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Abstract: Background: Cytochrome P450 2B6 (CYP2B6) is a sexually dimorphic, anti-obe-
sity CYP enzyme responsible for the metabolism of xeno- and endobiotics, including the
metabolism of polyunsaturated fatty acids (PUFAs) into 9-hydroxyoctadecadienoic acid
(9-HODE) and 9-hydroxyoctadecatrienoic acid (9-HOTTE). However, humanized CYP2B6
transgenic (hCYP2B6-Tg) mice are sensitive to diet-induced hepatic steatosis despite their
resistance to obesity. The purpose of this study was to determine if 9-HODE, 9-HOTTYE, or
other factors contribute to the sexually dimorphic steatosis observed in hCYP2B6-Tg mice.
Results: Cyp2b9/10/13-null (Cyp2b-null) mice were injected with either 9-HODE or 9-
HOTTZE for 2 days and were then subjected to a fasting period of 20 h to induce steatosis.
Serum lipids were moderately increased, especially in females, after 9-HODE (triglycer-
ides (TGs), very low-density lipoproteins (VLDLs)) and 9-HOT<E (high-density lipopro-
teins (HDLs), low-density lipoproteins (LDLs), cholesterol) treatment. No change in he-
patic lipids and few changes in hepatic gene expression were observed in mice treated
with either oxylipin, suggesting that these oxylipins had minimal to moderate effects.
Therefore, to further investigate CYP2B6’s role in steatosis, hCYP2B6-Tg and Cyp2b-null
mice were subjected to a 20 h fast and compared. Both male and female hCYP2B6-Tg mice
exhibited increased steatosis compared to Cyp2b-null mice. Serum cholesterol, triglycer-
ides, HDLs, and VLDLs were increased in hCYP2B6-Tg males. Serum triglycerides and
VLDLs were decreased in hCYP2B6-Tg females, suggesting the greater hepatic retention
of lipids in females. Hepatic oxylipin profiles revealed eight perturbed oxylipins in female
hCYP2B6-Tg mice and only one in males when compared to Cyp2b-null mice. RNA-seq
also demonstrated greater effects in females in terms of the number of genes and gene
ontology (GO) terms perturbed. There were only a few overlapping GO terms between
sexes, and lipid metabolic processes were enriched in hCYP2B6-Tg male mice but were
repressed in hCYP2B6-Tg females compared to Cyp2b-nulls. Conclusions: hCYP2B6-Tg
mice are sensitive to fasting-mediated steatosis in males and females, although the re-
sponses are different. In addition, the oxylipins 9-HODE and 9-HOTTE are unlikely to be
the primary cause of CYP2B6’s pro-steatotic effects.
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dimorphic

Biomedicines 2025, 13, 295

https://doi.org/10.3390/biomedicines13020295



Biomedicines 2025, 13, 295

2 of 29

1. Introduction

Obesity is a growing issue worldwide, and the World Health Organization has esti-
mated that nearly 1 in 8 people are obese [1]. Hepatic steatosis is a common comorbidity
with obesity and may lead to metabolic dysfunction, insulin resistance, and type 2 diabe-
tes [2]. The combination of obesity, hepatic steatosis, and extrahepatic dysfunction is re-
ferred to as metabolic dysfunction-associated fatty liver disease (MAFLD) [3]. Liver dis-
eases are particularly important to study and understand, given that the liver is responsi-
ble for the allocation of nutrients, the metabolism of xenobiotics, and regulating metabo-
lism [4,5].

Recent research demonstrates that the cytochrome P450 2B (CYP2B) family is associ-
ated with obesity. Mice express five Cyp2b family members, three of which are highly
expressed in the liver and potentially protective from obesity. Cyp2b9/10/13-null (Cyp2b-
null) mice experience diet-induced obesity with significant steatosis, with males being
much more susceptible than females [6]. Furthermore, CYP2B6 is protective against diet-
induced obesity in female transgenic mice expressing the human CYP2B6 gene (hCYP2B6-
Tg), with males showing greater steatosis surprisingly coupled with greater glucose re-
sistance, as measured with a glucose tolerance test [7]. Similarly to mice, CYP2B6 is the
only human CYP2B family member in which reduced expression is associated with in-
creased body mass index [8].

There are several potential mechanisms by which CYP2B6 could be an anti-obesity
enzyme that provides protection against insulin resistance while increasing steatosis [7].
CYP2B6 is a key detoxication enzyme that also metabolizes polyunsaturated fatty acids
(PUFAs), steroids, and bile acids [9,10]. The disruption of any of these pathways could
increase obesity as increased levels of PUFAs, steroid hormones, and bile acids are asso-
ciated with obesity [11-13]. CYP2B6 metabolizes PUFAs to a variety of potential signaling
molecules called oxylipins [14], most likely under high-fat diet conditions [7,15,16].

For example, CYP2B6 activity is inhibited by several PUFAs such as docosahexaenoic
acid (DHA), arachidonic acid (AA), linoleic acid (LA), and a-linolenic acid (ALA) [10].
Each of these PUFAs are also substrates and produce multiple oxylipins with preferential
metabolism in the 9- > 13-position. 9-hydroxyoctadecadienoic acid (9-HODE) from LA
and 9-hydroxyoctadecatrienoic acid (9-HOTrE) from ALA are two of the most promi-
nently produced oxylipins under high-fat diets in vivo and in vitro conditions, respec-
tively [7]. 9-HODE liver concentrations ranged from approximately 8.3 uM to 6.4 uM in
male and female mice, respectively [17]. 9-HOTTE liver concentrations are much lower
(0.7-2 nM), presumably due to the difference in LA and ALA concentrations in the diet
[7]. Other enzymes may also contribute to the production of these oxylipins. For example,
9-HODE is also produced by cyclooxygenase (COX) and lipoxygenase (LOX) enzymes
[18]. Ultimately, oxylipins have a variety of roles, and some may serve as local or endo-
crine messengers that modulate inflammation, cell growth, pain, differentiation, and en-
ergy metabolism, which are therefore of interest in lipid use and obesity.

