition
Examination Survey recorded 42.4% of adults are obese [2]. Interstingly, reduced human
hepatic CYP2B6 activity is associated with obesity [3]. Murine models also support a role for
Cyp2b members as anti-obesity CYPs. The constitutive androstane receptor (CAR) has been
identified as an anti-obesity transcription factor, and its activation in leptin-deficient mice
induced cytochrome P450 2b10 (Cyp2b10) and subsequently improved hepatic glucose and
fatty acid metabolism [4]. Additionally, a loss of hepatic CYP activity in hepatic P450 oxidore-
ductase (POR)-null mice led to steatosis and the induction of Cyp2b, including Cyp2b10, pri-
marily through CAR activation [5], indicating a role for CAR in recognizing and Cyp2b in
metabolizing hepatic lipids. Forkhead box protein A2 (Foxa2) regulates lipid metabolism and
ketogenesis genes in mice including Cyp2b9 [6, 7]. Three recent studies found Cyp2b9 exhib-
ited the highest increase in gene expression following a high-fat diet (HFD) in mice [8-10].
Our previously generated Cyp2b9/10/13-null (Cyp2b-null) mice are age- and diet-induced
obese (DIO) with increased NAFLD in males [10, 11]. Similarly, age-dependent lipid accumu-
lation was observed in RNAi-mediated Cyp2b-knockdown male mice [12]. These findings
implicate Cyp2b in hepatic fatty acid metabolism and obesity.

CYP2B6 is the only hepatic CYP2B isoform in humans; Cyp2b9, Cyp2b10, and Cyp2b13 are
the dominant hepatic Cyp2b genes in mice. In the liver, CAR followed by pregnane X receptor
(PXR) are the primary regulators of human and murine Cyp2b genes [13, 14]. CYP2B mem-
bers are also regulated by the glucocorticoid receptor (GR) and FOXA2, hepatocyte nuclear
factor 40 (HNF4a), and CCAAT/enhancer-binding protein o (C/EBPa) in humans and
rodents [6, 15-18]. Growth hormone-mediated regulation of these transcription factors results
in the female predominant expression of murine Cyp2b [17, 19]. Although there is large inter-
individual variation in human hepatic CYP2B6 expression, it is also primarily female
expressed, but to a much lesser degree than rodents [20]. It is hypothesized that changes in the
expression of transcription factors such as FOXA2 by fluctuations of steroids and hormones
may contribute to the interindividual variations of CYP2B6 expression in human populations
[15].

Human CYP2B6 has broad substrate specificity, playing a role in the metabolism of numer-
ous xeno- and endobiotic compounds [21]. The substrate selectivity of CYP2B6 includes over
60 clinical drugs such as artemisinin, propofol, ketamine, ifosfamide, nevirapine, efavirenz,
mephobarbital, bupropion, and tamoxifen [22], as well as many important environmental toxi-
cants including chlorpyrifos [23], carbaryl [24], parathion [25], triclosan [26], perfluorocar-
boxylic acids [27], and the insect repellant N,N-diethyl-m-toluamide (DEET) [24].
Endogenous compounds such as steroids, bile acids, and fatty acids are also metabolized by
CYP2B6 [22, 28].

Polyunsaturated fatty acids (PUFAs) may regulate Cyp2b transcription and act as Cyp2b
substrates. For example, the omega-6 fatty acid, linoleic acid (LA), activates CAR and induces
Cyp2b10 [5]. The omega-3 fatty acid, docosahexaenoic acid (DHA) inhibits CAR translocation
and subsequently inhibits Cyp2b transcription [29]. Arachidonic acid is metabolized by
Cyp2b19 (mouse) and CYP2B12 (rat) in keratinocytes, as well as CYP2B1/2 in rat hepatic
microsomes to anti-inflammatory epoxyeicosatrienoic acids (EETs) [30-32]. Human CYP2B6
also appears to play a role in the epoxidation of anandamide, an arachidonic acid-derived
endogenous cannabinoid to bioactive hydroxyeicosatetraenoic acid (HETE) and EET metabo-
lites [33], such as 5,6-EET-ethanolamide, a potent agonist of the peripheral cannabinoid
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receptor, CB2 [34]. However, the role of human CYP2B6 in the metabolism of most PUFAs is
not well-characterized or completely untested.

Murine Cyp2b enzymes are anti-obesogenic in males. Cyp2b-null mice are diet-induced
obese with an increase in NAFLD, white adipose tissue, serum cholesterol, leptin, and -
hydroxybutyrate. Furthermore, Cyp2b-null males fed a normal diet show increased liver tri-
glycerides and a gene expression profile similar to WT mice fed a HFD, indicating progression
to NAFLD even without a high-fat diet [10]. In contrast, female weight gain was not signifi-
cantly different, nor was NAFLD; conversely, the lack of Cyp2b in female mice was moderately
protective from methionine and choline-deficient diet-induced non-alcoholic steatosis
(NASH) [35]. However, the role of CYP2B6 as an anti-obesity gene has not been assessed. The
purpose of this research is to determine the role of CYP2B6 in PUFA metabolism and test
whether CYP2B6 is an anti-obesity enzyme by comparing diet-induced obesity (DIO) between
Cyp2b-null mice and our newly produced humanized CYP2B6 mice to determine if human
CYP2B6 can reverse obesity and NAFLD in Cyp2b-null mice. Physiological (body, tissue
weights, glucose tolerance), biochemical (cholesterol, serum and liver lipids, PUFA metabo-
lites), and transcriptomic (RNAseq) changes were measured. PUFA metabolites of CYP2B6
were identified in vitro from CYP2B6 containing baculosomes by LC-MS/MS and in vivo
from serum and liver following high-fat diet treatment. Results indicate human CYP2B6 pri-
marily metabolizes PUFAs in the 9- and 13- positions and partially reverses diet-induced obe-
sity observed in Cyp2b-null mice potentially through peroxisome proliferator activated
receptor (PPAR) activation, but with unexpected sexually dimorphic effects.

Materials and methods
CYP2B6 inhibition

The Vivid CYP2B6 Blue Screening kit with CYP2B6-containing baculosomes was obtained
from ThermoFisher (Waltham, MA, USA) and used to screen for PUFA inhibition of CYP2B6
at PUFA concentrations from 0.001-100 uM. Nonylphenol, a known CYP2B6 inhibitor, was
used as a positive control [36, 37]. Decreased fluorescence due to chemical inhibition was
quantified on a Gen5 microplate reader (Synergy H1 Hybrid Reader, BioTek, Winooski, Ver-
mont, USA) at 415/460 nm excitation/emission at 30-second intervals for 30 minutes in kinetic
assay mode in accordance with manufacturer’s protocol. IC50 values were determined as
described previously using GraphPad Prism 7.0 (Graphpad Software, San Diego, CA, USA)
[38, 39]. Briefly, chemical concentrations were log10 transformed, sigmoidal concentration-
response curves were fit using non-linear regression, log(inhibitor) vs normalized response—
variable slope model with least squares ordinary fit. Confidence intervals were produced
assuming asymmetrical distribution as recommended by GraphPad.

CYP2B6 fatty acid substrates

CYP2B6 containing and control baculosomes™™ (Thermo Fisher) were incubated with 25 uM
arachidonic acid (AA), linoleic acid (LA), a-linolenic acid (ALA), or docosahexaenoic acid
(DHA) (n = 3) for two hours in VIVID™ P450 reaction buffer and the NADPH-regeneration
system (Thermo Fisher). Following incubation, samples were stored at -80°C and shipped on
dry ice to the Emory Integrated Metabolomics and Lipidomics Core (EIMLC). Oxidized lipids
were selectively extracted from the samples by solid phase extraction because of their low con-
centrations in comparison to other high abundance lipid species. This was done by depositing
homogenized samples into a C18 solid phase extraction cassette, rinsing with hexane to
remove nonpolar lipid species, and eluting with methyl formate. The recovered lipids were
analyzed via LC-MS/MS in a multiple reaction monitoring (MRM) based method that
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selectively targets oxylipins using an AB SCIEX QTrap5500 enhanced high performance
hybrid triple quadrupole/linear ion trap LC/MS/MS with a mass range of m/z 5 to 1250 in tri-
ple quadrupole mode and 5-1000 in LIT mode. The LC/MS/MS is paired with an ExionLC AC
HPLC/UHPLC system with an ExionLC column oven and autosampler along with a computer
workstation running LipidView software (AB SCIEX) [40, 41]. The concentration of the intra-
cellular oxylipins were calibrated against external standards.

High-fat diet treatment of Cyp2b-null mice and hCYP2B6-Tg

Animal care and associated procedures were approved by Clemson University’s Institutional
Animal Care and Use Committee. CYP2A13/CYP2B6/CYP2FI-transgenic mice from Dr. Qing
Yu and Dr. Xinxin Ding’s laboratory’s containing a bacterial artificial chromosome (BAC) of
210 kb from human chr19 containing CYP2A13, CYP2B6, and CYP2F1 genes [42] were bred
to Cyp2b9/10/13-null (Cyp2b-null) mice from our laboratory that lack the primarily hepatic
murine Cyp2b members, Cyp2b9, Cyp2b10, and Cyp2b13 [43] to produce humanized
CYP2B6-transgenic (hCYP2B6-Tg) mice lacking the hepatic murine Cyp2b members [37].
These mice also express CYP2A13, which is primarily expressed in the nasal mucosa and lung
and CYP2F1, which is primarily expressed in the lung [42]. Genotyping was performed by
extracting genomic DNA isolated from tails or ear punches using the QuantaBio (Beverly, MA
USA) AccuStart IT Mouse Genotyping Kit according to the manufacturer’s instructions. Mice
were typically genotyped within three weeks so that nerve endings were not fully formed in the
tail and topical Emla cream was also used to as an anesthetic to reduce pain. Genotype was
then confirmed using a three step PCR genotyping process. First, mice were genotyped to con-
firm that the Cyp2b9/10/13 cluster on murine chromosome 7 was deleted using the F2/R2
primer set: (F2: 5’-gccagggtcagcatattcaccaa-3’/ R2: 5’-gcacagacatcatgaggttctggtg-3’; 59°C),
which produces an approximately 1100 bp fragment in the absence of these three Cyp2b mem-
bers [43]. The absence of these three members was confirmed with a Cyp2b13 specific primer
set (F1: 5’-cagactcttgttagaccggaccat-3’ / R1: 5’-ccccaaggaataaaattctacatg-3’; 59°C) that ensured
the mice were not heterozygous [43]. hCYP2B6-2A13-Tg primer set (F1: 5’-cctggacagatgcctt-
taactccg-3’ / R1: 5-tggctttgeacctgectgact-3’; 63°C) then confirmed the presence of the human
BAC clone containing CYP2B6 and the CYP2B6/2A13/2F1 P450 cluster on human chromo-
some 19 [42].

Cyp2b-null and hCYP2B6-Tg female and male mice (10 weeks old; n = 8 per sex) were fed
a high-fat diet (HFD; Envigo TD.06414, 5.1 Kcal/g: 60.3% fat (37% saturated, 47% monounsat-
urated, 16% polyunsaturated fat), 18.4% protein, 21.3% carbohydrates; Madison, WI USA) for
16 weeks. The lipid composition is defined and contains 3.1g/kg myristic acid (14:0), 76.6 g/kg
palmitic acid (16:0), 41.5 g/kg stearic acid (18:0), 6.2 g/kg palmitoleic acid (16:1), 127.8 g/kg
oleic acid (18:1), 71.7 g/kg linoleic acid (18:2), and 5.5 g/kg alpha-linolenic acid (18:3). Weight
gain was monitored weekly and feed consumption was measured every other day. Glucose tol-
erance tests (GTT) were performed during week 13. At the end of the study, mice were anes-
thetized with isoflurane and blood collected by heart puncture prior to euthanasia confirmed
by carbon dioxide apyxiation and bilateral pneumothorax. Liver, kidney, inguinal white adi-
pose tissue (WAT), brown adipose tissue (BAT), and testes were excised and weighed. All tis-
sues were immediately snap frozen with liquid nitrogen and stored at -80°C.

Fasting blood glucose and glucose tolerance tests

Mice were fasted for 4.5 hours and fasting blood glucose was determined using an Alphatrak 2
(AlphaTRAK, Chicago, IL USA) blood glucose meter following tail bleed on week 13. Then
glucose tolerance was determined following an intraperitoneal injection of 1g/kg D-glucose
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(Sigma Ultra, St. Louis, MO USA) with blood glucose readings from tail bleeds every 20 min
for the first hour and every 30 min for the second hour as described previously [10, 44]. Results
are recorded over the time and as area under the curve (AUC). Data are presented as mean
blood glucose levels + SEM. Statistical significance was determined by unpaired Student’s t-
tests using GraphPad Prism 7.0.

