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Abstract

Obesity is an endemic problem in the United States and elsewhere, and data indicate that in
addition to overconsumption, exposure to specific chemicals enhances obesity. CYP2B
metabolizes multiple endo- and xenobiotics, and recent data suggests that repression of Cyp2b
activity increases dyslipidemia and age-onset obesity, especially in males. To investigate the role
played by Cyp2b in lipid homeostasis and obesity, we treated wildtype and Cyp2b-null mice with
a normal (ND) or 60% high-fat diet (HFD) for 10 weeks and determined metabolic and molecular
changes. Male HFD-fed Cyp2b-null mice weigh 15% more than HFD-fed wildtype mice,
primarily due to an increase in white adipose tissue (WAT); however, Cyp2b-null female mice did
not demonstrate greater body mass or WAT. Serum parameters indicate increased ketosis, leptin
and cholesterol in HFD-fed Cyp2b-null male mice compared to HFD-fed wildtype mice. Liver
triglycerides and liver:serum triglyceride ratios were higher than their similarly treated wildtype
counterparts in Cyp2b-null male mice, indicating a role for Cyp2b in fatty acid metabolism
regardless of diet. Furthermore, RNAseq demonstrates that hepatic gene expression in ND-fed
Cyp2b-null male mice is similar to HFD-fed WT male mice, suggestive of fatty liver disease
progression and a role for Cyp2b in lipid homeostasis. Females did not show as demonstrative
changes in liver health, and significantly fewer changes in gene expression, as well as gene
expression associated with liver disease. Overall our data indicates that the repression or inhibition
of CYP2B may exacerbate metabolic disorders and cause obesity by perturbing fatty acid
metabolism, especially in males.
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Introduction

According to the National Center for Health Statistics (NCHS) more than 40% of adults and
18.5% youth are obese in United States as of 2015-2016 [1]. Factors that cause obesity
include poor diet, changes in lifestyle, genetics, and the environment [2-4]. The primary
problem is excess food coupled with inactivity. However, data indicates there are other
anthropogenic factors, including environmental toxicants that exacerbate obesity by
modulating the use and allocation of nutrient resources leading to increased white adipose
tissue and obesity [4-7]. The terms “obesogen” or “metabolic disruptor” [4, 5, 7] refer to a
new subclass of endocrine disruptors that perturb metabolic signaling, energy, and lipid
homeostasis [8, 9]. In turn, the Organization for Economic Cooperation and Development
(OECD) considers metabolic disorders one of three critical areas in toxicology in addition to
testicular dysgenesis and autism spectral disorders [9].

Chemical exposures shown to cause obesity include perinatal exposure to bisphenol A that
increases lipogenic gene expression and hepatic steatosis in male mice [10]. Tributyltin
activation of PPARU-RXR induces obesity primarily through increased adipocyte
differentiation [11, 12], and TCDD activation of AhR induces obesity and steatosis through
increased uptake of fatty acids [13-15]. Inactivation of the xenobiotic receptor, the
constitutive androstane receptor (CAR), and activation of the pregnane X-receptor (PXR) are
also associated with obesity [16—18]. Perturbations in hepatic Cytochrome P450 (CYP)
activity were recently associated with lipid accumulation [19-23] and the inhibition of all
hepatic CYP activity was associated with increased hepatic lipid accumulation [20]. In
constrast, knockouts of Cy2el and Cyp3a members were associated with reduced lipid
accumulation and weight gain (only in females in Cyp3a-null mice) [23, 24].

CYPs, primarily in families 1-3, metabolize pharmaceuticals [25], environmental pollutants
[26] and endobiotics such as fatty acids [27], bile acids and steroids [28]. Several CYP1-3
members are crucial in fatty acid metabolism. For example, CYP3A4 metabolizes
arachidonic acid to to 13-hydroxyeicosatrienoic acid (HETE), 10-HETE and 7-HETE [29],

J Nutr Biochem. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heintza et al.

Page 3

and anandamide to several metabolites including 5,6-epoxyeicosatrienoic acid ethanolamide,
with high affinity for the cannabinoid-2 (CB-2) receptor [30]. CYP2J2 metabolizes
arachidonic acid to epoxyecosatrienoic acid (EET) in cardiomyocytes [31], and some Cyp2b
members metabolize arachidonic acid with high affinity [32, 33]. For example, Cyp2b19
expressed in mouse keratinocytes, epoxygenate arachidonic acid to 11,12- and 14,15-EET
that play a vital role in cornification of epidermal cells [34, 35].

Several recent studies implicate Cyp2b in obesity. For example, Cyp2b members are
inducible by anti-obesity transcription factors (CAR; FoxA2) [36-38]. CAR is a key
regulator of Cyp2b, including Cyp2b9 and Cyp2b10 [39-41], and CAR activation by
TCPOBOP ameliorates obesity, diabetic activity and fatty liver disease in ob/ob mice, but
not ob/ob mice null for CAR [18]. FoxA2, which is activated by fasting and fatty acids and
inhibited by insulin, is a potent inducer of Cyp2b9 [38, 42, 43]. FoxA2-null mice are age-
dependent obese [44]. Thus, Cyp2b expression is induced by CAR and Foxa2 during
nutritional or metabolic stress, potentially as a protective mechanism from NAFLD.
Furthermore, cytochrome P450 oxidoreductase (HRN-null) conditional knockout mice that
lack all liver CYP activity, activate CAR and induce Cyp2b mRNA during treatment with
polyunsaturated fatty acid (PUFA)-rich sunflower oil [20]. Similarly, treatment with soybean
oil (rich in 51% linoleic acid) resulted in weight gain, increased white adipose tissue and
glucose intolerance in association with a significant increase in Cyp2b9 and 13 [45]. Cyp2b9
is also the most highly induced gene in a couple of diet-induced obesity studies [22, 46].
Last, observations in our laboratory following production of a Cyp2b RNAi-based
knockdown mouse model on a FVB strain background [47] show increases in body weight
and adiposity with age and a reduced propensity to eliminate PUFA-rich corn oil [48]. Taken
together, the Cyp2b enzymes are responsive to high-fat diets and associated with obesity.
Therefore, we predict that lack of Cyp2b either by gene knockout (as described here) or
repression by inhibitors coupled with a high-fat diet will perturb lipid metabolism, increase
body weight and lead to the development of obesity.