9-HODE is produced from LA-exposed CYP2B6 baculosomes in vitro, and high-fat
diet-treated CYP2B6-Tg mice produced significantly more 9-HODE than high-fat diet-
treated Cyp2b-null mice in vivo [7]. 9-HOTTE is preferentially produced more than any
other oxylipin from ALA-exposed CYP2B6 baculosomes in vitro; however, 9-HOTrE was
not measured in vivo [7]. This was most likely due to the high quantities of LA in the 60%
high-fat diet and the relatively low amount of ALA present in the diet, causing LA to
outcompete ALA as a substrate [7]. 9-HODE and 9-HOTTE are also of primary interest for
CYP2B6-mediated steatotic activity because they increase hepatic lipid accumulation and
the expression of genes associated with lipid uptake and synthesis in HepG2 hepatocarci-
noma cells [19]. Therefore, we hypothesized that these oxylipins participate in the altered
hepatic lipid accumulation observed in hCYP2B6-Tg mice.
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The roles of 9-HODE and 9-HOTTE are not well studied. 9-HODE increases lipid ac-
cumulation through the activation of peroxisome proliferator-activated receptor (PPAR)
Y2 in murine marrow-derived UAMS-33 cells [20] and also increases lipid uptake in mon-
ocytes [21]. 9-HODE also participates in inflammatory pain response signaling through
the activation of transient receptor potential vanilloid type 1 (TRPV1) [18]. 9-HODE and
9-HOTYE activated murine and human PPARa; however, only murine PPARy was acti-
vated [7]. There are very few studies on 9-HOTTE action. 9-HOTTE increased lipid accu-
mulation and adipocyte differentiation in murine-derived 3T3-L1 fibroblasts [18], but no
mechanism was proposed. Its activation of murine PPARy may play a role.

Given that 9-HODE and 9-HOTT<E are preferentially produced by CYP2B6 and alter
hepatic lipid accumulation and gene expression in vitro, we hypothesized that these ox-
ylipins are contributing to the increased steatosis seen in hCYP2B6-Tg mice. Traditional
high-fat diet studies are time-consuming and costly, with high-fat diet treatment lasting
approximately 10-25 weeks and costing thousands in animal care alone. To avoid long-
term treatment with oxylipins, exposure to oxylipins was performed over the course of 2
days, and on the second day of treatment, mice were fasted for 20 h to induce steatosis.
Fasting-mediated steatosis has been used successfully in mice to study a variety of path-
ways related to steatosis, including the involvement of the bile acid receptor (24 h fast)
and the role of increased fatty acid oxidation in skeletal muscle (24 h fast) [22,23]. Fasting
protocols ranging from 4 to 72 h have been investigated in mice, and hepatic triglyceride
accumulation is significantly evident at 16 h [24]; therefore, the 20 h fasting time was cho-
sen based on this 16-24 h range. This presents a unique opportunity to complete short-
term exposure to 9-HODE or 9-HOTTE and evaluate their effects on the development of
steatosis and its subsequent effects on serum lipids while avoiding expensive long-term
treatment. Therefore, to investigate the effects of 9-HODE or 9-HOTYE on the develop-
ment of steatosis, we performed intraperitoneal injections of either 9-HODE, 9-HOTTE, or
a vehicle control in Cyp2b-null mice. To further investigate the role of CYP2B6 in the de-
velopment of steatosis in vivo and compare the effects of individual oxylipins with
CYP2B6 activity in mice, hCYP2B6-Tg mice were also subjected to a 20 h fasting period to
investigate the development of steatosis compared to Cyp2b-null mice.

We used a fasting protocol to study the role of CYP2B6, 9-HODE, and 9-HOTYE in
steatosis. Cyp2b-null mice were treated with 9-HODE and 9-HOT<E because this model
produces lower levels of these oxylipins [7]. We hypothesized that 9-HODE and 9-HOTrE
would contribute to fasting-mediated hepatic steatosis and alter the expression of genes
involved in lipid metabolism, uptake, and synthesis in a manner similar to hCYP2B6-Tg
mice in comparison to Cyp2b-null mice using RNAseq. Similarities observed between 9-
HODE/9-HOTtE-treated Cyp2b-null mice compared to hCYP2B6-Tg and Cyp2b-null
fasted mice would be interpreted as indicators that 9-HODE/9-HOT<E are a significant
reason for the increased steatosis in hCYP2B6-Tg mice. Differences observed between the
oxylipin-treated and hCYP2B6-Tg mice would be interpreted as evidence that other fac-
tors besides these oxylipins are driving CYP2B6-mediated steatosis.

2. Materials and Methods
2.1. Care and Genotyping of Cyp2b-Null and hCYP2B6-Tg Mice

Animal care and use protocols were approved by Clemson University’s Institutional
Animal Care and Use Committee (AUP 2019-061). Cyp2b9/10/13-null (Cyp2b-null;

C57BL/6J-Del(7Cyp2b10-Cyp2b9)Fatso/mmne, https://www.mmrrc.org/cata-
log/sds.php?mmrrc_id=50703 (accessed on 17 January 2025)) [25] and humanized
CYP2B6-transgenic (hCYP2B6-Tg; 71652; https://www.mmrrc.org/cata-

log/sds_temp_new.php?mmrrc_id=71652 (accessed on 17 January 2025)) mice on a
Cyp2b-null background [26,27], both generated by our lab, are available from the NIH-
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sponsored Mouse Mutant Resource and Research Centers. DNA was isolated from ear
punches to perform genotyping using the QuantaBio (Beverly, MA, USA) AccuStart 11
Genotyping kit according to the manufacturer’s instructions, as described previously [26].

2.2. Treatment of Cyp2b-Null Mice with 9-HODE or 9-HOTrE

For 9-HODE and 9-HOTTE treatments, both male and female Cyp2b-null 10-12-
week-old mice (n =4-5) were injected with either 9-HODE or 9-HOT?E at 1 mg/kg in saline
or with saline alone as a vehicle control once per day for 2 days. Following the day 2
injection, mice were fasted for 20 h and necropsies were performed. The 9-HODE treat-
ment dosage was chosen based on physiologically relevant concentrations of 9-HODE
seen in the liver [7], and the 9-HOTTE treatment dosage was chosen to mirror the concen-
trations of 9-HODE given. Treatment with oxylipins for 2 days was chosen to encompass
the 20 h period of fasting, as well as a day’s worth of meals to show the potential repres-
sion of fasting-mediated steatosis.