Serum biomarker panel

Serum parameters were measured as described previously [12]. Blood samples were collected
by heart puncture and incubated at room temperature for 30 min followed by centrifugation at
6000 rpm for 10 min. Serum from each sample was transferred into a fresh tube and aliquots
shipped on dry ice to Baylor College of Medicine’s Comparative Pathology Laboratory (Hous-
ton, TX USA) for determination of serum biomarker concentrations including alanine amino-
transferase (ALT), cholesterol, triglycerides (TAG), high density lipoprotein (HDL), low
density lipoprotein (LDL), and very low density lipoprotein (VLDL). Serum parameters were
determined using a Beckman Coulter AU480 chemistry analyzer (Atlanta, GA, USA) and the
appropriate Beckman Coulter biochemical kits according to the manufacturer’s instructions.

Liver triglycerides

Liver triglycerides were extracted and quantified as described previously [45] using colorimet-
ric kits from Cayman Chemical (Ann Arbor, MI). In addition, visual confirmation was per-
formed with Oil Red O. During necropsy, clean liver slices were snap frozen in liquid nitrogen
and stained with Oil Red O at Baylor College of Medicine’s Comparative Pathology Laboratory
using standard protocols [4].

Lipidomic analysis of polyunsaturated fatty acid (PUFA) metabolites

Serum and liver samples were shipped on dry ice to EIMLC for lipidomic analysis of lipid
metabolites from AA, LA, ALA, DHA, and eicosapentaenoic acid (EPA). Oxidized lipids were
selectively extracted from samples by solid phase extraction following EIMLC protocols [41].

Random forest analyses by MetaboAnalyst 3.6 [46] were performed on lipidomic data to
rank PUFA metabolite species as a prediction of how large of an effect each species has
between genotype [47]. The mtry parameter was set to 7, and the number of trees to be built
was set to 500 for each analysis to achieve the lowest out-of-bag (OOB) error. The larger the
mean decreased accuracy (MDA) value, the more important the lipid metabolites are for the
accuracy of the association between variable and response. Lipid metabolites with importance
scores less than or equal to zero are likely to have no predictive ability. Statistical significance
between genotypes was also determined by unpaired Student’s t-tests using GraphPad Prism
7.0. Data are presented as mean concentration + SEM.

PPAR transactivation assays

PUFA and oxylipin PPAR agonist activity was measured (n = 2-3) using commercially avail-
able (Indigo Biosciences, State College, PA) murine and human PPARa (NR1C1), PPARS
(NR1C2), and PPARy (NR1C3) reporter assay systems according to the manufacturer’s direc-
tions. Oxylipins were purchased from Cayman Chemical Co (Ann Arbor, MI).

RNA sequencing (RNAseq)

Liver samples were stored in RNAlater Stabilization Solution (Invitrogen, Carlsbad, CA USA)
at -80°C. Total RNA was extracted from mouse livers of each treatment group using TRIzol
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(Ambion, Carlsbad, CA USA) and quantified on a Qubit 2.0 Fluorometer. RNA integrity num-
ber (RIN) was determined with an Agilent 2100 Bioanalyzer (place) to assess RNA quality, and
samples with a RIN > 8.0 were determined to be of high quality and used for next generation
sequencing. Libraries were prepared using NEB Next Ultra RNA Library Prep kit. Samples
were sequenced to an average sequencing depth of 20,000,000 read pairs with a 2x150 paired-
end module using a NovaSeq 6000. Quality metrics were checked using FastQC on all samples
sequenced, and Trimmomatic was used to trim low quality bases. Trimmed reads were aligned
to the Mus musculus reference genome (GCF_000001635.25_GRCm38.p6) using GSNAP, and
100% of the trimmed reads aligned. Subread feature counts software found reads that aligned
with known genes. Raw read counts and EdgeR were used to determine differential gene
expression [48]. Series GSE148460 containing the RNAseq data has been uploaded to the Gene
Expression Omnibus (GEO).

DAVID functional annotation tool was used to perform the analysis of enriched gene ontol-

ogy (GO) terms from differentially expressed gene lists for female and male mice (adjusted p-
value < 0.05) [49]. Chord plots were generated in R using GOplot to display the relationship
between enriched GO terms and differentially expressed genes. Hierarchical cluster analysis
was performed on variables including total body weight, WSI, serum lipids, oxylipin species
from liver and serum, and differentially expressed genes (logFC > 1.0 or < 1.0) and visualized
in heatmaps with MetaboAnalyst 3.6 [46] to compare measured variables between genotypes.
MAGIC was used to estimate transcription factors involved in differential gene regulation
[50], and Enrichr was used to compare our differential gene expression set to other transcrip-
tomic gene sets [51].

Quantitative real-time PCR (qPCR)

RNA (2 pg) was used to prepare cDNA with 10 mM dNTPs, 200 units MMLYV reverse tran-
scriptase, and 50 pug random hexamers (Promega, Madison WI, USA). Primers used were pre-
viously published [37, 45] and pimer sequences and annealing temperatures are provided in
Table 1. Samples were diluted 1:10 and amplified in triplicate using a 96-well CFX Real-Time
PCR (Bio-Rad, Hercules CA, USA) with 0.25X RT? SybrGreen (Qiagen, Frederick MD, USA)
compared to the geometric mean of the reference genes, 185 and GAPDH. Standard curves
were used to determine efficiency using a mix of samples containing all cDNA samples diluted
at 1:1, 1:4, 1:16 1:64, 1:256, and 1:1024 and gene expression quantified using the modified Mul-
ler’s method [52, 53].

Table 1. Primer sequences for determining hepatic gene expression of insulin, Srebf, and Ppar regulated genes involved in lipid uptake, storage, and metabolism.

Gene
Gapdh
18S
Fasn
Pparg
Ppard
Cyp4ald
Pepckl
Srebfl
Cd36
Cptla

Forward sequence

Reverse sequence

Annealing temperature (°C)

CCTTCATTGACCTCAACTA CTGGAAGATGGTGATGG 50
ATGGCCGTTCTTAGTTGGTG ATGCCAGAGTCTCGTTCGTT 64
ATTGCATCAAGCAAGTGCAG GAGCCGTCAAACAGGAAGAG 54.2
TGGGTGAAACTCTGGGAGATTC AATTTCTTGTGAAGTGCTCATAGGC 60.1
ATCCTCACCGGCAAGTCCA CCTGCCACAGTGTCTCGATG 60
GAGCCGTCAAACAGGAAGAG GAGTCCATAGGCCTGAGTTATTT 59
GTCAACACCGACCTCCCTTA CCCTAGCCTGTTCTCTGTGC 60.6
ACGAAGTGCACACAAAAGCA GCCAAAAGACAAGGGGCTAC 58
GCTTGCAACTGTCAGCACAT GAGCTATGCAGCATGGAACA 60
TTGATCAAGAAGTGCCGGACGAGT GTCCATCATGGCCAGCACAAAGTT 60

https://doi.org/10.1371/journal.pone.0277053.t001
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Results
Inhibition of CYP2B6 by endogenous compounds

The concentration-dependent inhibition of the PUFAs AA, ALA, DHA, and LA were deter-
mined using CYP2B6 containing baculosomes (Fig 1) with the plasticizer, nonylphenol, as a

Nonylphenol
DHA

AA

LA

—— ALA

100

}

Percent Activi

| | | | V
10 9 -8 -7 6 -5 -4 -3
Concentration (M)

PUFAs ICS0 | 950, 1 (um)

(LM)
a-Linolenic acid (ALA) 448 | 3.38-6.12

Arachidonic acid (AA) 1.51 | 0.854 — 2.68

Docosahexaenoic acid (DHA)| 2.40 | 1.74 —3.27

Linoleic acid (LA) 290 | 1.56-5.16
Nonylphenol 0.178 |0.152 — 0.206

Fig 1. Fatty acid inhibitors of CYP2B6. Concentration-response curves of CYP2B6 containing baculosomes treated with polyunsaturated fatty
acids (PUFAs) or nonylphenol (positive control). Data are generated as described in the Materials and Methods using GraphPad Prism 7.0 and
presented as mean + SEM in the graph with IC50s and 95% Confidence Intervals included.

https://doi.org/10.1371/journal.pone.0277053.9001

PLOS ONE | https://doi.org/10.1371/journal.pone.0277053 December 15, 2022 7128


https://doi.org/10.1371/journal.pone.0277053.g001
https://doi.org/10.1371/journal.pone.0277053

PLOS ONE

CYP2B6-mediated oxylipin production, NAFLD and obesity

5,6 DIHET:
11(12)-DiHET-
Resolvin D 1/2

LTB4
15-HETE/14(15)-EET-
PGF2a

TXB2

8,9 EET:

5,6 EET-

12-HETE
13-HODE/12(13)-EpOME
5,6 DHET:

14,15 DHET-
9-HETE/11(12)-EET

positive control [37]. In concurrence with recently performed screening results of multiple
endobiotic and xenobiotic inhibitors [36], AA and DHA had the lowest IC50s (1.51 M and
2.40 uM, respectively) compared to the other PUFAs, LA (2.90 uM) and ALA (4.48 uM) (Fig
1). It should be noted that all of the PUFAs had overlapping 95% CI except AA and ALA.
However, even the strongest endogenous inhibitors have almost 10X times less affinity / inhib-
itory capacity to CYP2B6 than the known xenobiotic inhibitor, nonylphenol [37]. Because of
dietary sources the PUFAs probably reach much greater hepatic concentrations than xenobiot-
ics and therefore it is expected that these PUFAs are effective inhibitors and potential sub-
strates for CYP2B6; at least following a HFD or a diet high in these PUFAs. Percent inhibition
of CYP2B6 along with IC50s and Hillslopes by multiple PUFAs, pesticides, and other xenobi-
otics in comparison to CYP3A4 was recently published and available for comparison [36].

Preferential metabolism of ALA to 9-HOTTE by CYP2B6-containing
baculosomes

Oxylipins of AA, LA, DHA, and ALA produced by CYP2B6 were measured by LC-MS/MS to
further investigate the role of CYP2B6 in PUFA metabolism. Surprisingly few AA, LA and
DHA metabolites were formed considering their IC50s (Fig 2). Instead, the n-3 PUFA, ALA,
was the most prominently metabolized PUFA with metabolite concentrations almost 20X
greater than other PUFA metabolites. 9-hydroxy-10E,12Z,15Z-octadecatrienoic acid
(9-HOTYE) and 13-HOTTYE were the primary oxylipins produced. Such high concentrations
suggest that CYP2B6 has a specific PUFA substrate and products, potentially as key signaling
molecules. Interestingly, in addition to ALA, other n-3 and n-6 based oxylipins were also pri-
marily metabolized at the 9 or 13 position, indicating that CYP2B6 preferentially metabolizes
PUFAs, such as ALA and LA, in these positions.
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Fig 2. PUFA metabolites of CYP2B6. LC-MS/MS was used to measure production of oxylipid metabolites formed by CYP2B6 containing
baculosomes compared to control baculosomes incubated with 25 uM arachidonic acid, linoleic acid, docosahexaenoic acid, and o-linolenic

acid (n = 3).

https://doi.org/10.1371/journal.pone.0277053.9002
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Humanized-CYP2B6-Tg mice have increased glucose sensitivity and
decreased body mass in comparison to Cyp2b-null mice following 16 weeks
of HFD treatment

Female hCYP2B6-Tg mice gained significantly less weight than their Cyp2b-null counterparts
after 16 weeks of a HFD. Changes in body mass were similar until about week 11 and contin-
ued to separate by genotype for the duration of the study (Fig 3A). In contrast, male
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Fig 3. Genotypic differences in body weight gain and glucose sensitivity during 16 weeks of high-fat diet treatment. (A) Change in
body weight gain over 16 weeks of HFD treatment. (B) Glucose tolerance tests (GTT) performed during week 13 on Cyp2b-null and
hCYP2B6-Tg female and male mice. Results are represented as area under the curve. Data are presented as mean + SEM. Statistical
significance was determined by unpaired Student’s t-tests (n = 7-8). * indicates a p-value < 0.05 and ** indicates a p-value < 0.01.

https://doi.org/10.1371/journal.pone.0277053.9003
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hCYP2B6-Tg mice showed no significant differences in body mass compared to Cyp2b-null
mice over the 16 weeks of HFD treatment; although male hCYP2B6-Tg mice tended to gain a
little less weight than their Cyp2b-null counterparts during the second half of the study (Fig
3A). Both genotypes in female and male mice consumed similar amounts of calories through-
out the duration of the 16-week HFD study (S1 File); therefore, caloric consumption does not
explain the differences in body mass. The reduced weight gain in hCYP2B6-Tg female mice
may be partly attributed to lower tissue weights as inguinal WAT was decreased 27% although
not significantly; only kidney weights were significantly decreased (S2 File). No differences
were observed in tissue weights between Cyp2b-null and hCYP2B6-Tg male mice (S2 File).