Murine Cyp2b members are expressed in several tissues [47]. For example, Cyp2b19 is
primarily expressed in the skin and involved in keratinocyte development [32, 34]. Cyp2b23
is primarily expressed in neonate liver [49]. Cyp2b13 is primarily expressed in adult liver
[49]. Cyp2b10 is primarily expressed in adult liver and highly inducible [36, 49], and
Cyp2b9 is expressed in several tissues including liver, brain, and to a lesser degree kidney
and lungs [49, 50]. In addition, both Cyp2b9 and Cyp2b13 are highly female predominant
due to sexually dimorphic regulation by HNF4a and growth hormone [51, 52]}[39, 53].

We used our newly developed Cyp2b9/10/13-null (Cyp2b-null) mice missing the primarily
hepatic Cyp2b members, Cyp2b9, Cyp2b10and Cyp2b13to demonstrate the significance of
Cyp2b on diet-induced obesity and hepatic lipid metabolism. We treated Cyp2b-null mice
with a 60% high-fat diet for 10-weeks, and examined their susceptibility to diet-induced
obesity compared to wild-type (WT) mice. Physiological changes such as body weight,
organ weight, glucose tolerance, serum lipids, and specific metabolic hormones were
examined. In addition, RNAseq was performed to determine differential gene expression and
investigate which gene ontologies and pathways were perturbed. Our data demonstrates a
role for perturbations in Cyp2b activity in obesity and lipid metabolism.
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Materials and Methods:

High-fat diet treatment of Cyp2b-null mice:

All mice studies followed National Institute of Health guidelines for humane use of research
animals and were pre-approved by Clemson University’s Institutional Animal Care and Use
Committee (IACUC). Cyp2b-null mice were developed using Crispr/Cas9 technology on
C57B16/J (B6) background mice as described earlier [52]. Briefly, the liver predominant
Cyp2b genes, Cyp2b10, Cyp2b13 and Cyp2b9 present as tandem repeat sequences on
chromosome seven and were targeted individually using small guide RNA sequences
(sgRNA). This led to the deletion of 287 kb lacking these three primarily hepatic Cyp2b
genes (Supplementary Material-1; SM-1). Homozygous knock-out mice were verified using
primers published previously [52].

Wildtype C57BL/6J were purchased from The Jackson Laboratory at 3 weeks of age (Bar
Harbor, ME, USA), and acclimated for 6-weeks prior to the dietary treatments. Nine-ten
week old male and female mice (n=9) from WT and Cyp2b-null mice were divided into
normal diet (ND; 2018S-Envigo Teklad Diet, Madison, WI) and high-fat diet (HFD; Envigo,
TD.06414 Adjusted calorie diet) groups. ND provided 3.1 Kcal/g with 18% of kilocalories
from fat, 24% protein, and 58% carbohydrate. HFD provided 5.1 Kcal/g with 60.3% of
kilocalories from fat (37% saturated, 47% monounsaturated, 16% polyunsaturated fat),
18.4% protein, and 21.3% carbohydrates.

Feed consumption was measured every other day and mice were weighed every week to
determine their weight gain. Fasting plasma glucose concentrations were determined on
weeks 2, 5 and 8 with an Alphatrek-2 glucometer (AlphaTRAK, Chicago IL USA)
following a 4-5 hour fast. Fasting Glucose Tolerance Tests (GTT) were performed on weeks
5 and 8 and an insulin tolerance test (ITT) was performed on week 9 [54]. For the GTT the
mice were fasted for 5 hr and then injected i.p. with 1g/kg of their bodyweight with D-
glucose (Sigma Ultra, St. Louis MO USA). Blood glucose levels were measured using the
Alphatrek-2 glucometer in 20-30 min intervals for 2 hours per protocol [54] and described
by us previously [24].

At the end of the study, mice were anesthetized, blood was collected by heart puncture, and
mice euthanized by carbon dioxide asphyxiation [48]. Organs such as liver, kidney, inguinal
and renal white adipose tissue, and brain were excised and weighed. Livers were dissected
into five fractions and snap frozen in liquid nitrogen for microsome preparation and RNA
extraction. Frozen liver fractions were stored at —80°C. A portion of the liver was stored in
10% formalin (Fisher, Fair Lawn NJ USA) for histopathological analyses. A timeline of
experimental procedures performed on the mice is provided (SM-2).

RNA sequencing (RNAseq):

Liver samples were stored in RNAlater stabilization solution (Invitrogen) at —-80°C. RNA
was extracted from mouse livers using an RNeasy Plus Universal kit (Qiagen) per the
manufacturer’s instructions and quantified on a NanoDrop 8000 Spectrophotometer. An
Agilent 2100 Bioanalyzer was used to assess the RNA integrity number (RIN). Samples
with a RIN > 8 were determined to be of high quality and used for next generation
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sequencing. Libraries were prepared with the TruSeq Total RNA Library Prep kit. Samples
were sequenced to an average sequencing depth of 20,000,000 read pairs with a 2 x 125
paired-end module using an Illumina HiSeq2500 for males and a 2 x 150 paired-end module
using a NovaSeq 6000 for females. 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.p5)
using GSNAP, and 99.7% 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 [55]. Genes in which the lowest replicate number of
samples have less than one count per million of expression were ascertained to be low
coverage genes and were filtered out of the analysis. Samples were then normalized to the
scale of their library sizes. Genes were considered differentially expressed if their adjusted
p-value and false discovery rate were less than 0.05 and 0.1 respectively as performed
previously [56]. Series GSE120761 containing the RNAseq data has been uploaded to GEO.

Heatmap hierarchical cluster analysis by Euclidiean distance using Ward’s method was
performed with Heatmap.2 in R (http://www.r-project.org/). Venn diagrams were created
using Venn Diagram Plotter (omics.pnl.gov). GOSeq, a GO term enrichment analysis
program was used to adjust for gene length and expression bias [57]. Significantly (p < 0.05)
enriched GO terms were visualized in Revigo, which reduces enriched term redundancy and
displays the remaining enriched GO terms in a scatterplot [58]. Differentially expressed
genes were annotated using InterPro [59], and genes with a logoFC > 1.0 were entered into
KEGG Mapper (http://www.genome.jp/kegg/) to determine and visualize biochemical
pathways perturbed by a HFD or a lack of Cyp2b enzymes [60].

Histopathological analysis:

Following necropsy, a clean slice of liver was placed in 10% formalin (Fisher). Hematoxylin
and Eosin (H&E) staining was performed at Colorado Histoprep (Fort Collins, CO USA)
and Oil Red O staining was performed with frozen samples at Baylor College of Medicine’s
Comparative Pathology Laboratory (Houston, TX USA) using standard protocols [18, 61].
Histopathological scoring was performed blind by a veterinary pathologist at Colorado
Histoprep (Fort Collins, CO USA).