2.3. Fasting of Cyp2b-Null and hCYP2B6-Tg Mice

To compare fasting-mediated steatosis between Cyp2b-null and hCYP2B6-Tg mice,
10-12-week-old male and female Cyp2b-null and hCYP2B6-Tg mice (n = 4-5 per sex and
genotype) were fasted for 20 h prior to euthanasia and necropsy.

2.4. Necropsy

Mice were weighed prior to euthanasia. Mice were then anesthetized under 3%
isoflurane; blood was collected by heart puncture and then they were euthanized by CO:
asphyxiation, as confirmed by bilateral pneumothorax. Whole blood was collected via
heart puncture. Liver was excised, weighed, and cut into several sections for Oil-Red O
staining, triglyceride extraction, lipid extraction and analysis, and RNA extractions. Most
tissues were snap-frozen in liquid nitrogen for storage at -80 °C.

2.5. Serum Lipid Markers

Blood was incubated at room temperature for 30 min and centrifuged at 6000 rpm
for 10 min to isolate serum. Serum was transferred into a new microcentrifuge tube and
snap-frozen in liquid nitrogen prior to storage at —80 °C. Aliquots were sent to Baylor
College of Medicine’s Comparative Pathology lab (Houston, TX, USA) to be evaluated for
serum lipids including cholesterol, triglycerides (TGs), high-density lipoproteins (HDLs),
low-density lipoproteins (LDLs), and very low-density lipoproteins (VLDLs) with a Beck-
man—Coulter AU480 analyzer (Beckman Coulter, Brea, CA, USA), according to the man-
ufacturer’s instructions (n = 4-5).

2.6. Liver Lipids and Lipidomics

Liver sections from the mice were sent to Baylor College of Medicine’s Comparative
Pathology laboratory for Oil Red O staining of frozen sections, according to standard pro-
cedure [28], to visualize lipids. Several images of Oil Red O-stained sections were taken
using Leica Acquire software (Wetzlar, Germany) and evaluated with ImageJ 1.53i (La-
boratory for Optical and Computational Instrumentation, Madison, WI, USA) using a pre-
viously tested method to quantify the lipid droplet area [26]. A separate section of liver
was extracted, and triglycerides were quantified colorimetrically according to the manu-
facturer’s instructions (Cayman Chemical Co., Ann Arbor, MI, USA) at an absorbance rate
of 530 nm on a BioTek Synergy H1 hybrid spectrophotometer (US BiotTek Laboratories,
Shoreline, WA, USA).

Lipidomic analysis for oxylipins from liver samples was performed by the Emory
Integrated Metabolomic and Lipidomic Core (EIMLC) for the analysis of metabolites from
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AA, LA, ALA, and DHA. Oxidized lipids were selectively extracted from samples by
solid-phase extraction following EIMLC protocols [29]. Oxylipins were extracted and en-
riched from liver homogenates by solid-phase extraction because of their low abundance.
Approximately 50 mg of the liver sample was homogenized, suspended in methanol acid-
ified to a pH of 3.0, placed onto the C18 solid-phase extraction cassette, rinsed with hex-
ane, and eluted with methyl formate using an automated robot (Biotage, Uppsala, Swe-
den). The enriched oxylipin sample was then analyzed by liquid chromatography—-tan-
dem mass spectrometry on a Sciex QTrap5500 (Framingham, MA, USA) using a quantita-
tive multiple reaction monitoring-based method that is highly selective. A Thermo Ac-
cucore C18 column (4.6 x 100 mm, 2.6 pum) (Thermo Fisher Scientific, Waltham, MA, USA)
provided the chromatographic resolution of the oxylipins using an 18 min stepwise gra-
dient using solvent A as water (with 1 mM ammonium formate) and solvent B as acetoni-
trile (with 1 mM ammonium formate). The flow rate was 0.5 mL/min at a column temper-
ature of 50 °C, and the gradient worked as follows: 0-0.5 min, 10% A; 0.5-1.0 min, 10% to
50% A; 1.0-2.0 min, 50% A; 2.0-2.1 min, 50% to 75% A; 2.1-5.0 min, 75% A; 5.0-7.0 min,
75% to 85% A; 7.0-13.0 min, 75% A; 13.0-14.0 min, 85% to 10% A; 14.0-18.0 min, 10% A.
Ten pL of the extracted sample was injected. Instrumental parameters—collision energy
(70 arbitrary units), declustering potentials (-50 V), electrospray voltage (—4500 V), and
temperature (65 °C)—were optimized with synthetic standards and held consistent over
the course of analysis. Samples were analyzed in the negative ion mode by using unit
mass resolution. Data processing for oxylipins was conducted using Sciex proprietary
software Multiquant (Sciex, Framingham, MA, USA), whereby the area under the curve
for each sample was calibrated against external standards for the quantification of ana-
lytes in the liver.

2.7. RNA Sequencing (RNAseq)

Total RNA was extracted with Trizol reagent and quantified using a Nanodrop
(Thermo Fisher Scientific). Aliquots were sent to Novogene (Sacramento, CA, USA) for
library preparation, and mRNA was purified from total RNA using poly-T oligo-attached
magnetic beads fragmented to synthesize cDNA from the poly-A tail enrichment. The
samples were sequenced with a paired-end 150 NovaSeq 6000 system (Novogene, Sacra-
mento, CA, USA) to an average of 47,782,986 raw reads per sample. Raw reads were pro-
cessed by Novogene using their in-house perl scripts. Clean reads were then aligned to
the murine reference genome (GCF_000001635.25_GRCm38.p6) using Hisat2 v2.0.5, and
featureCounts v1.5.0-p3 was used to count the mapped reads. Series GSE282292, contain-
ing the RNAseq data, has been uploaded to the gene expression omnibus (GEO).