GTTs were performed to determine if HFD-fed hCYP2B6-Tg mice respond better than
HFD-fed Cyp2b-null mice to a glucose challenge, a biomarker of metabolic disease. Female
hCYP2B6-Tg mice performed slightly better than their Cyp2b-null counterparts, but only at
the last time point, suggesting that this may be an outlier. However, male hCYP2B6-Tg mice
exhibited a significantly faster response to a glucose challenge than Cyp2b-null males even
though there was no change in weight between the genotypes (Fig 3B), suggesting some other
physiological change is protecting hCYP2B6-Tg mice from metabolic disease.

Hepatic and serum lipids in HFD-fed hCYP2B6-Tg mice

Differences in hepatic lipid accumulation between Cyp2b-null and hCYP2B6-Tg mice were
examined to determine if the presence of hCYP2B6 provided protection from NAFLD as do
murine Cyp2b members in male mice [5, 10]. Surprisingly, male but not female hCYP2B6-Tg
mice showed increased hepatic triglycerides compared to Cyp2b-null mice (Fig 4A); the oppo-
site of what was predicted and observed in wildtype compared to Cyp2b-null male mice [10].
Histological analysis of Oil Red O staining was performed to confirm the chemical analysis of
lipid accumulation in the liver. Although steatosis increased as a result of HFD treatment, dif-
ferences observed between genotypes were relatively small when confirmed by Oil Red O
staining (Fig 4B). There were also no significant differences in serum lipids between Cyp2b-
null and hCYP2B6-Tg mice (S3 File). Overall, the increase of inert liver triglycerides in
hCYP2B6-Tg mice may paradoxically be protective based on increased glucose sensitivity
although other measured physiological and biochemical parameters are equivocal [54, 55].

Hepatic and serum oxylipin metabolites produced in HFD-fed
hCYP2B6-Tg mice

Concentrations of serum and hepatic lipid metabolites from LA, AA, ALA, DHA, and EPA
were compared between HFD-fed Cyp2b-null and hCYP2B6-Tg mice to identify lipid metabo-
lites metabolized by human CYP2B6 in vivo. The oxylipin species most predictive of differ-
ences between Cyp2b-null and hCYP2B6-Tg mice in serum or liver tissue are primarily AA
and LA-species as determined by random forest analysis and are almost always produced at
higher concentrations in the hCYP2B6-Tg mice, presumably due to the presence of CYP2B6
(Fig 5).

The anti-inflammatory signaling molecule, AA 14,15-EET was ranked the most predictive
lipid metabolite in hepatic tissue in female and male hCYP2B6-Tg mice (Fig 5). Interestingly,
AA 14,15-EET was the only statistically different oxylipin by unpaired Student’s t-tests
between Cyp2b-null and hCYP2B6-Tg female mice in liver, and there were no significant
changes in oxylipin concentrations between HFD-fed Cyp2b-null and hCYP2B6-Tg mice in
the liver. While individual hepatic oxylipin differences were rarely significant, the total average
concentration of oxylipins in the liver significantly increased in male hCYP2B6-Tg mice
(S4 File).
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Fig 4. Comparison of steatosis markers in hCYP2B6-Tg and Cyp2b-null mice. (A) Total liver triglycerides were
measured in Cyp2b-null and hCYP2B6-Tg female and male mice. Data are presented as mean + SEM. Statistical
significance was determined by unpaired Student’s t-tests (n = 5). * indicates a p-value < 0.05. (B) Fatty liver
histopathological changes were evaluated by Oil red O staining in female and male mice. Images were taken at 100x
(0.2 mm) and 400x (0.05 mm) magnification.

https://doi.org/10.1371/journal.pone.0277053.g004

Hepatic pro-inflammatory response metabolites, LA 9-hydroxyoctadecadienoic acid (LA
9-HODE) (females) and AA 12-hydroxyeicosatetraenoic acid (AA 12-HETE) (males), followed
by LA 13-HODE derivative, 13-keto-9Z,11E-octadecadienoic acid (LA 13-KODE), were iden-
tified as the most predictive lipid metabolites in serum of female and male mice (Fig 5). With
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Fig 5. Random forest analysis of lipid metabolites by tissue type in female and male mice. Important lipid metabolites identified by

random forest analysis between Cyp2b-null and hCYP2B6-Tg mice in serum or liver tissue.

https://doi.org/10.1371/journal.pone.0277053.9005

the exception of AA 12-HETE, these metabolites and others were also different by Student’s t-
tests (S5 and S6 Files). LA 9,10-dihydroxyoctadec-12-enoic acid (DiHOME) a hydrolase
metabolite of 9,10-epoxy-12Z-octadecenoic acid (EpOME), LA 9-HODE and LA 13-KODE, as
well as AA 14,15-epoxyeicosatrienoic acid (AA 14,15-EET) and ALA isoprostane all increased
in the serum of female hCYP2B6-Tg mice (S5 File; Fig 5). These PUFA metabolites also
increased in the serum of male hCYP2B6-Tg mice but not significantly. The only lipid metabo-
lite to significantly increase in the presence of CYP2B6 in the serum of male mice was AA
thromboxane B2 (TXB2) (S5 File). Total average oxylipin concentrations in serum samples
increased, but not significantly, in both female and male hCYP2B6-Tg mice compared to
Cyp2b-null mice (S4 File).
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Gene expression differences between HFD-fed Cyp2b-null and
hCYP2B6-Tg mice

RNAseq was performed on liver samples to examine the effect of CYP2B6 on global hepatic
gene expression compared to Cyp2b-null mice during HED treatment (S7 File). Gene ontol-
ogy (GO) enrichment chord plots were used to display the relationship between differentially
expressed genes and enriched biological process GO terms (S7 File). Several circadian
rhythm-associated genes were up-regulated in HFD-fed hCYP2B6-Tg mice compared to
Cyp2b-null mice (Fig 6). Circadian regulation plays an important role in liver metabolism and
metabolic disease [56]. Female and to a lesser extent, male hCYP2B6-Tg mice had several per-
turbed protein processing and phosphorylation associated genes. Previous RNAseq data gen-
erated in our lab determined Cyp2b-null mice have increased endoplasmic reticulum stress
compared to wild-type mice [10]. Consistent with these results, female and to a lesser extent,
male hCYP2B6-Tg mice had several perturbed protein processing and phosphorylation associ-
ated genes compared to Cyp2b-null mice. In addition, female hCYP2B6-Tg mice had several
down-regulated genes involved in lipid synthesis, notably AngptI8, a critical modulator of
serum triglyceride levels [57] (Fig 6).

Interestingly in males, Cyp2b10 was the second highest induced gene (logFC = 6.19) in
HFD-fed hCYP2B6-Tg compared to Cyp2b-null mice (S7 File). Cyp2b10 is the murine ortho-
log to human CYP2B6 and 74% identical. Based on alignment program settings and sequenc-
ing variation (i.e. number of SNPs), CYP2B6 reads were aligned to Cyp2b10 on the reference
genome (S8 File). Furthermore, the epidermal growth factor receptor (Egfr) was down-regu-
lated (logFC = -1.34) in male hCYP2B6-Tg mice compared to Cyp2b-null mice. The down-
regulation of EGFR provides a mechanism for the activation of the constitutive androstane
receptor (CAR) and subsequent induction of Cyp2b10/CYP2B6 [58]. Conversely, Cyp2b10
was not differentially expressed in females, probably because Egfr was up-regulated
(logFC = 0.77) in female hCYP2B6-Tg mice.

Our differentially expressed gene set was compared to others using Enrichr [51] with simi-
larities most strong to CAR-null > PPARa-null = AhR-null > BHLHA15-null = HNF1-null >
STAT3-null = ESRRA-null mice. Several different experiments with CAR-null mice appeared
indicating that the gene expression patterns observed were most closely related to CAR-null
mice with PPARa and AHR-null mice not far behind. Individual genes were run through
MAGIC [50] to verify the results of Enrichr. The three transcription factors that regulate the
most differentially expressed genes are FoxA2, PPARs, and sterol regulatory element binding
transcription factor 1 (SREBF1). ESRRA and NRF2 were also represented. Estrogen related
receptors (ESRRA) are often associated with PPAR related processes [59]. CAR was not well
represented in MAGIC and even CYP2B6 did not show CAR regualation in MAGIC. PPAR-
gene confirmed the regulation of several genes by the PPARs [60].

To determine associations between physiological parameters, serum lipids, serum and liver
oxylipin species, and differentially expressed genes between HFD-fed Cyp2b-null and
hCYP2B6-Tg mice, hierarchical cluster analysis was performed using the top 50 measured var-
iables from female and male mice (Fig 7). There was clear separation by genotype in females,
with hierarchical clustering showing that in addition to differentially expressed genes, serum-
associated variables make up the most distinguishing factors between genotypes in female
mice (Fig 7A). HFD-fed hCYP2B6-Tg female mice were associated with an increase in several
serum oxylipins, LDL, and HDL as well as more differentially expressed genes than Cyp2b-
null females. Fewer serum parameters, TAG, VLDL, and two AA serum oxylipin species
(AA-TBX2; AA-PGE2) (role in inflammation) were increased in HFD-fed Cyp2b-null female
mice (Fig 7A).
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Fig 7. Hierarchical cluster analysis comparing measured variables between HFD-fed hCYP2B6-Tg and Cyp2b-
null mice. Hierarchical cluster analysis determining the top 50 measured variables associated with HFD-fed Cyp2b-
null or hCYP2B6-Tg female (A) or male (B) mice visualized in heatmaps. Variables include serum lipids, WAT
somatic index (WSI), body weight, serum and liver oxylipin species, and differentially expressed genes (logFC >1.0 or
<1.0).

https://doi.org/10.1371/journal.pone.0277053.9007

Samples also clustered by genotype in male mice, but with more variability than females
and a clear indication that some serum and liver oxylipin concentrations were inversely related
(Fig 7B). Interestingly, HFD-fed Cyp2b-null males were associated with an increase in serum
cholesterol and HDL and only one liver oxylipin metabolite. Conversely, hCYP2B6-Tg coun-
terparts were correlated with an increase in WSI, LDL, and numerous serum and liver oxylipin
species (Fig 7B).

Opverall, this data indicated the importance of changes in expression and activity of nuclear
receptors with CAR, PPARo, PPARY, Rev-Erbp, GR, ESSRA, and SHP all as potential contrib-
utors to changes in the regulation of key genes involved in circadian rhythms, cholesterol and
lipid metabolism in female and male mice based on the literature (Fig 7)[61-63]. Because
PPARs are involved in hepatic circadian rhythms, lipid metabolism, previous data indicates
PPARY activation by the oxylipin 13-KODE [64], and PPARs are common targets based on
the Enrichr and MAGIC databases, we evaluated PPAR0/3/y activation by oxylipins produced
by CYP2B6. The primary oxylipins produced in vitro and in vivo in the 9-positions from lino-
lenic and linoleic acid (9-HOTre and 9-HODE, respectively) by CYP2B6 are strong PPARa.
activators at 6 pM (Fig 8A and 8B). None of the oxylipins tested activated PPARS (Fig 8C and
8D). 13-KODE, (also known as 13-0xo-ODE) moderately activated PPARY at a relatively low
concentration of 0.6 pM (Fig 8E and 8F), confirming previous results [64]. This work indicates
that the oxylipins produced by CYP2B6 could activate PPAR pathways crucial in the distribu-
tion and utilization of fatty acids.