Serum lipid panel:

Blood samples were collected by heart puncture and incubated at room temperature for 30
min followed by centrifugation at 6000 rpm for 10 minutes. Serum samples were transferred
into fresh tubes and 100u1 aliquots were shipped on dry ice to Baylor College of Medicine’s
Comparative Pathology Laboratory (Houston, TX) for determination of nonfasting serum
cholesterol, triglycerides, alanine aminotransferase (ALT), high density lipoprotein (HDL),
low density lipoprotein (LDL), and very low density lipoprotein (VLDL) with a Beckman-
Coulter AU480 analyzer and the appropriate Beckman-Coulter biochemical kits according to
the manufacturer’s instructions.
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Serum concentrations of adiponectin, leptin, p-hydroxybutyrate and liver triglycerides:

Serum adiponectin and leptin concentrations were determined using an EIA kit from Bertin
Pharma (Montigny Le Bretonneux, FR). Serum free fatty acids (FFA) and -
hydroxybutyrate (B-OHB) concentrations were determined using fluorescent and
colorimetric Kits, respectively, from Cayman Chemical Co (Ann Arbor, MI). Liver
triglyceride concentrations were quantified following organic extraction [24] with a
colorimetric kit (Cayman Chemical).

Tests of Statistical Significance:

Results:

Data are presented as mean + SEM (n = 9) except serum lipids (n = 5). Statistical analysis
was performed by one-way ANOVA followed by Fisher’s LSD as the post-hoc test when
comparing more than two groups. Student’s t-tests were used when comparing two groups.
Statistical analysis was performed using Graphpad Prism version 6 (La Jolla, CA USA). A
p-value < 0.05 was considered statistically significant.

High-fat diet increases body and white adipose tissue weight:

HFD-fed Cyp2b-null male mice weighed significantly more than HFD-fed WT male mice
(Fig. 1A). The weight of HFD-fed Cyp2b-null male mice was significantly greater than
HFD-fed WT mice after only 4-weeks and these mice stayed heavier for the rest of the study
period (Fig. 1A). Much of this weight gain is from increased white adipose tissue, which
increased 55% more in HFD-fed Cyp2b-null mice than HFD-fed WT mice (Table 1A).
Cyp2b-null mice had similar caloric intake compared to their WT counterparts when
examined by diet (HFD or ND) (SM-3). Therefore, alterations in dietary intake do not
explain increased weight gain in Cyp2b-null mice.

Cyp2b-null and WT female mice fed a HFD gained significantly more weight and had
higher white adipose tissue mass compared to mice fed a ND. However, the Cyp2b-null
genotype had no significant effect on body weight gain or WAT mass in females (Fig. 1B;
Table 1B). Overall, the loss of Cyp2b9, Cyp2b10, and Cyp2b13led to diet-induced obesity
in male, but not female mice.

High-fat diet decreases glucose tolerance:

Fasting plasma glucose levels were determined during weeks 5 and 8. ND-fed Cyp2b-null
male mice show a 20% increase in fasting glucose concentrations compared to ND-fed WT
mice on both weeks 5 and 8 (SM-4). HFD did not significantly increase fasting glucose with
the exception of Cyp2b-null females fed a HFD compared to Cyp2b-null females fed a ND
on week 8.

Glucose tolerance tests (GTT) were performed to determine if Cyp2b-null mice are deficient
in their ability to respond to a glucose challenge as a biomarker of metabolic disease.
Cyp2b-null mice showed some minor differences in serum glucose clearance time; however,
most were due to the HFD and not genotype (Fig. 2). We also performed insulin tolerance
tests on ND-fed WT and Cyp2b-null male mice due to the minor differences in the blood
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glucose levels on week 8 at 30-minute intervals, but there were no significant differences in
insulin sensitivity (SM-5).

Increased hepatic triglycerides in Cyp2b-null mice:

Total liver triglycerides increased 2.3X in the ND-fed Cyp2b-null male mice compared to
ND-fed WT males (Fig. 3A). HFD exacerbated liver triglyceride concentrations; however,
there was no significant difference between HFD-fed Cyp2b-null male mice and HFD-fed
WT male mice (Fig. 3A). HFD-fed female mice showed significant increases in liver
triglycerides compared to ND-fed mice; however, genotype did not significantly alter liver
triglycerides in females (Fig. 3B). Despite increased liver triglycerides in both HFD-fed
groups and ND-fed Cyp2b-null males, liver weight was decreased in all of these groups
compared to ND-fed WT mice for unknown reasons (Table 1A). Histopathological analysis
indicated mild morphological changes indicative of fat deposition in male ND-fed Cyp2b-
null, HFD-fed WT, and HFD-fed Cyp2b-null mice either by H&E or Oil Red O. H&E
staining showed mild vacuolization in some HFD-fed male mice of both genotypes with
slightly greater vacuolization in some HFD-fed Cyp2b-null mice than HFD-fed WT mice,
but no significant changes within the female mice (Fig. 3C-D). Oil Red O staining was
absent or weak in male and female ND treatments with minimal staining in ND-fed Cyp2b-
null males, which corroborates the total liver triglyceride data. HFD-fed Cyp2b-null male
mice showed mildly greater Oil Red O staining than HFD-fed WT mice (Fig. 3E). Female
mice only showed mild staining following a HFD with no difference between genotypes
(Fig. 3F). Overall, the data suggests that liver triglycerides are slightly higher in Cyp2b-null
male mice than correspondingly treated WT male mice.

Serum lipids were perturbed in Cyp2b-null mice:

Serum triglyceride levels were significantly decreased in Cyp2b-null male mice compared to
WT mice following ND (28%) or HFD (25%) treatments (Table 2), in contrast to increased
liver triglyceride concentrations (Fig. 3). The ratio of liver:serum triglycerides was 3X
greater in ND-fed Cyp2b-null males than ND-fed WT males, 4X greater in HFD-fed WT
males than ND-fed WT males, and 1.54X greater in HFD-fed Cyp2b-null males than HFD-
fed WT males (Fig. 4), demonstrating that a Cyp2b-null genotype or a HFD increased the
retention of liver triglycerides, and the Cyp2b-null genotype enhanced liver triglyceride
retention induced by a HFD. This indicates either decreased metabolism and distribution of
hepatic lipids or increased uptake of lipids into the liver.