Differential gene expression analysis was performed by Novogene Inc. with the
DESeq2 R package (1.20.0). The p-values from DESeq2 were then adjusted using Benjamini
and Hochberg’s approach to control for false discovery rates. Genes with an adjusted p-
value < 0.05 were considered differentially expressed genes (DEG) and were used for fur-
ther analysis. Changes in pathways were determined using the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis, and differences in gene ontology (GO)
were determined with the Database for Annotation, Visualization, and Integrated Discov-
ery (DAVID) [30,31]. Reduce and Visualize Gene Ontology (Revigo) [32] was used to vis-
ualize differences in GO terms between the models or after oxylipin treatment.

2.8. Quantitative PCR
qPCR was performed using primers specific for Gapdh, 18S, Ppplr3c, Lipc, Lpinl,
Igfbp2, Plscr4, Scdl, and Plin4. Primer sequences (idtDNA, Coralville, IA, USA) and an-

nealing temperatures can be found in Table 1. For qPCR, 1 uL cDNA was mixed with 12.5
uL RT2SYBR Green ROX qPCR Mastermix (Qiagen, Frederick, MD, USA), 9.5 uL
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molecular biology grade water, 1 pL forward primer, and 1 uL reverse primer, resulting
in a final volume of 25 uL per well. All plates were heated to 95 °C for 1 min, followed by
50 cycles of denaturation at 95 °C for 30 s, annealing for 30 s, and elongation for 45 s at 72
°C, then followed by a melt curve starting at 55 °C for 5 s up to 95 °C for 5 min.

Efficiency was determined using a standard curve consisting of a mix of samples di-
luted from 1:1 to 1:1024. Protocols were carried out, and fluorescence was measured using
a Bio-Rad CFX96 Real-Time System (Bio-Rad, Hercules, CA, USA). Gene expression was
normalized to the geometric mean of Gapdh and 18S as housekeeper genes, and changes
in gene expression were quantified using the inverted Muller’s equation [33,34].

Table 1. Primer sequences and annealing temperatures for qPCR.

Gene Forward Sequence Reverse Sequence Annealing Temp (°C)
Gapdh ~ CATCACTGCCACCCAGAAGACTG  ATGCCAGTGAGCTTCCCGTTCAG 50
185 AGTCCCTGCCCTTTGTACACA CGATCCGAGGGCCTCACTA 56
Ppp1r3c GCGTTGTGTTTGCTGACTCC CGGTTGAAGGCTGAGGGAAAT 62.4
Lipc CTTCCAGCCTGGCTGCCACTT GCAAGGAGTCAATGAAGAGGTGC 60
Lpini TAAACGGAGCCGACACCTTGGA CCGTTGTCACTGGCTTGTTTGG 60
Igfbp2 CCTCAAGTCAGGCATGAAGGAG TGGTCCAACTCCTGCTGGCAAG 60
Plscr4 ATCCTGTGACGAATCAGCCTGC GAGGCTCAACATGCTGAAGAACG 60
Scdl GCAAGCTCTACACCTGCCTCTIT CGTGCCTTGTAAGTTCTGTGGC 60
Plin4 GCACTAAGGACACGGTGACCAC GACCACAGACTTGGTAGTGTCC 60

2.9. Hierarchical Clustering

Hierarchical clustering was performed using Morpheus software, available at
https://software.broadinstitute.org/morpheus/ (1 October 2024), courtesy of the Broad In-
stitute of MIT and Harvard (Cambridge, MA, USA). Data such as RNAseq, oxylipins, se-
rum, and liver lipids for each individual mouse were compiled and inserted into Mor-
pheus to generate a heat map for each genotype or oxylipin treatment group.

2.10. Statistical Analysis and Graph Preparation

Statistical analyses were carried out using GraphPad Prism software 7.0 (San Diego,
CA, USA). Significance was determined by unpaired t-tests to determine differences be-
tween groups. Graphing was performed on GraphPad Prism. Heat maps and hierarchical
clustering were performed using Morpheus software (Cambridge, MA, USA). Data used
in this manuscript are available in Supplementary Files and GEO—GSE282292.

3. Results and Discussion
3.1. 9-HODE and 9-HOTYE Increase Serum Lipids with Greater Effects in Females than Males

Male and female Cyp2b-null mice were treated with the mouse/human PPARa and
mouse PPARY activators [7], 9-HODE or 9-HOTTE, or a vehicle control at 1 mg/kg/day for
2 days and then fasted for 20 h. No differences in organ weight or gross anatomical differ-
ences were found between the control and treated mice (Supplemental Files S1 and S2).
However, serum lipid levels increased following oxylipin treatment, with greater sensi-
tivity in female mice than male mice. Female mice treated with 9-HODE displayed in-
creased serum TGs and VLDLs by nearly 40% (Table 2). Females treated with 9-HOTrE
displayed increased serum cholesterol, HDLs, and LDLs by 25-36% (Table 3); the three
parameters not effected by 9-HODE. In contrast, males treated with 9-HODE displayed
only a 26% increase in LDLs, and 9-HOTTE caused no significant changes in serum lipids
(Table 3).
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Table 2. Serum lipid analysis in Cyp2b-null 9-HODE-treated mice.
Serum Parameter Control Male 9-HODE Male
Cholesterol (mg/dL) 95.68 +4.733 97.23 +3.236
Triglycerides (mg/dL) 67.28 +£2.832 64.75 £2.843
HDL (mg/dL) 59.44 +2.536 57.79 + 1.597
LDL (mg/dL) 2.924 + 0.2501 3.672 +0.2044 *
VLDL (mg/dL) 13.36 + 0.5657 12.95 + 0.5682
Serum Parameter Control Female 9-HODE Female
Cholesterol (mg/dL) 73.08 + 3.458 75.11+£1.789
Triglycerides (mg/dL) 475+ 3.711 66.3 +£2.012 **
HDL (mg/dL) 43.33 +2.105 43.11 +1.859
LDL (mg/dL) 3.763 +0.4153 4.128 +0.3377
VLDL (mg/dL) 9.503 + 0.7429 13.26 +0.4023 **

Data are presented as mean + SEM. Statistical differences determined by unpaired Student’s t-tests
with GraphPad Prism 7.0. * p-value < 0.05, ** p-value < 0.01.