Targeted gene expression differences between HFD-fed Cyp2b-null and
hCYP2B6-Tg mice as measured by qPCR

Changes in the expression of genes involved in energy metabolism (lipid uptake, storage, and
metabolism) and primarily regulated by insulin, SREBF1, and PPARs [37, 45] were measured
by qPCR. Few of the genes were differentially expressed; however there were some trends in
genes primarily regulated by PPARYy including Fasn, Ppary, Pepck, and Srebfl [60, 65, 66], of
which Fasn and Ppary were significant (Fig 9). Ppard was also increased as determined by
Fisher’s LSD only. Key biomarker genes regulated primarily by PPARa such as Cd36 and
Cyp4al4 were not altered [67, 68]. SREBF1 also induces Ppary and itself similar to PPARy, but
down-regulates Fasn [65, 69]. Therefore, qPCR profiles most closely aligned with activation of
PPARY.

Discussion

Female hCYP2B6-Tg mice gained less weight than Cyp2b-null counterparts after 16 weeks of
HFD treatment. The difference in weight was not as great and the duration of the study was
longer than previously conducted when comparing Cyp2b-null and WT mice [10]. This sug-
gests that similar to murine hepatic Cyp2b members, human CYP2B6 is an anti-obesity
enzyme but not with the efficacy of the murine Cyp2b enzymes. In addition, the sexual dimor-
phic effects of human CYP2B6 and murine Cyp2bs were flipped, as Cyp2b-null male mice
weighed more than WT mice [10], but it was Cyp2b-null female mice that weighed more than
hCYP2B6-Tg mice (Fig 3).
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In addition to body weight, hCYP2B6-Tg females decreased inguinal WAT mass 27% when
compared to Cyp2b-null mice. While 27% is not statistically significant, a 27% drop in WAT
mass is biologically impressive. Genes that play a role in adipocyte lipid accumulation, Angptl8,
[57] and differentiation (Slc16al) [70] were concurrently down-regulated in h(CYP2B6-Tg
female mice, as well as acyl-coA synthetase short chain family member 2 (Acss2), which has
been found to promote the systemic storage of fats under HFD conditions in mice [71]. Previ-
ous studies have found serum TAG, VLDL and Angptl8 expression to be positively correlated
in humans and mice [72, 73]. These variables were also increased and grouped together by
hierarchical cluster analysis in HFD-fed Cyp2b-null female mice. Female RNAseq results also
indicate disruption of circadian rhythm genes, which often regulate lipid distribution [74] as
well as effects on lipid metabolism/cholesterol/bile acid pathways (Insig2) [75] and energy uti-
lization (Sgk1) [76]. Several of these genes are consistent with activation of circadian nuclear
receptor pathways such as PPARa, PPARY, and Rev-Erb [61-63, 77, 78], and PPARa and Rev-
Erb are directly regulated by BMALLI, a circadian rhythm transcription factor [79].

Concentrations of specific oxylipin metabolites were significantly increased in the serum of
hCYP2B6-Tg females, which corresponds well with their signaling role and obesity-associated
effects observed in the physiological and transcriptomic results of HFD-fed hCYP2B6-Tg
female mice. These altered oxylipin species do not share one specific role, as AA-14,15-EET is
anti-inflammatory [80], while LA-9-HODE and 13-HODE are PPARo. agonists (Fig 8) and as
such also potentially anti-inflammatory [81]. Interestingly, 9-HODE and 13-KODE are also
agonists of the pain receptor, transient receptor potential vanilloid 1 (TRPV1); 9-HODE, but
not 13-HODE, is an agonist for G-protein coupled receptor, G2A/GPR132, and as such would
likely be inflammatory [82, 83]. However, TRPV1 is primarily found in the nervous system
and skin and unlikely to be involved in actions observed in this study [84].

Hierarchical cluster analysis showed changes in AA-14,15-EET are associated with genes
involved in proliferation (Ccno, Frs3, Junb) [85-87]. 9-HODE and 13-KODE (a PPARYy ago-
nist), which are in the same cluster, are associated with genes involved in insulin signaling
[88]. Several differentially regulated genes in female hCYP2B6-Tg mice are associated with
insulin such as Irs2, Sgk1, Inhbb, Slc16al, and Angptl8 [89, 90]. This insulin pathway is also
known to activate PPARy [91]. We did not observe activation of PPARy by 9-HODE or
13-HODE; however, other laboratories have shown evidence that FABP4 is likely induced by a
9-HODE-PPARY interaction and both 9-HODE and 13-HODE bind the ligand binding pocket
of PPARY [83, 92]. Another study suggests that 13-HODE induces PPARy activity through
repression of PPARS [93]. We observed activation of PPARy by 13-KODE (also known as
13-0x0-ODE) at a low concentration of 0.6 pM. Any of these oxylipins may alter insulin signal-
ing or more likely incease PPARY signaling. Ultimately, these changes in hepatic gene expres-
sion and serum oxylipin concentrations between HFD-fed hCYP2B6-Tg and Cyp2b-null
female mice suggest CYP2B6 could affect lipid distribution.

Although AA and DHA had the lowest IC50 values compared to the other PUFAs mea-
sured by concentration-dependent response curves, ALA was the predominant substrate
metabolized by CYP2B6 in vitro followed by LA and AA when adequate substrate was pro-
vided. CYP2B6 oxylipin metabolites were produced in the 9- and 13- positions at high concen-
trations, especially 9-HOTTE followed by 13-HOTYE. The oxylipin 13-HOTYE is known for its
role in suppression of inflammation [94, 95], and although the biological effect of the previ-
ously determined lipoxygenase product 9-HOTTE [74] is not established, it is predicted to
share a similar anti-inflammatory role [96].

Conversely, important or significantly altered PUFA metabolites from liver and serum sam-
ples of HFD-fed hCYP2B6-Tg mice suggests CYP2B6 primarily metabolizes the n-6 PUFAs,
LA and AA in vivo, in the 9- and 13- positions. This change in substrate preference compared
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to the in vitro data is most likely attributed to the available concentrations of the different
PUFAs and their affinity for CYP2B6 (Fig 1). The HFD provided to the mice has nearly 15X
more n-6 than n-3 PUFAs and the main source of PUFAs in the HFD treatment was soybean
oil, which is approximately 55% LA and only 7% ALA [97]. In addition, ALA had a slightly
lower affinity to CYP2B6 compared to AA according to concentration-dependent response
curve results, indicating more ALA would need to be present for metabolism to occur. Overall,
several oxylipins are produced from CYP2B6 and preferentially present in hCYP2B6-Tg mice,
indicating that CYP2B6, at least under high-fat conditions, metabolizes PUFAs to several oxy-
lipins with preference in the 9- and 13-positions.

In contrast to females, there was no change in weight between genotypes in HFD-fed male
mice, although male hCYP2B6-Tg mice exhibited increased glucose sensitivity and higher
liver triglyceride levels compared to Cyp2b-null males. High fat diets often cause a shift from
normal triglyceride synthesis to bioactive lipid intermediates that can induce endoplasmic
reticulum (ER) stress and cause lipotoxicity [98]; however, lipotoxic ER stress was not
observed in male hCYP2B6-Tg mice. We suspect that the increase in inert hepatic triglycerides
provided lipotoxic protection from other fatty acid-derived species [99]. Additionally, the
downregulation of Egfr in male hCYP2B6-Tg provides a mechanism for the up-regulation of
Cyp2b10 through CAR activation [58] and potentially explains the physiological and lipid
metabolism differences between male and female hCYP2B6-Tg mice, as Egfr was up-regulated
in females.

Differences are also potentially due to the differing roles of human versus murine CYP2B,
as CAR activation in murine models inhibits gluconeogenesis, lipogenesis and fatty acid synthe-
sis, but in human hepatocytes CAR was only found to inhibit gluconeogenesis [100], and RNA-
seq suggests the potential for CAR activation based on decreased Egfr and Cyp7al, and
increased CYP2B6/Cyp2b10 [58], as well as gstm3, sgpll, por, sdf2l1, insig2, hspbl, and sgkl [51].
Interestingly, decreased Egfr and Cyp7al were associated with decreased serum cholesterol and
HDL in hCYP2B6-Tg males. Furthermore, the most important oxylipin in the livers of HFD-
fed hCYP2B6-Tg mice as determined by random forest, AA-14,15-EET, and other CYP-derived
EETs contribute positively to insulin sensitivity [101]. Taken together, there appears to be sev-
eral pieces of evidence that suggest a positive role for CYP2B6 in glucose tolerance.

Observed differences between male hCYP2B6-Tg and male Cyp2b-null mice were predom-
inantly liver-based effects such as increased liver triglycerides and a change in glucose toler-
ance. HFD-fed hCYP2B6-Tg males also presented with increased total average concentrations
of hepatic oxylipin species compared to their Cyp2b-null counterparts with PPARo and
PPARy activators, 9-HODE and 13-KODE considered key increased oxylipins as determined
by Random Forest (Fig 5). Increased levels of oxylipin metabolites of ALA and LA have been
previously associated with soybean oil-induced fatty liver and obesity in mice [102]. Similar to
females, hCYP2B6-Tg male mice also experienced perturbations in circadian rhythm-associ-
ated genes that are important mediators of hepatic lipid homeostasis [56].

In humans, excess intrahepatic fat and visceral adipose tissue (VAT) have been associated
with perturbed glucose and lipid metabolism. VAT is highly lipolytic and increases levels of
free fatty acids in the liver, causing enhanced gluconeogenesis and hepatic insulin resistance
[103]. It has been shown that adults and children with NAFLD have impaired glucose toler-
ance in equal proportions to the degree of steatosis [104]. However, in this study HFD-fed
hCYP2B6-Tg male mice simultaneously increased hepatic triglycerides and glucose tolerance
compared to Cyp2b-null mice, which is unusual but not unprecedented [105] as other studies
have shown that acute NAFLD can be protective [106].

PPARY activation is one of the few mechanisms that can explain an association between
increased liver steatosis and improved glucose tolerance. PPARy activation in diabetic patients
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improves whole-body insulin sensitivity [107] at the same time increasing steatosis [108].
Therefore, targeting PPAR for improving diabetes comes with conern for potential side effects
allowing for greater NAFLD [108]. In this study, we observed increased liver triglycerides
along with improved glucose tolerance in the hCYP2B6-Tg mice in association with increased
oxylipins that activate PPARs and changes in gene expression associated with PPAR activation.
qPCR confirmation of key biomarker genes showed increased Ppary and Fasn expression with
no change in Cyp4al4 and Cd36 expression, indicating PPARY activation; and not likely
PPARo activation. Overall, our data is consistent with CYP2B6 expression leading to increased
oxylipins that are associated with increased PPARY activity and improved glucose sensitivity at
the cost of increased steatosis.

Differences are also potentially due to the differing roles of human versus murine CYP2B,
as CAR activation in murine models inhibits gluconeogenesis, lipogenesis and fatty acid syn-
thesis, but in human hepatocytes CAR was only found to inhibit gluconeogenesis [100], and
RNAseq suggests the potential for CAR activation based on decreased Egfr and Cyp7al, and
increased CYP2B6/Cyp2b10 [58], as well as gstm3, sgpll1, por, sdf2l1, insig2, hspbl, and sgkl
[51]. Interestingly, decreased Egfr and Cyp7al were associated with decreased serum choles-
terol and HDL in hCYP2B6-Tg males. Furthermore, the most important oxylipin in the livers
of HFD-fed hCYP2B6-Tg mice as determined by random forest, AA-14,15-EET, and other
CYP-derived EET's contribute positively to insulin sensitivity [101]. Taken together, there
appears to be several pieces of evidence that suggest a positive role for CYP2B6 in glucose
tolerance.

In conclusion, the data presented indicates CYP2B6 is an anti-obesity enzyme in human-
ized mice, which verifies epidemiological data [3]. CYP2B6 metabolizes PUFAs in vitro and in
vivo preferentially in the 9- and 13- positions on LA and ALA, with more limited metabolism
of AA and DHA. Previous research indicates that several of these oxylipins are anti-inflamma-
tory mediators of metabolic disease, however some are inflammatory oxylipins. In addition,
several of the CYP2B6-produced 9- and 13-position oxylipins are PPARo and PPARYy activa-
tors, providing a putative mechanism for CYP2B6 as an anti-obesity enzyme. HFD-fed
hCYP2B6-Tg male and female mice were less susceptible to the development of metabolic dis-
ease compared to Cyp2b-null mice through different mechanisms as female mice showed
reduced body weight and males increased glucose sensitivity consistent with PPARYy activity.
Opverall, this study provides a putative mechanism by which CYP2B6 acts as an anti-obesity/
anti-metabolic disease enzyme under HFD conditions and suggests how chemical inhibition
or polymorphic loss of CYP2B6 activity could increase diet-induced obesity and metabolic dis-
ease through reduced production of important oxylipins or changes in circadian-mediated
regulation of lipid metabolism and distribution.