Female mice showed a similar decrease (29%) to males in serum triglycerides in ND-fed
Cyp2b-null mice compared to ND-fed WT mice (Table 2); however, this was not statistically
significant. In contrast to males, HFD-fed Cyp2b-null female mice showed a 31% increase
in serum triglycerides compared to HFD-fed WT mice. Changes in liver and serum
triglycerides were proportional in females, which is different than males, and this was
further demonstrated by the liver:serum triglyceride ratios that were not different between
WT and Cyp2b-null female mice (Fig. 4A).

In contrast to serum triglycerides, free fatty acids (FFA) were not perturbed significantly
across groups (Table 2). This relative stability ensured that serum TAG:serum FFA ratios
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were not altered across groups (data not shown). However, the relative stability of FFA
provides another example of the differences in liver triglyceride to serum lipid ratios across
treatment groups as both males and females show large increases in liver TAG:serum FFA
ratio with females showing greater relative increases in HFD-fed Cyp2b-null mice (Fig. 4B).

Serum cholesterol and HDL increased 14% and 18%, respectively, in ND-fed Cyp2b-null
male mice compared to ND-fed WT male mice. Serum cholesterol and HDL increased 8%
and 12%, respectively, in HFD-fed Cyp2b-null male mice compared to HFD-fed WT male
mice (Table 2A); thus Cyp2b-null male mice consistently present higher cholesterol
concentrations. For example, HFD-fed Cyp2b-null male mice had 2X higher cholesterol
than HFD-fed male WT mice, indicating a significant role Cyp2b in serum cholesterol
concentrations. Despite lower weight gain and white adipose tissue mass, females showed
greater changes in serum cholesterol and HDL concentrations. Most changes were
associated with a combination of diet and the loss of Cyp2b (Table 2B). There were no
significant changes in LDL or VLDL serum levels; only in HDL serum concentrations. In
addition, ALT, a biomarker of liver damage, was increased only in Cyp2b-null females fed a
HFD, indicating that these mice suffered some liver damage such as apoptosis or necrosis in
addition to the abnormally high serum cholesterol. It is interesting that the HFD-fed Cyp2b-
null female mice are not showing greater obesity than HFD-fed WT mice, but several other
parameters are perturbed.

B-hydroxybutyate (B-OHB) is generated by the liver from fatty acids during prolonged
exercise or starvation to meet energy requirements and compensate for lower carbohydrate
levels. B-OHB can be utilized as an energy source by active tissues such as brain and
muscles. HFD-fed Cyp2b-null males showed a 2.3-fold increase in B-OHB levels compared
to HFD-fed WT males and a 3-fold increase compared to ND-fed Cyp2b-null males (Table
2A). The increase in B-OHB also fueled the decrease in the serum FFA/B-OHB ratio
observed in HFD-fed Cyp2b-null male mice as serum fatty acid levels were relatively stable
between groups, but ketones were increased by the combination of genotype and a HFD
(Fig. 4C). Serum triglyceride/B-OHB ratio followed the same pattern (data not shown).

Serum concentrations of adiponectin and leptin:

Serum adiponectin concentrations were significantly altered in several groups (Fig. 5). All
significant differences in adiponectin serum concentrations were moderate and ranged from
13-25% different compared to controls. Serum leptin concentrations were greatly perturbed
by a HFD, and this was exacerabated in HFD-fed Cyp2b-null male mice (Fig. 5), indicating
leptin resistance in association with obesity in HFD-fed Cyp2b-null male mice. Leptin
resistance indicates a disease state and the potential that the brain thinks the individual is
starving [62]. The significant increase in leptin is associated with an increase in B-OHB and
could be related to a significant increase in WAT in the HFD-fed Cyp2b-null males that
provide fatty acids to fuel ketosis.
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ND-fed Cyp2b-null mice have similar gene expression profiles compared to HFD-fed WT

mice:

RNAseq was performed on male and female liver samples to compare and test why only
male Cyp2b-null mice showed both significant weight gain and significantly increased
hepatic lipids (Fig. 1,3). Analysis of global gene expression using hierarchical clustering
demonstrates that male samples cluster into two different groups: one cluster consisting of
WT-ND mice, and the other cluster consisting of Cyp2b-null ND and WT-HFD mice
grouped among each other with Cyp2b-null HFD mice in their own subgroup. The clustering
of HFD-fed WT mice and ND-fed Cyp2b-null male mice into the same clade (Fig. 6A)
suggests similar changes in gene expression. Venn diagrams (Fig. 6B) confirm that within
the liver the Cyp2b-null genotype with no change in diet causes comparable transcriptional
effects to that of WT mice fed a HFD. Cyp2b-null ND and WT HFD mice share the same
217 significantly (p < 0.05) up-regulated genes and 111 down-regulated when compared to
WT ND mice as the control. These two experimental groups share over 40% of each group’s
total number of differentially expressed genes, indicating that the Cyp2b-null genotype
causes effects similar to that of a HFD-treatment potentially due to increased liver
triglycerides in the ND-fed Cyp2b-null male mice (Fig. 3).

Female samples clustered in a different fashion than males. ND-fed WT and Cyp2b-null
mice clustered together and separately from most of the HFD-fed mice (Fig. 7A) instead of
ND-fed Cyp2b-null mice clustering with HFD-fed WT mice as seen in male groups (Fig.
6B). There is little gene expression overlap between ND-fed Cyp2b-null and HFD-fed WT
female mice (Fig. 7B), in part because there are very few differentially expressed genes in
HFD-fed WT female mice compared to ND-fed WT female mice (only 7; SM-6) and a
significant drop in differentially expressed genes between ND-fed WT and ND-fed Cyp2b-
null female mice compared to males (Fig. 7B, SM6-9). For example, in ND-fed groups, 506
genes were induced in Cyp2b-null male mice, but only 65 in Cyp2b-null female mice when
compared to ND-fed WT mice with 15 genes overlapping between males and females. 264
genes were down-regulated in Cyp2b-null male mice, but only 73 were down-regulated in
females with 19 overlapping (SM-8,10). Most of the differences in hierarchical clustering
are due to diet in females (SM-6). This demonstrates the lack of response to the Cyp2b
knockout and HFD in female mice compared to male mice (Fig. 7; SM6-8), similar to our
physiological data.