Table 3. Serum lipid analysis in Cyp2b-null 9-HOTrE-treated mice.

Serum Parameter Control Male 9-HOT9-HOTrE Male
Cholesterol (mg/dL) 95.68 + 4.733 102.4 + 3.529
Triglycerides (mg/dL) 67.28 +2.832 63.23 +5.781
HDL (mg/dL) 59.44 + 2.536 61.2+1.995
LDL (mg/dL) 2.924 +0.2501 3.916 +0.3611
VLDL (mg/dL) 13.36 + 0.5657 12.64 +1.156
Serum Parameter Control Female 9-HOTTE Female
Cholesterol (mg/dL) 61.27 +3.395 83.57 +3.203 **
Triglycerides (mg/dL) 68.45 +5.27 62.1 +2.438
HDL (mg/dL) 29.92 + (0.9884 37.61 +£1.104 **
LDL (mg/dL) 1.438 + 0.09801 1.815 + 0.06538 *
VLDL (mg/dL) 9.503 +0.7429 13.26 +0.4023 **

Data are presented as mean + SEM. Statistical differences determined by unpaired Student’s t-tests
with GraphPad Prism 7.0. * p-value < 0.05, ** p-value < 0.01.

3.2. Oxylipins Did Not Perturb Liver TGs

Neutral lipids from treated mice were measured using a colorimetric assay and con-
firmed by Oil Red O staining (measures neutral lipids such as cholesterol and TGs), as
described in the Materials and Methods (Figure 1). Neither sex showed differences in liver
lipid content after 9-HODE or 9-HOTTE treatment in comparison to vehicle-treated con-
trols, indicating that neither 9-HODE nor 9-HOTT<E had significant effects on liver steatosis
in Cyp2b-null mice. This is surprising given that 9-HODE and 9-HOTTE increased TGs in
HepG2 hepatocarcinoma cells in the presence of the monounsaturated fat, oleic acid.
However, under normal cell culture conditions, 9-HODE and 9-HOT<tE did not increase
steatosis [19]. Therefore, it is possible instead that steatosis 9-HODE and 9-HOT<E are in-
ducing the clearance and transport of lipids based on the increase in serum lipids, espe-
cially in females (Tables 2 and 3). This suggests the possibility that these oxylipins are
increasing lipid production but not steatosis in mice [7,19].
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Figure 1. Quantification of liver triglycerides in 9-HODE- and 9-HOTrE-treated mice. (A) Quantifi-
cation of male and female liver triglycerides colorimetrically after 9-HODE treatment. (B) Quantifi-
cation of male and female liver triglycerides via Oil Red O staining of liver sections after 9-HODE
treatment. (C) Quantification of male and female liver triglycerides colorimetrically after 9-HOTrE
treatment. (D) Quantification of male and female liver triglycerides via Oil Red O staining of liver
sections after 9-HOTTE treatment. Data are presented at mean + SEM. Statistical significance was

determined by unpaired t-tests using GraphPad Prism 7.0. No differences were observed.

3.3. Gene Expression Differences with Oxylipin Treatment

RNAseq was performed on liver tissue to estimate the ontologies and pathways al-
tered by 9-HODE (Supplemental File S3) or 9-HOTTE (Supplemental File S4). DEG analy-
sis showed few gene expression changes after the oxylipin treatments. 9-HODE treatment
resulted in only twenty-one DEG in males and one DEG in females (Figure 2). Due to the
low number of DEG in both sexes, GO term and KEGG pathway analysis showed no sig-
nificance.
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Figure 2. Hierarchical clustering of DEG and serum and liver lipids from male or female mice
treated with 9-HODE. (A) Clustering of male data showed few associations of DEG with serum or
liver lipid content. (B) Clustering of female data showed no associations between DEG and lipid

content.

Hierarchical clustering showed few but weak associations between DEG and se-
rum/liver lipids in males only (Figure 2). This was expected, with only one serum lipid
being significantly altered in the males (LDL) and only one differentially expressed gene
in the females following 9-HODE treatment. Interestingly, the genes weakly associated
with serum lipids in males, Angptl4, Hamp, KIf2, Gm47528, and Gm47465, are all involved
in lipid processing. For example, Angiopoietin-like 4 (Angptl4) inhibits lipoprotein lipase
and therefore increases serum TGs [35]. Hepcidin (Hamp) is involved in iron regulation
and is positively associated with non-alcoholic fatty liver disease (NAFLD) [36]. Kruppel-
like factor 2 (KIf2) is a transcription factor that represses PPARY and inhibits adipogenesis
[37]. Predicted gene 47528 (Gm47528) is increased in hepatic Cptla-null male mice after
fasting [38], and quantitative trait loci mapping for predicted gene 47465 (Gm47465) asso-
ciates it with blood glucose and obesity [39]. Most of these genes are involved in or are
regulated by PPARs and are positively associated with obesity or serum lipids; instead,
these genes are repressed by 9-HODE in males as serum TGs and VLDLs go up (Figure
2).