Supporting information

S1 File. Feed consumption of Cyp2b-null and hCYP2B6-Tg mice during 16-weeks of high-
fat diet treatment. Female and male feed consumption was measured by weighing the food
every alternate day. Data are presented as mean calories + SEM. Statistical significance was
determined by unpaired Student’s t-tests (n = 8). * indicates a p-value < 0.05.

(PDF)

S2 File. Tabular comparison of tissue weights between Cyp2b-null and hCYP2B6-Tg
female (A) and male (B) mice fed a HFD for 16 weeks.
(PDF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0277053 December 15, 2022 21/28


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0277053.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0277053.s002
https://doi.org/10.1371/journal.pone.0277053

PLOS ONE

CYP2B6-mediated oxylipin production, NAFLD and obesity

S3 File. Tabular comparison of serum biomarkers between Cyp2b-null and hCYP2B6-Tg
female (A) and male (B) mice fed a HFD for 16 weeks.
(PDF)

S4 File. Table of total average of oxylipin metabolites measured in liver and serum of
HFD-fed Cyp2b-null and hCYP2B6-Tg mice.
(PDF)

S5 File. Table containing measured serum and liver lipid metabolite concentrations in
Cyp2b-null and hCYP2B6-Tg female (A) and male (B) mice fed a HFD for 16 weeks.
(PDF)

S6 File. Graphical representation of increased oxylipins in serum of female HFD-fed
hCYP2b6-Tg mice. Serum oxylipins in female and male serum. Data are presented as

mean + SEM. Statistical significance was determined by unpaired Student’s t-tests (n = 4-5). *
indicates a p-value < 0.05 and ** indicates a p-value < 0.01.

(PDF)

S7 File. Differentially expressed gene lists of female and male HFD-fed hCYP2B6-Tg mice
compared to HFD-fed Cyp2b-null mice, GO term enrichment, Enrichr data, organ
weights, serum lipids, Cyp2b inhibition, and oxylipin production.

(XLSX)

S8 File. CYP2B6 alignment to Cyp2b10 on mouse reference genome. Alignment of male
hCYP2B6-Tg bam files to mouse reference genome using IGV viewer. The high number single
nucleotide polymorphisms (SNPs) within the exon regions of Cyp2b10 is provides evidence of
the human CYP2B6 misalignment to mouse Cyp2b10.

(PDF)

Author Contributions
Conceptualization: Melissa M. Heintz, William S. Baldwin.
Data curation: Melissa M. Heintz.

Formal analysis: Melissa M. Heintz, Jazmine A. Eccles, Emily M. Olack, Kristal M. Maner-
Smith, William S. Baldwin.

Funding acquisition: Eric A. Ortlund, William S. Baldwin.

Investigation: Melissa M. Heintz, Jazmine A. Eccles, Emily M. Olack, Kristal M. Maner-
Smith, William S. Baldwin.

Methodology: Melissa M. Heintz, Jazmine A. Eccles, Kristal M. Maner-Smith, William S.
Baldwin.

Project administration: William S. Baldwin.

Resources: Kristal M. Maner-Smith, William S. Baldwin.
Supervision: Melissa M. Heintz, Eric A. Ortlund, William S. Baldwin.
Validation: Kristal M. Maner-Smith.

Visualization: Melissa M. Heintz, William S. Baldwin.

Writing - original draft: Melissa M. Heintz, Jazmine A. Eccles, Emily M. Olack, Kristal M.
Maner-Smith, William S. Baldwin.

PLOS ONE | https://doi.org/10.1371/journal.pone.0277053 December 15, 2022 22/28


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0277053.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0277053.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0277053.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0277053.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0277053.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0277053.s008
https://doi.org/10.1371/journal.pone.0277053

PLOS ONE

CYP2B6-mediated oxylipin production, NAFLD and obesity

Writing - review & editing: Melissa M. Heintz, Eric A. Ortlund, William S. Baldwin.

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

Masuoka HC, Chalasani N. Nonalcoholic fatty liver disease: an emerging threat to obese and diabetic
individuals. Ann N'Y Acad Sci. 2013; 128:106—22. https://doi.org/10.1111/nyas.12016 PMID:
23363012

Hales CM, Carroll MD, Fryar CD, Ogden CL. Prevalence of obesity and severe obesity among adults:
United States, 2017—2018. NCHS Data Brief. 2020;360. PMID: 32487284

Krogstad V, Peric A, Robertsen |, Kringen MK, Wegler C, Angeles PC, et al. A comparative analysis of
cytochrome P450 activities in paired liver and small intestinal samples from patients with obesity. Drug
Metab Dispos. 2020; 48:8—-17. https://doi.org/10.1124/dmd.119.087940 PMID: 31685482

Dong B, Saha PK, Huang W, Chen W, Abu-Elheiga LA, Wakil SJ, et al. Activation of nuclear receptor
CAR ameliorates diabetes and fatty liver disease. Proc Natl Acad Sci USA. 2009; 106(44):18831-6.
https://doi.org/10.1073/pnas.0909731106 PMID: 19850873

Finn RD, Henderson CJ, Scott CL, Wolf CR. Unsaturated fatty acid regulation of cytochrome P450
expression via a CAR-dependent pathway. Biochem J. 2009; 417:43-54. https://doi.org/10.1042/
BJ20080740 PMID: 18778245

Hashita T, Sakuma T, Akada M, Nakajima A, Yamahara H, lto S, et al. Forkhead box A2-mediated reg-
ulation of female-predominant expression of the mouse Cyp2b9 gene. Drug Metab Dispos. 2008;
36:1080-7. https://doi.org/10.1124/dmd.107.019729 PMID: 18339816

Wolfrum C, Asilmaz E, Luca E, Friedman JM, Stoffel M. Foxa2 regulates lipid metabolism and keto-
genesis in the liver during fasting and in diabetes. Nature. 2004; 432:1027-32. https://doi.org/10.1038/
nature03047 PMID: 15616563

Hoek-van den Hil EF, van Schothorst EM, van der Stelt I, Swarts HJ, van Vliet M, Amolo T, et al. Direct
comparison of metabolic health effects of the flavonoids quercetin, hesperetin, epicatechin, apigenin
and anthocyanins in high-fat-diet-fed mice. Genes Nutr. 2015; 10:23. https://doi.org/10.1007/s12263-
015-0469-z PMID: 26022682

Leung A, Trac C, Du J, Natarajan R, Schones DE. Persistent chromatin modifications induced by a
high fat diet. J Biol Chem. 2016; 291(20):10446-55.

Heintz MM, Kumar R, Rutledge MM, Baldwin WS. Cyp2b-null male mice are susceptible to diet-
induced obesity and perturbations in lipid homeostasis J Nutr Biochem. 2019; 70:125-37. https://doi.
org/10.1016/j.jnutbio.2019.05.004 PMID: 31202118

Heintz MM, Kumar R, Maner-Smith KM, Ortlund EA, Baldwin WS. Age- and diet-dependent changes
in hepatic lipidomic profiles of phospholipids in male mice: Age acceleration in Cyp2b-null mice. J Lip-
ids. 2022; 2022:7122738. https://doi.org/10.1155/2022/7122738 PMID: 35391786

Damiri B, Baldwin WS. Cyp2b-knockdown mice poorly metabolize corn oil and are age-dependent
obese. Lipids. 2018; 53(9):871-84. https://doi.org/10.1002/lipd. 12095 PMID: 30421529

Hernandez JP, Mota LC, Baldwin WS. Activation of CAR and PXR by dietary, environmental and occu-
pational chemicals alters drug metabolism, intermediary metabolism, and cell proliferation. Curr Phar-
macog Pers Med. 2009; 7(2):81—105. https://doi.org/10.2174/187569209788654005 PMID: 20871735

Wei P, Zhang J, Egan-Hafley M, Liang S, Moore DD. The nuclear receptor CAR mediates specific
xenobiotic induction of drug metabolism. Nature. 2000; 407(6806):920-3. https://doi.org/10.1038/
35038112 PMID: 11057673

Li L, Li D, Heyward S, Wang H. Transcriptional Regulation of CYP2B6 Expression by Hepatocyte
Nuclear Factor 3@ in Human Liver Cells. PLoS ONE. 2016; 11(3):e0150587.

Benet M, Lahoz A, Guzman C, Castell JV, Jover R. CCAT/Enhancer-binding protein a (C/EBPa) and

hepatocyte nuclear factor 4a (HNF4a) synergistically cooperate with constitutive androstane receptor
to transactivate the human cytochrome P450 2B6 (CYP2B6) gene: Application to the development of
a metabolically competent human hepatic cell model. J Biol Chem. 2010; 285(37):28457-71.

Wiwi CA, Gupte M, Waxman DJ. Sexually dimorphic P450 gene expression in liver-specific hepato-
cyte nuclear factor 4a-deficient mice. Mol Endocrinol. 2004; 18(8):1975-87.

Audet-Walsh E, Anderson A. Dexamethasone induction of murine CYP2B genes requires the gluco-
corticoid receptor. Drug Metab Dispos. 2009; 37(3):580-8. https://doi.org/10.1124/dmd.108.022772
PMID: 19047470

Renaud HJ, Cui JY, Khan M, Klaassen CD. Tissue distribution and gender-divergent expression of 78
cytochrome P450 mRNAs in mice. Toxicol Sci. 2011; 124(2):261-77. https://doi.org/10.1093/toxsci/
kfr240 PMID: 21920951

PLOS ONE | https://doi.org/10.1371/journal.pone.0277053 December 15, 2022 23/28


https://doi.org/10.1111/nyas.12016
http://www.ncbi.nlm.nih.gov/pubmed/23363012
http://www.ncbi.nlm.nih.gov/pubmed/32487284
https://doi.org/10.1124/dmd.119.087940
http://www.ncbi.nlm.nih.gov/pubmed/31685482
https://doi.org/10.1073/pnas.0909731106
http://www.ncbi.nlm.nih.gov/pubmed/19850873
https://doi.org/10.1042/BJ20080740
https://doi.org/10.1042/BJ20080740
http://www.ncbi.nlm.nih.gov/pubmed/18778245
https://doi.org/10.1124/dmd.107.019729
http://www.ncbi.nlm.nih.gov/pubmed/18339816
https://doi.org/10.1038/nature03047
https://doi.org/10.1038/nature03047
http://www.ncbi.nlm.nih.gov/pubmed/15616563
https://doi.org/10.1007/s12263-015-0469-z
https://doi.org/10.1007/s12263-015-0469-z
http://www.ncbi.nlm.nih.gov/pubmed/26022682
https://doi.org/10.1016/j.jnutbio.2019.05.004
https://doi.org/10.1016/j.jnutbio.2019.05.004
http://www.ncbi.nlm.nih.gov/pubmed/31202118
https://doi.org/10.1155/2022/7122738
http://www.ncbi.nlm.nih.gov/pubmed/35391786
https://doi.org/10.1002/lipd.12095
http://www.ncbi.nlm.nih.gov/pubmed/30421529
https://doi.org/10.2174/187569209788654005
http://www.ncbi.nlm.nih.gov/pubmed/20871735
https://doi.org/10.1038/35038112
https://doi.org/10.1038/35038112
http://www.ncbi.nlm.nih.gov/pubmed/11057673
https://doi.org/10.1124/dmd.108.022772
http://www.ncbi.nlm.nih.gov/pubmed/19047470
https://doi.org/10.1093/toxsci/kfr240
https://doi.org/10.1093/toxsci/kfr240
http://www.ncbi.nlm.nih.gov/pubmed/21920951
https://doi.org/10.1371/journal.pone.0277053

PLOS ONE

CYP2B6-mediated oxylipin production, NAFLD and obesity

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Lamba V, Lamba J, Yasuda K, Strom S, Davila J, Hancock ML, et al. Hepatic CYP2B6 expression:
gender and ethnic differences and relationship to CYP2B6 genotype and CAR (Constitutive andros-
tane receptor) expression. J Pharmacol Exp Ther. 2003; 307:906—22. https://doi.org/10.1124/jpet.
1083.054866 PMID: 14551287