Interestingly, the most highly induced gene by the HFD in WT male mice was Cyp2b9
(SM-6). Previous diet-induced obesity (DIO) studies have also shown Cyp2b9 to be the most
highly induced gene [46, 63]. Among the list of shared genes by Cyp2b-null ND and WT
HFD male mice, up-regulated genes with the highest logFC in both groups include Cyp2a4
(logFC: Cyp2b-null ND 6.99, WT HFD 1.53), Cyp2hb9 (LogFC: Cyp2b-null ND 3.60, WT
HFD 6.65), and NADH-ubiquinone oxidoreductase chain 3 (ND3) (logFC: Cyp2b-null ND
3.33, WT HFD 3.67) (SM-7). Cyp2b9 is probably highly induced in Cyp2b-null mice as a
compensatory mechanism as the latter half of the Cyp2b9 gene was not eliminated by
Crispr/Cas9 and is therefore most likely under control of the CAR promoter found at the
front of the Cyp2b gene cluster (SM-1)[52]. A Western blot confirmed that no Cyp2b’s were
induced and instead deleted in the Cyp2b-null mice as expected (SM-11). Genes down-
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regulated in males and females when comparing the various treatments are also available in
Supplementary Material (SM 6-9) under a separate tab.

Significantly (p < 0.05) enriched up-regulated gene ontology (GO) terms for male ND-fed
Cyp2b-null mice in comparison to ND-fed WT mice were visualized in Revigo (Fig. 6C).
Within the biological process class, ND-fed Cyp2b-null mice have enriched terms such as
regulation of lipid transport, lipid localization, unsaturated fatty acid metabolism, eicosanoid
metabolism, cell-cell signaling, circadian rhythms, and establishment or maintenance of cell
polarity. Many of these terms are associated with NAFLD and perturbations in lipid
metabolism [46, 64, 65]. Down-regulated GO terms for this group were mainly associated
with protein stability and folding (SM-12), possibly indicating endoplasmic reticulum stress
via lipotoxicity from intermediate lipid metabolites or perturbations in the endoplasmic
reticulum due to the loss of CYPs [66]. There were no significantly enriched GO terms when
comparing ND-fed Cyp2b-null and ND-fed WT mice in females (SM-12).

There are not as many differentially expressed genes when comparing HFD-fed Cyp2b-null
to HFD-fed WT mice in males or females (SM-9). In males, there are several genes involved
in triglyceride accumulation and lipid metabolism, including circadian genes associated with
liver lipid metabolism, which is expected given the greater obesity and liver triglycerides in
the HFD-fed Cyp2b-null mice than the HFD-fed WT mice. In addition, genes involved in
tissue growth and repair and cytoskeletal remodeling are perturbed that when combined with
excess serum leptin suggests that HFD-fed Cyp2b-null mice are more susceptible to tissue
damage or in the early stages or fibrosis [67—69]. In females, estrogen and thyroid
metabolism, steroid hormone biosynthesis, endoplasmic reticulum protein processing, and
pancreatic secretion were primarily perturbed, and only a few of these are directly linked to
obesity, energy metabolism, and none of the multigene pathways perturbed are linked to
fibrosis.

There were 646 KEGG pathway perturbations caused by a lack of Cyp2b (comparing WT-
ND to Cyp2b-null-ND) in male mice, but only 190 in female mice (Table 3). KEGG
pathway analysis for both up- and down-regulated differentially expressed genes in ND-fed
Cyp2b-null ND compared to ND-fed WT mice (log,FC > 1.0) revealed 42 metabolic genes
with altered expression in males, but only 14 in females. Pathways perturbed include PI3K-
Akt signaling, protein processing in the endoplasmic reticulum, retinol metabolism,
arachidonic acid metabolism, insulin resistance, glycerolipid metabolism, and fatty acid
elongation within the endoplasmic reticulum (SM-13; Table 3). Many of these pathways are
also crucial in fatty acid metabolism and the development of NAFLD [64, 70]. The greater
transcriptional (numbers of genes and pathways) effects perturbed in ND-fed Cyp2b-null
and HFD-fed WT male mice compared to female mice provides a clue as to why males are
more susceptible, and females more resistant, to obesity (Table 4,5).

Discussion

Male, but not female Cyp2b-null mice are diet-induced obese. Male Cyp2b-null mice fed a
HFD gained 15% more body weight than male WT mice fed a HFD primarily due to a 55%
increase in WAT mass. Diet-induced obesity and genotype-specific diet-induced obesity are
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more difficult to measure in B6 female mice than male mice because the female mice are
much less susceptible to obesity and diabetes than male mice (or human females) [71, 72].
Previous observations indicated that Cyp2b-KD mice developed age-onset obesity in males
with a significant lesser effect in females. However, this work was an observation from aging
mice (age-onset obesity); not a tightly planned experiment examining diet-induced obesity
[48]. Furthermore, the loss of Cyp2b, through either RNAI or Crispr/Cas9 [47, 52], causes
obesity independent of strain as it occurs in FVB (Cyp2b-KD) and B6 (Cyp2b-null) mice.
Overall, the loss of the primarily hepatic Cyp2b members increases WAT that in turn leads to
obesity in males and suggests that inhibition of these enzymes by environmental chemicals
or pharmaceuticals may have similar consequences.

Liver triglyceride concentrations were significantly increased in ND-fed Cyp2b-null mice
compared to their WT male counterparts. Increases in liver triglycerides were accompanied
by decreases in serum triglycerides in ND- and HFD-fed Cyp2b-null mice. In turn, both
liver:serum triglyceride ratios and liver TAG:serum FFA ratios were greatly perturbed, and
this includes comparisons between HFD-fed WT and HFD-fed Cyp2b-null mice. which
indicates a crucial role for Cyp2b in liver triglyceride levels or distribution. Overall,
triglyceride distribution was greatly perturbed in ND-fed Cyp2b-null mice, HFD-fed WT
mice, and even more so in HFD-fed Cyp2b-null mice.