Due to the low number of DEG observed in the liver but the increases observed in
serum lipid levels, particularly in females, 9-HODE likely does not lead to any significant
liver changes. 9-HODE is produced at high amounts by several enzymes, including the
lipoxygenase (LOX) and cyclooxygenase (COX) enzymes, and the additional treatment of
9-HODE to Cyp2b-null mice may have made little difference to the overall 9-HODE con-
centrations.
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9-HOTTE had a greater effect on hepatic gene expression than 9-HODE; however, the
DEG analysis still showed few perturbed genes. Male mice treated with 9-HOTrE had 35
DEG and female mice treated with 9-HOTrE had 30 DEG (Figure 3). Due to the low num-
ber of DEG, there were no significant KEGG pathways identified. The only significant GO
term identified was the “lipid metabolic process”, which was down-regulated in the 9-
HOTTE-treated males. Genes of interest within the lipid metabolic process GO term cate-
gory include fatty acid synthase (Fasn), branch chain aminotransferase 2 mitochondrial
(Bcat2), glycerol-3-phosphate acyltransferase 3 (Gpat3), hydroxy-delta-5-steroid dehydro-
genase, 3 beta- and steroid delta-isomerase 5 (Hsd3b5), sphingosine kinase 2 (Sphk2), sul-
fotransferase family 1D, member 1 (Sultldl), sulfotransferase family 1E, member 1
(Sultlel), and thyroid hormone responsive (Thrsp). The hierarchical clustering of male
DEG with serum and liver lipids parameters showed no associations between the two sets
of data (Figure 3A). However, none of the serum nor hepatic lipids were significantly per-
turbed (Table 3), making associations with DEG unlikely.
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Figure 3. Hierarchical clustering of DEG and serum and liver lipids in male or female mice treated
with 9-HOTTE. (A) Clustering of male data showed no close associations of gene expression changes
and alterations in serum or liver lipids. (B) Clustering of female data showed associations between
serum HDLs (S-HDLs) and LDLs (S-LDLs) with several genes.
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However, the hierarchical clustering of female DEG with serum and liver lipids
showed an association between serum HDLs and LDLs with several genes. HDLs, LDLs,
and cholesterol were increased by 9-HOTTE in females (Table 3). Genes that cluster with
HDLs and LDLs include thymidine kinase 1 (Tk1), indoleamine 2,3-dioxygenase 2 (Ido2),
carbonic anhydrase 14 (Car14), and serine (or cysteine) peptidase inhibitor clade a member
1c and clade b member 1a (Serpinalc and Serpinbla). Tkl is an enzyme involved in the
biosynthesis of dTTP for DNA replication and has been implicated in the progression of
hepatocellular carcinoma [40]. Ido2 is involved in the metabolism of tryptophan and is
associated with inflammation in the liver [41]. Car14 is predicted to be involved in one-
carbon metabolism and has recently been shown to participate in the biliary bicarbonate
buffering system, and Car14-knockout mice show greater liver damage compared to their
wildtype counterparts following the ligation of the common bile duct [42]. Serpinalc and
Serpinbla are both implicated in inflammatory pathways within the liver [43,44]. Choles-
terol directly clustered with the Glucocorticoid-Induced Leucine Zipper Protein (Tsc22d3),
which is stimulated by glucocorticoids and acts as an anti-inflammatory signal [45], and
ADP-ribosylation factor 4D (Arl4d), which buffers HDL cholesterol levels [46]. Gene ex-
pression changes coupled with increases in serum cholesterol, HDLs, and LDLs suggest
that 9-HOTTE could increase hepatic inflammation in female mice. Overall, 9-HOTtE had
a greater effect than 9-HODE, and this suggests that the lipid type we ingest (n-6 vs. n-3)
is crucial in CYP2B6’s physiological actions.

Other genes such as Cyb5r3, Macrod1, Serf2, Akr1ld1, Fkbp2, Lars2, and Cyp2d40 also
clustered with the greater clade associated with LDLs and HDLs. Several of these genes
are associated with mitochondrial function or lipid metabolism (fatty acid, bile acid, and
steroids) as well as NAFLD progression. These genes include leucyl-tRNA synthetase 2
(Lars2, mitochondrial protein production) [47], aldo-keto reductase family 1, member D1
(Akr1d1, bile acid and steroid metabolism) [48], cytochrome P450 family 2, subfamily d,
polypeptide 40 (Cyp2d40, steroid and cholesterol metabolism) [49], mono-ADP Ribosylhy-
drolase 1 (Macrod1, enhances steroid function at receptor) [50], and cytochrome

B5 Reductase 3 (Cyb573, fatty acid and cholesterol desaturation and elongation) [51].
Cyb5r3 represses the benefits of caloric restriction [52]. Other genes perturbed by 9-HOTrE
in female mice that are related to energy metabolism include stearoyl-CoA desaturase 1
(Scd1, fatty and cholesterol metabolism) [53] and ketohexokinase (Khk, metabolizes fruc-
tose) [54].

Overall, 9-HOTTE treatment in females led to the increased expression of genes in-
volved in energy metabolism and inflammation, and some of the inflammatory genes
clustered with HDLs and LDLs (Figure 3 and Table 3). In addition, serum cholesterol clus-
tered with an increase in Tsc22d3 (Table 3 and Figure 3). In summary, alterations in serum
lipids levels with 9-HODE or 9-HOTTE treatment coupled with few gene expression
changes in the liver may not be the only organ or primary organ affected by 9-HODE and
9-HOTYE.

3.4. Changes in Gross Anatomy and Serum Lipids Between hCYP2B6-Tg and Cyp2b-Null Mice
Are Sexually Dimorphic

9-HODE and 9-HOTTE are some of the most highly perturbed oxylipins by CYP2B6
metabolism [7]. However, they had moderate to minimal effects on hepatic steatosis and
gene expression. Therefore, we went back to our Cyp2b-null and hCYP2B6-Tg mice to
confirm that hCYP2B6-Tg mice are sensitive to fasting-mediated hepatic steatosis (not just
diet-induced), determine if oxylipins are associated with fasting-mediated steatosis, and
compare the gene expression effects of 9-HODE and 9-HOTTE to the effects of adding
CYP2B6 to the liver.
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Male and female Cyp2b-null and hCYP2B6-Tg mice were fasted for 20 h, and body
weight, organ weights, and serum and liver lipids measured. Female hCYP2B6-Tg mice
weighed significantly less at the outset of the study compared to their Cyp2b-null coun-
terparts, but saw no difference in organ weight between groups, leading to an increase in
the liver-to-body weight ratio by 8.84% (Supplemental File S1). Male hCYP2B6-Tg mice
had a significant increase in liver weight by 9.29%, but no other significant changes in
gross anatomy were observed (Supplemental File S2).