Zanger UM, Schwab M. Cytochrome P450 enzymes in drug metabolism: Regulation of gene expres-
sion, enzyme activities, and impact of genetic variation. Pharmacol Ther. 2013; 138(1):103—41.
https://doi.org/10.1016/j.pharmthera.2012.12.007 PMID: 23333322

Mo SL, Liu YH, Duan W, Wei MQ, Kanwar JR, Zhou SF. Substrate specificity, regulation, and polymor-
phism of human cytochrome P450 2B6. Curr Drug Metab. 2009; 10(7):730-53. https://doi.org/10.
2174/138920009789895534 PMID: 19702527

Tang J, Cao 'Y, Rose R, Brimfield A, Dai D, Goldstein J, et al. Metabolism of chlorpyrifos by human
cytochrome P450 isoforms and human, mouse, and rat liver microsomes. Drug metabolism and dispo-
sition: the biological fate of a chemicals. 2001; 9:1201—4. PMID: 11502728

Hodgson E, Rose RL. The importance of cytochrome P450 2B6 in the human metabolism of environ-
mental chemicals. Pharmacol Ther. 2007; 113:420-8. https://doi.org/10.1016/j.pharmthera.2006.10.
002 PMID: 17157385

Foxenberg RJ, McGarrigle BP, Knaak JB, Kostyniak PJ, Olson JR. Human hepatic cytochrome P450-
specific metabolism of parathion and chlorpyrifos. Drug Metab Dispos. 2007; 35(2):189-93. https://
doi.org/10.1124/dmd.106.012427 PMID: 17079358

Wu'Y, Chitranshi P, Loukotkova L, da Costa GG, Beland FA, Zhang J, et al. Cytochrome P450-medi-
ated metabolism of triclosan attenuates its cytotoxicity in hepatic cells. Arch Toxicol. 2016; 91(2405—
2423). https://doi.org/10.1007/s00204-016-1893-6 PMID: 27896399

Abe T, Takahashi M, Kano M, Amaike Y, Ishii C, Maeda K, et al. Activation of nuclear receptor CAR by
an environmental pollutant perfluorooctanoic acid. Arch Toxicol. 2017; 91:2365—74. https://doi.org/10.
1007/s00204-016-1888-3 PMID: 27832320

Nebert DW, Russell DW. Clinical importance of the cytochromes P450. Lancet. 2002; 360
(9340):1155-62. https://doi.org/10.1016/S0140-6736(02)11203-7 PMID: 12387968

Li C-C, Lii C-K, Liu K-L, Yang J-J, Chen H-W. DHA down-regulates phenobarbital-induced cytochrome
P450 2B1 gene expression in rat primary hepatocytes by attenuating CAR translocation. Toxicol Appl
Pharmacol. 2007; 225(3):329-36. https://doi.org/10.1016/j.taap.2007.08.009 PMID: 17904175

DuL, Yermalitsky V, Ladd PA, Capdevila JH, Mernaugh R, Keeney DS. Evidence that cytochrome
P450 CYP2B19 is the major source of epoxyeicosatrienoic acids in mouse skin. Arch Biochem Bio-
phys. 2005; 435(1):125-33. https://doi.org/10.1016/j.abb.2004.11.023 PMID: 15680914

Keeney DS, Skinner S, Weii S, Friedberg T, Waterman MR. A Keratinocyte-specific epoxygenase,
CYP2B12, metabolizes arachidonic acid with unusual selectivity, producing a single major epoxyeico-
satrienoic acid. J Biol Chem. 1998; 273(15):9279-84. https://doi.org/10.1074/jbc.273.15.9279 PMID:
9535921

Capdevila JH, Karara A, Waxman DJ, Martin MV, Falck JR, Guengerich FP. Cytochrome P-450
enzyme-specific control of the regio- and enantiofacial selectivity of the microsomal arachidonic acid
epoxygenase. J Biol Chem. 1990; 265(19):10865—71. PMID: 2358445

Sridar C, Snider NT, Hollenberg PF. Anandamide oxidation by wild-type and polymorphically
expressed CYP2B6 and CYP2D6. Drug Metab Dispos. 2011; 39(5):782-8. https://doi.org/10.1124/
dmd.110.036707 PMID: 21289075

Snider NT, Nast JA, Tesmer LA, Hollenberg PF. A cytochrome P450-derived epoxygenated metabo-
lite of anandamide is a potent cannabinoid receptor 2-selective agonist. Mol Pharmacol. 2009;
75:965-72. https://doi.org/10.1124/mol.108.053439 PMID: 19171674

Heintz MM, McRee R, Kumar R, Baldwin WS. Gender differences in diet-induced steatotic disease in
Cyp2b-null mice. PLoS ONE. 2020; 15(3):e0229896. https://doi.org/10.1371/journal.pone.0229896
PMID: 32155178

Olack EM, Heintz MM, Baldwin WS. Dataset of Endo- and Xenobiotic Inhibition of CYP2B6: Compari-
son to CYP3A4. Data Brief. 2022; 41:108013. https://doi.org/10.1016/j.dib.2022.108013 PMID:
35282180

Hamilton MC, Heintz MM, Pfohl M, Marques E, Ford L, Slitt AL, et al. Increased toxicity and retention
of perflouroctane sulfonate (PFOS) in humanized CYP2B6-transgenic mice compared to Cyp2b-null
mice is relieved by a high-fat diet (HFD). Food Chem Toxicol. 2021; 152:112175.

Schmidt AM, Sengupta N, Noorai RE, Saski CA, Baldwin WS. RNA sequencing indicates that atrazine
induces multiple detoxification genes in Daphnia magna and this is a potential sources of its mixtures
interactions with other chemicals. Chemosphere. 2017; 189:699—708.

PLOS ONE | https://doi.org/10.1371/journal.pone.0277053 December 15, 2022 24/28


https://doi.org/10.1124/jpet.103.054866
https://doi.org/10.1124/jpet.103.054866
http://www.ncbi.nlm.nih.gov/pubmed/14551287
https://doi.org/10.1016/j.pharmthera.2012.12.007
http://www.ncbi.nlm.nih.gov/pubmed/23333322
https://doi.org/10.2174/138920009789895534
https://doi.org/10.2174/138920009789895534
http://www.ncbi.nlm.nih.gov/pubmed/19702527
http://www.ncbi.nlm.nih.gov/pubmed/11502728
https://doi.org/10.1016/j.pharmthera.2006.10.002
https://doi.org/10.1016/j.pharmthera.2006.10.002
http://www.ncbi.nlm.nih.gov/pubmed/17157385
https://doi.org/10.1124/dmd.106.012427
https://doi.org/10.1124/dmd.106.012427
http://www.ncbi.nlm.nih.gov/pubmed/17079358
https://doi.org/10.1007/s00204-016-1893-6
http://www.ncbi.nlm.nih.gov/pubmed/27896399
https://doi.org/10.1007/s00204-016-1888-3
https://doi.org/10.1007/s00204-016-1888-3
http://www.ncbi.nlm.nih.gov/pubmed/27832320
https://doi.org/10.1016/S0140-6736%2802%2911203-7
http://www.ncbi.nlm.nih.gov/pubmed/12387968
https://doi.org/10.1016/j.taap.2007.08.009
http://www.ncbi.nlm.nih.gov/pubmed/17904175
https://doi.org/10.1016/j.abb.2004.11.023
http://www.ncbi.nlm.nih.gov/pubmed/15680914
https://doi.org/10.1074/jbc.273.15.9279
http://www.ncbi.nlm.nih.gov/pubmed/9535921
http://www.ncbi.nlm.nih.gov/pubmed/2358445
https://doi.org/10.1124/dmd.110.036707
https://doi.org/10.1124/dmd.110.036707
http://www.ncbi.nlm.nih.gov/pubmed/21289075
https://doi.org/10.1124/mol.108.053439
http://www.ncbi.nlm.nih.gov/pubmed/19171674
https://doi.org/10.1371/journal.pone.0229896
http://www.ncbi.nlm.nih.gov/pubmed/32155178
https://doi.org/10.1016/j.dib.2022.108013
http://www.ncbi.nlm.nih.gov/pubmed/35282180
https://doi.org/10.1371/journal.pone.0277053

PLOS ONE

CYP2B6-mediated oxylipin production, NAFLD and obesity

39.

40.

41.

42,

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Baldwin WS, Roling JA. A concentration addition model for the activation of the constitutive andros-
tane receptor by xenobiotic mixtures. Toxicol Sci. 2009; 107:93—105. https://doi.org/10.1093/toxsci/
kfn206 PMID: 18832183

Tillman MC, Imai N, Li Y, Khadka M, Okafor CD, Juneja P, et al. Allosteric regulation of thioesterase
superfamily member 1 by lipid sensor domain binding fatty acids and lysophosphatidylcholine. Proc
Natl Acad Sci USA. 2020; 117:22080-9. https://doi.org/10.1073/pnas.2003877117 PMID: 32820071

Naudin CR, Maner-Smith K, Owens JA, Wynn GM, Robinson BS, Matthews JD, et al. Lactococcus
lactis Subspecies cremoris Elicits Protection Against Metabolic Changes Induced by a Western-Style
Diet. Gastroenterology. 2020; 159:639-51. https://doi.org/10.1053/j.gastro.2020.03.010 PMID:
32169430

WeiY, WuH, LiL, Liu Z, Zhou X, Zhang QY, et al. Generation and characterization of a CYP2A13/
2B6/2F1-transgenic mouse model. Drug Metabolism and Disposition. 2012; 40(6):1144-50. https://
doi.org/10.1124/dmd.112.044826 PMID: 22397853

Kumar R, Mota LC, Litoff EJ, Rooney JP, Boswell WT, Courter E, et al. Compensatory changes in
CYP expression in three different toxicology mouse models: CAR-null, Cyp3a-null, and Cyp2b9/10/
13-null mice. PloS one. 2017; 12(3):e0174355. https://doi.org/10.1371/journal.pone.0174355 PMID:
28350814

Ayala JE, Samuel VT, Morton GJ, Obici S, Croniger CM, Shulman G, et al. Standard operating proce-
dures for describing and performing metabolic tests of glucose homeostasis in mice. Dis Model Mech.
2010; 3:525-34. https://doi.org/10.1242/dmm.006239 PMID: 20713647

Kumar R, Litoff EJ, Boswell WT, Baldwin WS. High fat diet induced obesity is mitigated in Cyp3a-null
female mice. Chem-Biol Interact. 2018; 289:129-40. https://doi.org/10.1016/j.cbi.2018.05.001 PMID:
29738703

Xia J, Wishart DS. Using MetaboAnalyst 3.0 for Comprehensive Metabolomics Data Analysis. Curr
Protoc Bioinformatics. 2016; 55:14.0.1—-.0.91. https://doi.org/10.1002/cpbi.11 PMID: 27603023

Breiman L. Random Forests. Machine Learning. 2001; 45(1):5-32.

Huber W, Carey VJ, Gentleman R, Anders S, Carlson M, Carvalho BS, et al. Orchestrating high-
throughput genomic analysis with Bioconductor. Nat Methods. 2015; 12:115-21. https://doi.org/10.
1038/nmeth.3252 PMID: 25633503

Huang dW Sherman BT, Tan Q Collins JR, Alvord WG, Roayaei J, et al. The DAVID Gene Functional
Classification Tool: a novel biological module-centric algorithm to functionally analyze large gene lists.
Genome Biol. 2007; 8(9):R183. https://doi.org/10.1186/gb-2007-8-9-r183 PMID: 17784955

Roopra A. MAGIC: A tool for predicting transcription factors and cofactors driving gene sets using
ENCODE data. PLoS Comp Biol. 2020; 16(4):e1007800. https://doi.org/10.1371/journal.pcbi.1007800
PMID: 32251445

Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF, Duan Q, Wang Z, et al. Enrichr: a comprehen-
sive gene set enrichment analysis web server 2016 update. Nucleic Acids Res. 2016; 44:W90-W?7.
https://doi.org/10.1093/nar/gkw377 PMID: 27141961

Roling JA, Bain LJ, Baldwin WS. Differential gene expression in mummichogs (Fundulus heteroclitus)
following treatment with pyrene: comparison to a creosote contaminated site. Mar Environ Res. 2004;
57:377-95.