It is noteworthy that ND-fed Cyp2b-null male mice retain triglycerides in their liver and
display a similar gene expression profile to the HFD-fed WT male mice, indicating similar
early stage liver disease and compensatory changes due to increased lipids. A survey of the
key biomarker genes altered in ND-fed Cyp2b-null mice such as Cyps and transporters
suggests activation of transcription factors such as Foxa2, LXR, FXRDb, and potentially Rev-
Erb, RAR, ROR and CAR/PXR in males [36, 38, 43, 73—75]. All of these transcription
factors response to changes in lipid distribution or energy allocation. Hierarchical clustering,
direct comparisons by Venn diagrams, shared GO terms, and similarly perturbed KEGG
pathways all present evidence that ND-fed Cyp2b-null male mice have similar gene
expression changes to HFD-fed WT mice. For example, both HFD-fed WT and ND-fed
Cyp2b-null male mice show enriched terms for lipid transport, lipid localization, unsaturated
fatty acid metabolism, and eicosanoid metabolism, clearly indicating perturbations in lipid
utilization and metabolism. However, it should be noted that there are also some differences
based on KEGG pathway analysis. For example, ND-fed Cyp2b-null male mice show
perturbations in glycerolipid metabolism, apoptosis, and endoplasmic reticulum protein
processing that are not manifested in WT-HFD mice; whereas WT-HFD mice show
perturbed hepatocellular carcinoma and glutathione metabolism that is not manifested in
Cyp2b-null-ND mice. Cyp2b induction by CAR is partially responsible for subsequent
CAR-initiated Nrf2 activation [76], and therefore Cyp2b-null mice may not activate
protective mechanisms from oxidative stress such as glutathione metabolism as well as WT
mice. It is also interesting that the apoptotic and hepatocellular carcinoma responses are
reversed, suggesting Cyp2b-null mice may be less susceptible to cancer even with the
increase in liver triglycerides. Overall, the similarities in differential gene expression
outweigh the differences, and provide data associating the loss of hepatic Cyp2b members to
liver triglycerides and obesity in males.

J Nutr Biochem. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heintza et al.

Page 12

This was not the case in females. Significantly fewer genes were altered in females,
especially following a HFD and in turn ND-fed Cyp2b-null females did not cluster with
HFD-fed WT females. Female mice are generally considered partially resistant to obesity
except post-menopausally [17, 71]. This resistance was also observed during this study and
demonstrates that Cyp2b enzymes such as Cyp2h9 and Cyp2b13 ,expressed at much greater
levels in females [51, 52]}[39], are not the reason for the sexual dimorphism in obesity. It is
still possible that some of the transcription factors that regulate Cyp2b and are
predominantly expressed in females such as CAR, PXR, and FoxA2 [17, 38, 39, 77] are in
part responsible for the murine female resistance to obesity.

HFD-fed Cyp2b-null females were the only mice with increased serum triglycerides and
these mice also present with higher ALT levels, suggesting that the combination of a HFD
and Cyp2b-knockout caused some liver damage in females. In contrast to males, Cyp2b-null
females did not show significant perturbations in liver:serum ratios probably because neither
serum nor liver triglycerides were perturbed as much in females, but also because both
serum and liver triglycerides went up in HFD-fed Cyp2b-null female mice. Ratios are often
used to increase the sensitivity of data from two physiological systems (liver:serum;
TAG:HDL) or sexually dimorphic comparison (steroid metabolites)[52, 78]. Therefore, we
also examined liver triglyceride:serum FFA ratios, and found they varied significantly in
HFD-fed Cyp2b-null female mice.

Serum cholesterol and HDL were also significantly increased in Cyp2b-null male mice
compared to WT male mice. Increased serum cholesterol coupled with decreased serum
triglycerides was observed previously in diet induced obesity studies performed in B6 mice
[79], and recent studies indicate that high cholesterol is associated with progressive NAFLD
and a potential marker for NASH [80, 81]. ALT is also associated with HDL, NAFLD and
metabolic syndrome in men, but not women [82]. Overall, multiple serum and liver lipid
parameters that are associated with NAFLD and NASH were perturbed [83, 84], indicating
that Cyp2b-null male mice are progressing towards hepatic steatosis and NASH. However,
the lack of changes in LDL and VLDL suggest that accompanying cardiovascular disease
may not be a chronic issue [78, 85]. Histopathology did not show any pathological changes
indicative of significant liver injury, although liver lipids were increased by a HFD and
exacerbated by Cyp2b-knockout as measured by Oil Red O. However, our research was
performed for only 10-weeks and recent work indicates B6 mice are relatively resistant to
fatty liver disease and take upwards of 22-weeks to develop NAFLD [86]. Therefore this
study was not performed for long enough to fully assess progressive NAFLD or NASH, but
primarily obesity and early stage steatosis. Long-term (22-weeks) or better yet, methionine-
choline deficient dietary studies are needed to determine if the Cy2b-null mice may be
susceptible to NASH.

HFD consumption increases leptin levels and leads to the development of leptin resistance
ultimately perturbing satiety and energy expenditure regulation [87]. Leptin was greatly
increased by a HFD and more so in Cyp2b-null male mice fed a HFD, indicating leptin
resistance and perturbed energy utilization in these mice, especially the HFD-fed Cyp2b-null
mice (Fig. 5). Serum adiponectin and B-OHB, a biomarker of ketogenesis, were also
significantly increased in HFD-fed Cyp2b-null male mice, but not females (Fig. 5). B-OHB
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is increased from the breakdown of fatty acids in response to starvation and consistent with
higher WAT and leptin levels [62]. Taken together, WAT, liver triglycerides, serum
cholesterol, leptin, and B-OHB levels were all increased in Cyp2b-null mice, primarily in
males, indicating an unhealthy lipid state with increased ketosis and p-oxidation sometimes
regardless of dietary treatment. This combined with perturbations in transcription associated
with lipid metabolism, distribution and homeostasis demonstrates a role for Cyp2b members
in lipid metabolism and obesity.

Several unsaturated fatty acids are metabolized by Cyp2b members including arachidonic
acid [34, 88], anandamide [89], and potentially linoleic acid [20, 29]. Some data indicates
high affinity for fatty acids [34]; however, most Cyp2b-mediated metabolism likely occurs
under high fat diet conditions or directly after a meal high in PUFA [20, 89]. It is interesting
to consider that a Cyp2b-mediated product of PUFA metabolism such as an
epoxyecosatrienoic acid produced from AA or anandamide, may perform signaling
functions that mediate lipid uptake, distribution, or metabolism in the liver, WAT, or other
tissues following a diet high in PUFAs.