Serum lipid analysis revealed strong sexually dimorphic differences between male
and female hCYP2B6-Tg mice. Male hCYP2B6-Tg mice were highly sensitive to a 20 h
fasting period, where they exhibited an increase in serum cholesterol, triglycerides (TGs),
HDLs, and VLDLs compared to Cyp2b-null mice (Table 4). In contrast, female hCYP2B6-
Tg mice exhibited a decrease in serum triglycerides and VLDLs compared to Cyp2b-null
mice (Table 4). In summary, the presence of human CYP2B6 altered serum lipids with a
strong sexually dimorphic response, where males show greater serum lipids and females
lower serum TGs and VLDLs.

Table 4. Serum lipids analysis of Cyp2b-null and hCYP2B6-Tg mice.

Serum Parameter Cyp2-Null Male hCYP2B6-Tg Male
Cholesterol (mg/dL) 104.1 +£2.863 117.1 £2.289 *
Triglycerides (mg/dL) 82.18 +4.017 132 £ 6.781 ***
HDL (mg/dL) 54.54 +1.709 62.77 +1.331 %
LDL (mg/dL) 2.938 +0.1074 3.305 + 0.6967
VLDL (mg/dL) 16.44 + 0.8024 26.4 +1.356 ***
Serum Parameter Cyp2-Null Female hCYP2B6-Tg Female
Cholesterol (mg/dL) 74.5+1.829 77.64 + 4.385
Triglycerides (mg/dL) 95.96 +4.5 67.18 +5.404 **
HDL (mg/dL) 37.76 +0.8123 38.55+1.162
LDL (mg/dL) 4.736 +0.2744 4.72 +0.8014
VLDL (mg/dL) 19.19 £ 0.8999 13.44 +1.08 **

Data are presented as mean + SEM. Statistical differences determined by unpaired t-tests using
GraphPad Prism 7.0. * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001.

3.5. Liver TG Difference Between hCYP2B6-Tg and Cyp2b-Null Mice

Liver lipids were analyzed using a colorimetric TG assay and verified with Oil Red
O staining and quantification. hCYP2B6-Tg mice exhibited increased liver TG content
compared to Cyp2b-null mice in both sexes (Figure 4A). Oil Red O staining and quantifi-
cation confirmed a significant increase in TGs in females (Figure 4B,C). Males exhibited a
similar trend with both the colorimetric assay and Oil Red O staining; however, only the
colorimetric assay was significant (Figure 4). The increased release of lipids from the liver
into the serum in males may explain the lack of statistical significance in Oil Red O meas-
urements coupled with increased serum lipids.

Females showed a significant increase in lipid colorimetric and Oil Red O staining
coupled with reduced serum lipids, indicating the preferential retention of lipids in the
liver. Males have greater serum and liver lipid levels although liver TG levels may be
somewhat muted. Overall, these data suggest a sexually dimorphic response in which
they have lower serum lipids because of liver lipid retention. RN Aseq was performed in
part to determine the potential mechanisms leading to increased retention.
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Figure 4. Increased hepatic triglyceride content in hCYP2B6-Tg mice. (A) Both male and female
hCYP2B6-Tg mice show a significant increase in liver triglycerides measured colorimetrically.
Quantification (C) of Oil Red-O-stained histological sections of liver (B) showed significance only in
female hCYP2B6-Tg mice. Data are represented as mean + SEM. Statistical significance determined
by unpaired t-tests on GraphPad Prism 7.0. * p-value < 0.05.

3.6. Gene Expression Differences Between hCYP2B6-Tg and Cyp2b-Null Mice

RNAseq was performed on liver tissues to evaluate differences in gene expression
between Cyp2b-null and hCYP2B6-Tg mice and provide insight on CYP2B6-mediated he-
patic steatosis. Analysis of differentially expressed genes (DEG) showed a total of 807
DEG between Cyp2b-null and hCYP2B6-Tg males and 1224 DEG between Cyp2b-null and
hCYP2B6-Tg females (Table 5). Earlier studies demonstrated that these mouse models
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have similar liver gene expression profiles under normal diet/control conditions [27], in-
dicating that they respond differently under fasting or dietary stress conditions. In addi-
tion, 152 DEG were shared between sexes, 96 of these genes were dysregulated similarly
by each sex, and 56 genes were dysregulated but in an opposing manner (Table 5). Both
the Cyp2b-null and hCYP2B6-Tg mice responded vigorously to fasting based on hepatic
steatosis and gene expression changes. Furthermore, a clear sexually dimorphic response
occurred under fasting conditions in hCYP2B6-Tg mice, highlighting the importance of
CYP2B6 expression differences in males and females and how it may influence lipid ho-
meostasis. A full list of DEG and GO/KEGG analysis can be found (Supplemental Files
55-59).

Table 5. DEG counts comparing transcriptome of Cyp2b-null vs. hCYP2B6-Tg mice.

Total Enriched in hCYP2B6- Enriched in Cyp2b-

Comparison DEG Tg Mice Null Mice
Male Cyp2b-null vs. Male hCYP2B6-Tg 807 414 393
Female Cyp2b-null vs. Female hCYP2B6-Tg 1224 623 601
Males and Females SHARED 152 58 38

n = 4. Differential genes determined by read counts from gene expression level analysis, followed
by model dependent p-value estimation and FDR (adjusted p-value) value estimation based on mul-

tiple hypothesis testing.

3.7. Gene Expression Changes Evaluated via qPCR

To confirm the data previously elucidated by the RNA sequencing data above, qPCR
was performed to confirm specific DEG involved in lipid utilization by RNAseq. Protein
phosphatase 1 regulatory subunit 3C (Ppp1r3c), insulin-like growth factor binding protein
2 (Igfbp2), and phospholipid scramblase 4 (Plscr4) were not differentially expressed in fe-
male mice by RNAseq, only in males. qPCR confirmed significant expression changes in
five of the seven genes evaluated in male mice and three of the four genes differentially
expressed by RNAseq in female mice (Table 6). All of the DEG by RNAseq trended in the
same direction as the qPCR data, except Perilipin 4 (Plin4) in females. Overall, RNAseq
and qPCR showed very similar results.

Table 6. RNA sequencing and qPCR data for DEG in Cyp2b-null vs. hCYP2B6-Tg mice.