Muller PY, Janovjak H, Miserez AR, Dobbie Z. Processing of gene expression data generated by
quantitative real-time RT-PCR. Biotechniques. 2002; 32:1372—9. PMID: 12074169

Chatterjee S, Das S. P2X7 Receptor as a Key Player in Oxidative Stress-Driven Cell Fate in Nonalco-
holic Steatohepatitis. Ox Med Cell Long. 2015:Atrticle ID 172493. https://doi.org/10.1155/2015/172493
PMID: 25815106

Choi SS, Diehl AM. Hepatic triglyceride synthesis and nonalcoholic fatty liver disease. Curr Opin Lipid.
2008; 19(3):295-300. https://doi.org/10.1097/MOL.0b013e3282ff5e55 PMID: 18460922

ShiD, Chen J, Wang J, Yao J, Huang Y, Zhang G, et al. Circadian Clock Genes in the Metabolism of
Non-alcoholic Fatty Liver Disease. Front Physiol. 2019; 10:423. https://doi.org/10.3389/fphys.2019.
00423 PMID: 31139087

Luo M, Peng D. ANGPTLS8: An Important Regulator in Metabolic Disorders. Front Endocrinol. 2018;
9:169. https://doi.org/10.3389/fendo.2018.00169 PMID: 29719529

Mutoh S, Sobhany M, Moore R, Perera L, Pedersen L, Sueyoshi T, et al. Phenobarbital Indirectly Acti-
vates the Constitutive Active Androstane Receptor (CAR) by Inhibition of Epidermal Growth Factor
Receptor Signaling. Sci Signal. 2013; 6(274):ra31. https://doi.org/10.1126/scisignal.2003705 PMID:
23652203

PLOS ONE | https://doi.org/10.1371/journal.pone.0277053 December 15, 2022 25/28


https://doi.org/10.1093/toxsci/kfn206
https://doi.org/10.1093/toxsci/kfn206
http://www.ncbi.nlm.nih.gov/pubmed/18832183
https://doi.org/10.1073/pnas.2003877117
http://www.ncbi.nlm.nih.gov/pubmed/32820071
https://doi.org/10.1053/j.gastro.2020.03.010
http://www.ncbi.nlm.nih.gov/pubmed/32169430
https://doi.org/10.1124/dmd.112.044826
https://doi.org/10.1124/dmd.112.044826
http://www.ncbi.nlm.nih.gov/pubmed/22397853
https://doi.org/10.1371/journal.pone.0174355
http://www.ncbi.nlm.nih.gov/pubmed/28350814
https://doi.org/10.1242/dmm.006239
http://www.ncbi.nlm.nih.gov/pubmed/20713647
https://doi.org/10.1016/j.cbi.2018.05.001
http://www.ncbi.nlm.nih.gov/pubmed/29738703
https://doi.org/10.1002/cpbi.11
http://www.ncbi.nlm.nih.gov/pubmed/27603023
https://doi.org/10.1038/nmeth.3252
https://doi.org/10.1038/nmeth.3252
http://www.ncbi.nlm.nih.gov/pubmed/25633503
https://doi.org/10.1186/gb-2007-8-9-r183
http://www.ncbi.nlm.nih.gov/pubmed/17784955
https://doi.org/10.1371/journal.pcbi.1007800
http://www.ncbi.nlm.nih.gov/pubmed/32251445
https://doi.org/10.1093/nar/gkw377
http://www.ncbi.nlm.nih.gov/pubmed/27141961
http://www.ncbi.nlm.nih.gov/pubmed/12074169
https://doi.org/10.1155/2015/172493
http://www.ncbi.nlm.nih.gov/pubmed/25815106
https://doi.org/10.1097/MOL.0b013e3282ff5e55
http://www.ncbi.nlm.nih.gov/pubmed/18460922
https://doi.org/10.3389/fphys.2019.00423
https://doi.org/10.3389/fphys.2019.00423
http://www.ncbi.nlm.nih.gov/pubmed/31139087
https://doi.org/10.3389/fendo.2018.00169
http://www.ncbi.nlm.nih.gov/pubmed/29719529
https://doi.org/10.1126/scisignal.2003705
http://www.ncbi.nlm.nih.gov/pubmed/23652203
https://doi.org/10.1371/journal.pone.0277053

PLOS ONE

CYP2B6-mediated oxylipin production, NAFLD and obesity

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Huss JM, Torra IP, Staels B, Giguére V, Kelly DP. Estrogen-Related Receptor a Directs Peroxisome
Proliferator-Activated Receptor a Signaling in the Transcriptional Control of Energy Metabolism in Car-
diac and Skeletal Muscle. Mol Cell Biol. 2004; 24(20):9079-91.

FangL, ZhangM, Li Y, Liu Y, Cui Q, Wang N. PPARgene: A Database of Experimentally Verified and
Computationally Predicted PPAR Target Genes. PPAR Res. 2016; 2016:6042162. https://doi.org/10.
1155/2016/6042162 PMID: 27148361

Finck BN, Gropler MC, Chen Z, Leone TC, Croce MA, Harris TE, et al. Lipin 1 is an inducible amplifier
of the hepatic PGC-1a/PPARa regulatory pathway. Cell Metab. 2006; 4:199-210.

Kawai M, Green CB, Lecka-Czernik B, Douris N, Gilbert MR, Kojima S, et al. A circadian-regulated
gene, Nocturnin, promotes adipogenesis by stimulating PPAR-gamma nuclear translocation. Proc
Natl Acad Sci USA. 2010; 107(23):10508—13. https://doi.org/10.1073/pnas.1000788107 PMID:
20498072

Zhang T, YuF, Guo L, Chen M, Yuan X, Wu B. Small heterodimer partner regulates circadian cyto-
chromes P450 and drug-induced hepatotoxicity. Theranostics. 2018; 8(19):5246-58. https://doi.org/
10.7150/thno.28676 PMID: 30555544

Altmann R, Hausmann M, Spottl T, Gruber M, Bulld AW, Menzel K, et al. 13-oxo0-ODE is an endoge-
nous ligand for PPARg in human colonic epithelial cells. Biochem Pharmacol. 2007; 74:612—-22.

Schadinger SE, Bucher NLR, Schreiber BM, Farmer SR. PPARgamma2 regulates lipogenesis and
lipid accumulation in steatotic hepatocytes. Am J Physiol Endocrinol Metab. 2005; 288(6):E1195-205.
https://doi.org/10.1152/ajpendo.00513.2004 PMID: 15644454

Moran-Salvador E, Lopez-Parra M, Garcia-Alonso V, Titos E, Martinez-Clemente M, Gonzalez-Périz
A, et al. Role for PPARYy in obesity-induced hepatic steatosis as determined by hepatocyte- and mac-
rophage-specific conditional knockouts. FASEB J. 2011; 25(8):2538-50.

Gatica A, Aguilera MC, Contador D, Loyola G, Pinto CO, Amigo L, et al. P450 CYP2C epoxygenase
and CYP4A w-hydroxylase mediate ciprofibrate-induced PPARa-dependent peroxisomal proliferation.
J Lipid Res. 2007; 48:924-34.

Ge JF, Walewski JL, Anglade D, Berk PD. Regulation of Hepatocellular Fatty Acid Uptake in Mouse
Models of Fatty Liver Disease with and without Functional Leptin Signaling: Roles of NfKB and
SREBP-1C and the Effects of Spexin. Semin Liver Dis. 2016; 36:360-72. https://doi.org/10.1055/s-
0036-1597248 PMID: 27997977

Jung S-Y, Jeon H-K, Choi J-S, Kim Y-J. Reduced expression of FASN through SREBP-1 down-regula-
tion is responsible for hypoxic cell death in HepG2 cells. J Cell Biochem. 2012; 113(12):3730-9.
https://doi.org/10.1002/jcb.24247 PMID: 22786746

Petersen C, Nielsen MD, Anderson ES, Basse AL, Isidor MS, Markussen LK, et al. MCT1 and MCT4
expression and lactate flux activity increase during white and brown adipogenesis and impact adipo-
cyte metabolism. Sci Rep. 2017; 7:13101. https://doi.org/10.1038/s41598-017-13298-z PMID:
29026134

Huang Z, Zhang M, Plec AA, Estill SJ, Cai L, Repa JJ, et al. ACSS2 promotes systemic fat storage
and utilization through selective regulation of genes involved in lipid metabolism. Proc Natl Acad Sci
USA. 2018; 115:E9499-E506. https://doi.org/10.1073/pnas.1806635115 PMID: 30228117

Lipasin Zhang R., a novel nutritionally-regulated liver-enriched factor that regulates serum triglyceride
levels. Biochem Biophys Res Commun. 2012; 424:786-92.

Chung HS, Lee MJ, Hwang SY, Lee HJ, Yoo HJ, Seo J-A, et al. Circulating angiopoietin-like protein 8
(ANGPTL8) and ANGPTLS3 concentrations in relation to anthropometric and metabolic profiles in
Korean children: a prospective cohort study. Cardiovasc Diabetol. 2016; 15:1. https://doi.org/10.1186/
$12933-015-0324-y PMID: 26739706

Liu S, Brown JD, Stanya K, Homan E, Leidl M, Inouye K, et al. A diurnal serum lipid integrates hepatic
lipogenesis and peripheral fatty acid use. Nature. 2013; 502(7472):550—4. https://doi.org/10.1038/
nature12710 PMID: 24153306

Yabe D, Komuro R, Liang G, Goldstein JL, Brown MS. Liver-specific mRNA for Insig-2 down-regulated
by insulin: Implications for fatty acid synthesis. Proc Nat Acad Sci USA. 2003; 100:3155-60. https://
doi.org/10.1073/pnas.0130116100 PMID: 12624180

Lang F, Voelkl J. Therapeutic potential of serum and glucocorticoid inducible kinase inhibition. Exp
Opin Investig Drugs. 2013; 22:701-14. https://doi.org/10.1517/13543784.2013.778971 PMID:
23506284

Duszka K, Wahli W. Peroxisome Proliferator-Activated Receptors as Molecular Links between Caloric
Restriction and Circadian Rhythm. Nutrients. 2020; 12(11):3476. https://doi.org/10.3390/nu12113476
PMID: 33198317

PLOS ONE | https://doi.org/10.1371/journal.pone.0277053 December 15, 2022 26/28


https://doi.org/10.1155/2016/6042162
https://doi.org/10.1155/2016/6042162
http://www.ncbi.nlm.nih.gov/pubmed/27148361
https://doi.org/10.1073/pnas.1000788107
http://www.ncbi.nlm.nih.gov/pubmed/20498072
https://doi.org/10.7150/thno.28676
https://doi.org/10.7150/thno.28676
http://www.ncbi.nlm.nih.gov/pubmed/30555544
https://doi.org/10.1152/ajpendo.00513.2004
http://www.ncbi.nlm.nih.gov/pubmed/15644454
https://doi.org/10.1055/s-0036-1597248
https://doi.org/10.1055/s-0036-1597248
http://www.ncbi.nlm.nih.gov/pubmed/27997977
https://doi.org/10.1002/jcb.24247
http://www.ncbi.nlm.nih.gov/pubmed/22786746
https://doi.org/10.1038/s41598-017-13298-z
http://www.ncbi.nlm.nih.gov/pubmed/29026134
https://doi.org/10.1073/pnas.1806635115
http://www.ncbi.nlm.nih.gov/pubmed/30228117
https://doi.org/10.1186/s12933-015-0324-y
https://doi.org/10.1186/s12933-015-0324-y
http://www.ncbi.nlm.nih.gov/pubmed/26739706
https://doi.org/10.1038/nature12710
https://doi.org/10.1038/nature12710
http://www.ncbi.nlm.nih.gov/pubmed/24153306
https://doi.org/10.1073/pnas.0130116100
https://doi.org/10.1073/pnas.0130116100
http://www.ncbi.nlm.nih.gov/pubmed/12624180
https://doi.org/10.1517/13543784.2013.778971
http://www.ncbi.nlm.nih.gov/pubmed/23506284
https://doi.org/10.3390/nu12113476
http://www.ncbi.nlm.nih.gov/pubmed/33198317
https://doi.org/10.1371/journal.pone.0277053

PLOS ONE

CYP2B6-mediated oxylipin production, NAFLD and obesity

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Lee J-H, Kang HS, Park HY, Moon Y-A, Kang YN, Oh B-C, et al. PPARa-dependent Insig2a overex-
pression inhibits SREBP-1c processing during fasting. Sci Rep. 2017; 7:9958.

Chen L, Yang G. PPARs Integrate the Mammalian Clock and Energy Metabolism PPAR Res. 2014;
2014:Article ID 653017.