In summary, the data presented indicates that the hepatic Cyp2b genes are important in fatty
acid metabolism. Cyp2b-null mice are diet-induced obese and show greater susceptibility to
obesity than WT mice. HFD-fed Cyp2b-null male mice present increased WAT mass, liver
triglycerides, serum cholesterol, leptin, and B-OHB. In addition, the increased accumulation
of liver triglycerides and decreased serum triglycerides in ND- and HFD-fed Cyp2b-null
male mice suggests difficulty in allocating and utilizing fatty acids. The ND-fed Cyp2b-null
male mice also showed a similar gene expression profile to the HFD-fed WT male mice as
demonstrated by RNAseq, indicating increased lipids and perturbed lipid signaling
regardless of diet in the Cyp2b-null mice. Taken together, this data indicates a role of Cyp2b
in fatty acid metabolism and obesity, and therefore, it is certainly possible that chemical
inhibition of Cyp2b members by dietary fats, pesticides, plasticizers, and pharmaceuticals
could elicit similar effects on lipid metabolism and elicit obesity.
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Fig. 1: Changes in body weight during the 10-weeks of dietary treatments.
Body weight of A) male and B) female, WT, and Cyp2b-null mice were monitored during

the 10-week feeding study. Male but not female Cyp2b-null mice show increased weight
during HFD treatments. Data are represented as mean + SEM. Statistical significance was
determined by one-way ANOVA followed by Fisher’s LSD as the post-hoc test (h= 8-9). An
‘a’ indicates WT-ND are different than Cyp2b-null-ND, ‘b’ indicates WT-ND are different
than WT-HFD, ‘¢’ indicates Cyp2b-null-ND are different than Cyp2b-null-HFD, ‘d’
indicates WT-HFD are different than Cyp2b-null-HFD.
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Fi_g. 2: Glucose tolerance tests do not show significant differences between WT and Cyp2b-null
mice:

Glucose tolerance tests were performed on weeks 5 (A) and 8 (B) as described in the
Materials and Methods. Results are shown for males and females over the time course of the
assay and as area under the curve (AUC). Data are presented as mean + SEM. Statistical
significance was determined by one-way ANOVA followed by Fisher’s LSD as the post-hoc
test (n=8-9). ** Indicates a p-value < 0.01. An ‘a’ indicates WT-ND are different than
Cyp2b-null-ND, ‘b’ indicates WT-ND are different than WT-HFD, ‘c’ indicates Cyp2b-null-
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ND are different than Cyp2b-null-HFD, ‘d’ indicates WT-HFD are different than Cyp2b-
null-HFD.
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Fig. 3: Liver triglyceride concentrations are significantly increased in Cyp2b-null mice.
Liver triglycerides were extracted and determined as described in the Materials and Methods

using commercial kits. Data are presented as mean + SEM for males (A) and females (B).
Statistical significance was determined by one-way ANOVA followed by Fisher’s LSD as
the post-hoc test (n= 8-9). * indicates a p-value <0.05, *** indicates p-value <0.001 and
**** indicates p-value < 0.0001. An ‘a’ indicates WT-ND are different than Cyp2b-null-ND,
‘b’ indicates WT-ND are different than WT-HFD, ‘¢’ indicates Cyp2b-null-ND are different
than Cyp2b-null-HFD, “d’ indicates WT-HFD different than Cyp2b-null-HFD. H&E staining
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was performed in male (C) and female (D) mice with increases in vacuolization in HFD-fed
males. Oil Red O staining was also performed in male (E) and female (F) mice and indicate
weak liver lipid staining in all ND treatments and greater triglyceride staining in HFD-fed
Cyp2b-null males relative to their HFD-fed WT counterparts.
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Fig. 4: Liver triglyceride:serum triglyceride (A), liver triglyceride:serum free fatty acid (B), and
serum free fatty acidrserum b-hydroxybutyrate (C) ratios in ND and HFD-fed mice.

Data are presented as mean + SEM. Statistical significance was determined by one-way
ANOVA followed by Fisher’s LSD as the post-hoc test (n= 8-9). * indicates a p-value <0.05,
*** indicates p-value <0.001 and **** indicates p-value < 0.0001. An ‘a’ indicates WT-ND
are different than Cyp2b-null-ND, ‘b’ indicates WT-ND are different than WT-HFD, ‘c’
indicates Cyp2b-null-ND are different than Cyp2b-null-HFD, ‘d’ indicates WT-HFD
different than Cyp2b-null-HFD.
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Fig. 5: Serum adiponectin and leptin concentrations in WT and Cyp2b-null mice.
Commercial kits were used to determine (A) adiponectin and (B) leptin concentrations in

serum samples. Data are presented as mean + SEM. Statistical significance was determined
by oneway ANOVA followed by Fisher’s LSD as the post-hoc test (n= 8-9). * Indicates a p-
value < 0.05, ** indicates a p-value <0.01, *** indicates a p-value <0.001 and ****
indicates p-value < 0.0001. An ‘a’ indicates WT-ND are different than Cyp2b-null-ND, ‘b’
indicates WT-ND are different than WT-HFD, ‘c’ indicates Cyp2b-null-ND are different
than Cyp2b-null-HFD, ‘d” indicates WT-HFD are different than Cyp2b-null-HFD.
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Fig. 6: Cyp2b-null male mice fed a ND display a similar gene expression profile to WT mice fed a
HFD.

RNAseq was performed on liver samples from WT and Cyp2b-null mice fed either a ND or
HFD. (A) Heat map showing log2-transformed, Z-score scaled RNA-Seq expression of 500
genes with the highest variance between treatment groups. Red and blue color intensity
indicate gene up- or down-regulation, respectively. Dendrogram clustering on the x-axis
indicates sample similarity, whereas dendrogram clustering on the y-axis groups genes by
expression profile across samples. (B) Venn diagrams of shared up- and down-regulated
differentially expressed genes (p<0.05) between Cyp2b-null ND-fed and WT HFD-fed mice
compared to WT ND mice. (C) GO term enrichment analysis summary using Revigo [58]
for significantly up-regulated genes in Cyp2b-null ND mice compared to WT ND mice. The
scatterplot contains enriched GO terms from the biological process class that remain after
term redundancy is reduced and are displayed in a two-dimensional space where
semantically similar GO terms are positioned closer together within the plot. Each circle
represents an enriched GO term; the cooler the color of a term, the more significantly (p <
0.05) associated that term is with the group of genes being studied. Circle size indicates the
frequency of the GO term in the underlying GO database, i.e. circles of more general terms
are larger.
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Fig. 7: Cyp2b-null female mice demonstrate relatively fewer gene expression changes.
RNAseq was performed on liver samples from WT and Cyp2b-null mice fed either a ND or

HFD. (A) Heat map showing log2-transformed, Z-score scaled RNA-Seq expression of 500
genes with the highest variance between treatment groups. Red and blue color intensity
indicate gene up- or down-regulation, respectively. Dendrogram clustering on the x-axis
indicates sample similarity, whereas dendrogram clustering on the y-axis groups genes by
expression profile across samples. (B) Venn diagrams of shared up- and down-regulated
differentially expressed genes (p<0.05) between Cyp2b-null ND-fed and WT HFD-fed mice
compared to WT ND mice.
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Organ weights determined in WT and Cyp2b9/10/13-null mice after 10-weeks of dietary treatment in male (A)
and female (B) mice.