Jiang J-x, Zhang S-j, Liu Y-n, Lin X-x, Sun Y-h, Shen H-j, et al. EETs alleviate ox-LDL-induced inflam-
mation by inhibiting LOX-1 receptor expression in rat pulmonary arterial endothelial cells. Eur J Phar-
macol. 2014; 727:43-51. https://doi.org/10.1016/j.ejphar.2014.01.045 PMID: 24486707

Korbecki J, Bobinski R, Dutka M. Self-regulation of the inflammatory response by peroxisome prolif-
erator-activated receptors. Inflammation Res. 2019; 68:443-58.

Patwardhan AM, Scotland PE, Akopian AN, Hargreaves KM. Activation of TRPV1 in the spinal cord by
oxidized linoleic acid metabolites contributes to inflammatory hyperalgesia. Proc Nat Acad Sci USA.
2009;106(18820—-18824). https://doi.org/10.1073/pnas.0905415106 PMID: 19843694

Vangaveti V, Shashidhar V, Collier F, Hodge J, Rush C, Malabu U, et al. 9- and 13-HODE regulate
fatty acid binding protein-4 in human macrophages, but does not involve HODE/GPR132 axis in
PPAR-y regulation of FABP4. Ther Adv Endocrinol Metab. 2018; 9(5):137-50.

Huang SM, Bisogno T, Trevisani M, Al-Hayani A, De Petrocellis L, Fezza F, et al. An endogenous cap-
saicin-like substance with high potency at recombinant and native vanilloid VR1 receptors. Proc Natl
Acad Sci USA. 2002; 99(12):8400-5. https://doi.org/10.1073/pnas.122196999 PMID: 12060783

Passegué E, Jochum W, Behrens A, Ricci R, Wagner EF. JunB can substitute for Jun in mouse devel-
opment and cell proliferation. Nature Genetics. 2002; 30:158-66. https://doi.org/10.1038/ng790
PMID: 11818961

Valencia T, Joseph A, Kachroo N, Darby S, Meakin S, Gnanapragasam VJ. Role and expression of
FRS2 and FRSS3 in prostate cancer. BMC Cancer. 2011; 11:484. https://doi.org/10.1186/1471-2407-
11-484 PMID: 22078327

Villa M, Gialitakis M, Tolaini M, Ahlfors H, Henderson CJ, Wolf CR, et al. Aryl hydrocarbon receptor is
required for optimal B-cell proliferation. EMBO J. 2017; 36:116-28. https://doi.org/10.15252/embj.
201695027 PMID: 27875245

Hines IN, Hartwell HJ, Feng Y, Theve EJ, Hall GA, Hashway S, et al. Insulin Resistance and Metabolic
Hepatocarcinogenesis with Parent-of-Origin Effects in AxB Mice. Am J Pathol. 2011; 179:2855-65.

Sierra-Ramos C, Velazquez-Garcia S, Vastola-Mascolo A, Hernandez G, Faresse F, de la Rosa DA.
SGK1 activation exacerbates diet-induced obesity, metabolic syndrome and hypertension. J Endocri-
nol. 2020; 244(1):149-62. https://doi.org/10.1530/JOE-19-0275 PMID: 31600722

Zhang Z, WuH, DailL, Yuan Y, Zhu Y, Ma Z, et al. ANGPTL8 enhances insulin sensitivity by directly
activating insulin-mediated AKT phosphorylation. Gene. 2020; 749:144707. https://doi.org/10.1016/j.
gene.2020.144707 PMID: 32344005

Bao S, Wu Y-L, Wang X, Han S, Cho S, Ao W, et al. Agriophyllum oligosaccharides ameliorate hepatic
injury in type 2 diabetic db/db mice targeting INS-R/IRS-2/PI3K/AKT/PPAR-y/Glut4 signal pathway. J
Ethnopharmacol. 2020; 257:112863. https://doi.org/10.1016/j.jep.2020.112863

Itoh T, Fairall L, Amin K, Inaba Y, Szanto S, Balint BL, et al. Structural basis for the activation of
PPARg by oxidized fatty acids. Nat Struc Mol Biol. 2008; 15(9):924-31.

Zuo X, Wu Y, Morris JS, Stimmel JB, Leesnitzer LM, Fischer SM, et al. Oxidative metabolism of linoleic
acid modulates PPAR-beta/delta suppression of PPAR-gamma activity. Oncogene. 2006; 25
(8):1225—41. https://doi.org/10.1038/sj.onc.1209160 PMID: 16288226

Kumar N, Gupta G, Anilkumar K, Fatima N, Karnati R, Reddy GV, et al. 15-Lipoxygenase metabolites
of a-linolenic acid, [13-(S)-HPOTrE and 13-(S)-HOTrE], mediate anti-inflammatory effects by inactivat-
ing NLRP3 inflammasome. Sci Rep. 2016; 6:31649.

Schulze-Tanzil G, de SP, Behnke B, Klingelhoefer S, Scheid A, Shakibaei M. Effects of the antirheu-
matic remedy hox alpha—a new stinging nettle leaf extract—on matrix metalloproteinases in human
chondrocytes in vitro. Histol Histopathol. 2002; 17(2):477-85. https://doi.org/10.14670/HH-17.477
PMID: 11962753

Zhang X, Li S, Zhou Y, Su W, Ruan X, Wang B, et al. Ablation of cytochrome P450 omega-hydroxy-
lase 4A14 gene attenuates hepatic steatosis and fibrosis. Proc Natl Acad Sci USA. 2017. https://doi.
org/10.1073/pnas.1700172114 PMID: 28270609

Clemente TE, Cahoon EB. Soybean oil: genetic approaches for modification of functionality and total
content. Plant Physiol. 2009; 151:1030—40. https://doi.org/10.1104/pp.109.146282 PMID: 19783644

Fuchs M, Sanyal AJ. Lipotoxicity in NASH. J Hepatol. 2012; 56:291-3. https://doi.org/10.1016/j.jhep.
2011.05.019 PMID: 21741924

Cusi K. Role of insulin resistance and lipotoxicity in non-alcoholic steatohepatitis. Clin Liver Dis. 2009;
13:545-63. https://doi.org/10.1016/j.cld.2009.07.009 PMID: 19818304

PLOS ONE | https://doi.org/10.1371/journal.pone.0277053 December 15, 2022 27/28


https://doi.org/10.1016/j.ejphar.2014.01.045
http://www.ncbi.nlm.nih.gov/pubmed/24486707
https://doi.org/10.1073/pnas.0905415106
http://www.ncbi.nlm.nih.gov/pubmed/19843694
https://doi.org/10.1073/pnas.122196999
http://www.ncbi.nlm.nih.gov/pubmed/12060783
https://doi.org/10.1038/ng790
http://www.ncbi.nlm.nih.gov/pubmed/11818961
https://doi.org/10.1186/1471-2407-11-484
https://doi.org/10.1186/1471-2407-11-484
http://www.ncbi.nlm.nih.gov/pubmed/22078327
https://doi.org/10.15252/embj.201695027
https://doi.org/10.15252/embj.201695027
http://www.ncbi.nlm.nih.gov/pubmed/27875245
https://doi.org/10.1530/JOE-19-0275
http://www.ncbi.nlm.nih.gov/pubmed/31600722
https://doi.org/10.1016/j.gene.2020.144707
https://doi.org/10.1016/j.gene.2020.144707
http://www.ncbi.nlm.nih.gov/pubmed/32344005
https://doi.org/10.1016/j.jep.2020.112863
https://doi.org/10.1038/sj.onc.1209160
http://www.ncbi.nlm.nih.gov/pubmed/16288226
https://doi.org/10.14670/HH-17.477
http://www.ncbi.nlm.nih.gov/pubmed/11962753
https://doi.org/10.1073/pnas.1700172114
https://doi.org/10.1073/pnas.1700172114
http://www.ncbi.nlm.nih.gov/pubmed/28270609
https://doi.org/10.1104/pp.109.146282
http://www.ncbi.nlm.nih.gov/pubmed/19783644
https://doi.org/10.1016/j.jhep.2011.05.019
https://doi.org/10.1016/j.jhep.2011.05.019
http://www.ncbi.nlm.nih.gov/pubmed/21741924
https://doi.org/10.1016/j.cld.2009.07.009
http://www.ncbi.nlm.nih.gov/pubmed/19818304
https://doi.org/10.1371/journal.pone.0277053

PLOS ONE

CYP2B6-mediated oxylipin production, NAFLD and obesity

100.

101.

102.

103.

104.

105.

106.

107.

108.

Lynch C, Pan, LiL, Heyward S, Moeller T, Swaan PW, et al. Activation of the constitutive androstane
receptor inhibits gluconeogenesis without affecting lipogenesis or fatty acid synthesis in human hepa-
tocytes. Toxicol Appl Pharmacol. 2014; 279:33—42. https://doi.org/10.1016/j.taap.2014.05.009 PMID:
24878338

Gangadhariah MH, Dieckmann BW, Lantier L, Kang L, Wasserman DH, Chiusa M, et al. Cytochrome
P450 epoxygenase-derived epoxyeicosatrienoic acids contribute to insulin sensitivity in mice and in
humans. Diabetologia. 2017; 60:1066—75. https://doi.org/10.1007/s00125-017-4260-0 PMID:
28352940

Deol P, Fahrmann J, Yang J, Evans JR, Rizo A, Grapov D, et al. Omega-6 and omega-3 oxylipins are
implicated in soybean oil induced obesity in mice. Sci Rep. 2017; 7:12488. https://doi.org/10.1038/
s41598-017-12624-9 PMID: 28970503

Bugianesi E, McCullough AJ, Marchesini G. Insulin resistance: A metabolic pathway to chronic liver
disease. Hepatology. 2005; 42:987—1000. https://doi.org/10.1002/hep.20920 PMID: 16250043

Bedogni G, Gastaldelli A, Manco M, De Col A, Agosti F, Tiribelli C, et al. Relationship between fatty
liver and glucose metabolism: A cross-sectional study in 571 obese children. Nutr Metab Cardiovas
Dis. 2012; 22:120-6. https://doi.org/10.1016/j.numecd.2010.05.003 PMID: 20880682

Xu A, Lam MC, Chan KW, Wang Y, Zhang J, Hoo RL, et al. Angiopoietin-like protein 4 decreases
blood glucose and improves glucose tolerance but induces hyperlipidemia and hepatic steatosis in
mice. Proc Natl Acad Sci USA. 2005; 102:6086-91. https://doi.org/10.1073/pnas.0408452102 PMID:
15837923

Raubenheimer PJ, Nyirenda MJ, Walker BR. A Choline-Deficient Diet Exacerbates Fatty Liver but
Attenuates Insulin Resistance and Glucose Intolerance in Mice Fed a High-Fat Diet. Diabetes. 2006;
55:2015-20. https://doi.org/10.2337/db06-0097 PMID: 16804070

Leonardini A, Laviola L, Perrini S, Natalicchio A, Georgino F. Cross-talk between PPARg and insulin
signaling and modulation of insulin sensitivity. PPAR Res. 2009; 2009:818945.

Lee YK, Park JE, Lee M, Hardwick JP. Hepatic lipid homeostasis by peroxisome proliferator-activated
receptor gamma 2. Liver Res. 2018; 2(4):209-15. https://doi.org/10.1016/j.livres.2018.12.001 PMID:
31245168

PLOS ONE | https://doi.org/10.1371/journal.pone.0277053 December 15, 2022 28/28


https://doi.org/10.1016/j.taap.2014.05.009
http://www.ncbi.nlm.nih.gov/pubmed/24878338
https://doi.org/10.1007/s00125-017-4260-0
http://www.ncbi.nlm.nih.gov/pubmed/28352940
https://doi.org/10.1038/s41598-017-12624-9
https://doi.org/10.1038/s41598-017-12624-9
http://www.ncbi.nlm.nih.gov/pubmed/28970503
https://doi.org/10.1002/hep.20920
http://www.ncbi.nlm.nih.gov/pubmed/16250043
https://doi.org/10.1016/j.numecd.2010.05.003
http://www.ncbi.nlm.nih.gov/pubmed/20880682
https://doi.org/10.1073/pnas.0408452102
http://www.ncbi.nlm.nih.gov/pubmed/15837923
https://doi.org/10.2337/db06-0097
http://www.ncbi.nlm.nih.gov/pubmed/16804070
https://doi.org/10.1016/j.livres.2018.12.001
http://www.ncbi.nlm.nih.gov/pubmed/31245168
https://doi.org/10.1371/journal.pone.0277053