A

Mouse model Body weight WAT Liver Kidney Brain
WT-NDM 26.48+0.57 0.51+0.06 1.23+0.03 0.34+0.01 0.48+0.03
WT-HFD M 30.43:0.927° 19620227 1.060.047*  0.370.01 0.44+0.00
Cyp2b-null NDM  25.75+0.39 0.69+0.06 1.08+0.03%*  0.31#0.01 0.4620.01
Cyp2b-null HFD M 34.12i0.880***d* 3.0410.196***01*** 1.08+0.04 0.3710.020** 0.43+0.01
B

Mouse model Body weight WAT Liver Kidney Brain
WT-NDF 20.47+0.44 0.36+0.06 0.87+0.03 0.26+0.01 0.44+0.00
WT-HFD F 23.17+0.877* 0.95+0.15°* 0.84+0.03  0.26x0.01 0.45:0.00
Cyp2b-null ND F 20.29+0.22 0.33+0.03 0.83+0.02 0.25+0.01 0.45+0.00
Cyp2b-null HFD F 24.15i0.936** 1.2210246** 0.87+0.04 0.2810‘010 0.45+0.01

Data represented as mean (g) +/— SEM (n = 8/9). Statistical significance determined by one-way ANOVA followed by Fisher’s LSD as the post-hoc

test.

in

<

nr

‘

indicates WT ND different than WT HFD

No asterisk indicates a p-value < 0.05,

*
indicates a p-value < 0.01,

Aok

indicates a p-value < 0.0001 and

*okoA

indicates a p-value < 0.00001.

a indicates WT ND different than Cyp2b9/10/13-null ND

indicates WT HFD different than Cyp2b9/10/13-null HFD,

¢ indicates Cyp2b9/10/13-null ND different than Cyp2b9/10/13-null HFD
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Serum lipid levels in Cyp2b9/10/13-null compared to WT mice treated with normal diet (ND) or high fat diet

(HFD) in male (A) and female (B) mice.

A
Lipid panel WTND M WT HFD M Cyp2b-nullND M  Cyp2b-null HFD M
ALT 1700+ 148  15.00+0.55 17.80  0.97 14.00 + 1.00

B-OHB 0.188+0.015 0.162 +0.022 0.120 + 0.015 0.365 + 0,087 Cxwr 0
Cholesterol 10380 +1.63 1704+7.007** 11860+627%* 1827543615
Fatty acids 833.7+£97.3 740.2 +£93.0 739.3+£36.6 751.4 £ 432

HDL 97.00£221 15076 +6.247** 11402044457 168,60 +4.9457*
LDL 10.98 + 0.58 26.34 + 2_46b* 16.34 £ 1.09 30.20 +/- 1.57°
Triglycerides  80.40%7.88 g 60 + 3.967 58.00+593%*  5225+3157"
VLDL 16.04+159  13.94%0.80 11.56 + 1.19% 10.45 + 0.61

B

Lipid panel WTNDF WT HFD F Cyp2b-nullNDF  Cyp2b-null ND F
ALT 2020+160  37.20 +8.49 17.80 % 0.80 17.80 % 0.80

B-OHB 0.325+0.076 0.360 + 0.061 0.328 +0.098 0.268 + 0.046
Cholesterol ~ 76.40+3.70  98.00 + 12.63 77.40 +1.94 77.40 +1.94

Fatty acids ~ 374.0+8.19  380.4+27.2 343.9 +20.5 366.5 + 30.6

HDL 7248+4.09 5418 +£2292 77.36 £ 257 77.36 £ 257

LDL 868+182  858+324 10.20 + 1.46 10.20 +1.46
Triglycerides  80.80 + 17.74  78.40 + 18.58 57.40 + 12.70 57.40 + 12.70

VLDL 16.16 £353  11.46 +2.52 15.68 £3.75 20.48 £ 3.55

Data represented as mean +/— SEM (n = 5). All units expressed as mg/dl except B-OHB (mM), fatty acids (uM) and ALT (U/L). Statistical

significance was determined by one-way ANOVA followed by Fisher’s LSD as the post-hoc test.

iy

g

indicates WT ND different than WT HFD

nr

‘

No asterisk indicates a p-value < 0.05 and

*
indicates a p-value < 0.01,

Hok

indicates a p-value of < 0.0001.
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Comparison of the number of up- and down-regulated genes within specific KEGG pathways of male and
female Cyp2b-null ND-fed mice.

KEGG Pathway

Male Cyp2b-null ND vs WT ND  Female Cyp2b-null ND vs WT ND

P13K-Akt signaling

Protein processing in endoplasmic reticulum

Retinol metabolism

MAPK signaling

Glycerophospholipid metabolism

Apoptosis

Drug metabolism

Thyroid hormone signaling
Insulin resistance/signaling
PUFA metabolism
Circadian rhythm

NAFLD

Calcium signaling

FoxO signaling
Cholesterol metabolism
Sphingolipid metabolism

Total Perturbations

11 5
10 4
7 2
7 3
7 2
6 4
6 1
6 1
5 4
5 1
4 3
4 1
3 1
2 3
1 3
1 2
646 190
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Comparison of the number of up- and down-regulated genes within specific KEGG pathways.

Table 4:
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KEGG Pathway

Cyp2b-nullNDvs WTND  WT HFDvs WT ND  Cyp2b-null HFD vs WT HFD

PI3K-Akt signaling

Protein processing in endoplasmic reticulum

Retinol metabolism

MAPK signaling

Glycerophospholipid metabolism

Hepatocellular carcinoma
Drug metabolism

Thyroid hormone signaling
Apoptosis

PUFA metabolism

Insulin signaling/resistance
Circadian rhythm

NAFLD

Phospholipase D signaling
Glutathione metabolism
Cholesterol metabolism

Total Perturbations

11

=
o

N A B B OO O O O N NN

646

12
1
13
12
1
11
9
5
1
10

12

620

2
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Comparison of the number of up- and down-regulated genes in female mice within specific KEGG pathways.

KEGG Pathway

Cyp2b-nullNDvs WTND  WT HFDvs WT ND  Cyp2b-null HFD vs WT HFD

PI3K-Akt signaling

Protein processing in endoplasmic reticulum

Insulin resistance/signaling
Apoptosis

FoxO signaling

Circadian rhythm
Cholesterol metabolism
MAPK signaling
Sphingolipid metabolism

Glycerophospholipid metabolism

Retinol metabolism
Calcium signaling
Drug metabolism
NAFLD
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