Males—Fold Change Females—Fold Change
Gene RNAseq qPCR RNAseq qPCR
Ppp1r3c -1.044 ** -0.639 * -0.696 0.101
Lipc 0.556 *** 0.143 —0.725 *** -0.704 *
Lpinl 1.117 ** 1.294 1.528 *** 1.550 **
Igfbp2 0.760 * 0.616 * -0.496 -0.668
Plscr4 —0.669 * -0.893 ** 0.505 0.268
Scdl —1.390 *** —1.471 *** -1.253 * —0.934 ***
Plin4 —0.775* -1.618 *** —0.736 * 0.110

Data expressed as log2 fold change compared to Cyp2b-null. Significance determined by read
counts from gene expression level analysis, followed by model dependent p-value estimation and
FDR (adjusted p-value) value estimation based on multiple hypothesis testing. Significance deter-
mined by unpaired ¢-tests with GraphPad Prism 7.0 for gPCR. * p-value < 0.05, ** p-value < 0.01, ***
p-value < 0.001.

The genes analyzed by qPCR are associated with processes involving lipid metabo-
lism, homeostasis, and transport, except for Igfbp2, which mediates insulin-like growth
factor (IGF) activity and half-life [55]. Ppp1r3c strongly up-regulates glycogen synthesis in
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hepatocytes [56]. Lipin-1 (Lpinl) and Plscr4 are involved with lipid transport and mobili-
zation [57], and hepatic lipase (Lipc) catalyzes the formation of the serum carrier molecule
and LDL cholesterol via the production of hepatic lipase [58]. Scd1 codes for the stearoyl-
CoA desaturase enzyme that produces monounsaturated fatty acids from saturated fats
[59], and Plin4 encodes for a lipid-coating protein that protects lipid droplets from endog-
enous lipases [60]. These data verify the RNAseq data and confirm sexually dimorphic
changes in gene expression.

3.8. GO Term and KEGG Pathway Analysis of Cyp2b-Null vs. Hcyp2b6-Tg DEG

Gene ontology (GO) was performed and Revigo was used to visualize changes in GO
terms in the “biological processes” category. Male hCYP2B6-Tg mice displayed a variety
of enriched GO terms related to lipid and steroid metabolism (Figure 5A); terms enriched
in male Cyp2b-null mice included those related to cell cycle and circadian rhythm (Figure
5B). GO terms enriched in female hCYP2B6-Tg mice included the circadian regulation of
gene expression as well as several terms related to proteins, such as response to unfolded
protein, protein catabolic process, and protein phosphorylation (Figure 5C). Terms en-
riched in female Cyp2b-null mice included lipid metabolic process, cholesterol metabolic
process, and steroid metabolic process (Figure 5D). Genes involved in lipid and steroid
metabolic processes responded in opposing directions in the male and female hCYP2B6-
Tg mice: enriched in male hCYP2B6-Tg mice and conversely enriched in female Cyp2b-
null mice (Figure 5). Given the increase in hepatic steatosis in the female hCYP2B6-Tg
mice, the enrichment of lipid, cholesterol, steroid, and fatty acid metabolic processes as
the top four enriched terms in Cyp2b-null mice may help explain the reduced steatosis as
an adaptive response.

Interestingly, GO term analysis of shared up- and down-regulated genes by sex, ex-
cluding genes dysregulated in a contradicting manner, showed the lipid metabolic pro-
cess as an enriched term in hCYP2B6-Tg mice. Other terms enriched in hCYP2B6-Tg mice
include the regulation of transcription from RNA pol II promoter, response to unfolded
protein, and response to ER stress (Figure 6). Sex-shared GO terms enriched in Cyp2b-
null mice include circadian rhythm and the negative regulation of cyclin-dependent pro-
tein serine/threonine kinase activity (Figure 6). Supplemental Files S5-59 found in Men-
deley Data (https://data.mendeley.com/datasets/wnvkz8f7ft/1 (accessed on)), which pro-
vides a full list of GO terms with corresponding Revigo figures.

DEG analysis was also used to perform KEGG pathway analysis to determine the
pathways affected by dysregulated genes. KEGG pathways enriched in male hCYP2B6-
Tg mice include protein processing in endoplasmic reticulum, steroid hormone biosyn-
thesis, complement and coagulation cascades, and the metabolic pathway (Supplemental
File S5). Pathways enriched in male Cyp2b-null mice included Hippo signaling pathways,
hepatocellular carcinoma, breast cancer, and AGE-RAGE signaling pathway diabetic
complications (Supplemental File 56).

Pathways enriched in female hCYP2B6-Tg mice included phosphatidylinositol sig-
naling pathway, prostate cancer, inositol phosphate metabolism, and oxidative phosphor-
ylation (Supplemental File S7). Pathways enriched in female Cyp2b-null mice included
chemical carcinogenesis-DNA adducts, drug metabolism, other enzymes, steroid hor-
mone biosynthesis, the biosynthesis of cofactors, and peroxisome (Supplemental File S8).

In summary, hCYP2B6-Tg mice showed large changes in gene expression compared
to Cyp2b-null mice, and many of these changes were sexually dimorphic. Female mice
were more sensitive to fasting, as they showed a greater number of DEG (Table 5). The
enrichment of GO terms associated with lipid metabolism was sexually dimorphic, as
male hCYP2B6-Tg mice showed the enrichment of terms related to lipid metabolism and
female Cyp2b-null mice often showed the enrichment of similar terms (Figure 5). When



Biomedicines 2025, 13, 295

16 of 29

A

evaluating shared DEG between sexes, the GO term “lipid metabolic process” was en-
riched in hCYP2B6-Tg mice (Figure 6), showing that both sexes did experience alterations
in gene expression related to lipid metabolism, but male hCYP2B6-Tg mice had a greater
number of genes associated with this term. Female hCYP2B6-Tg mice showed a greater
number of terms related to proteins, suggesting that males experience more changes in
lipid metabolism in the liver under fasting conditions and that females experience greater
changes in protein function and metabolism under fasting conditions. A ranked list of GO
and KEGG terms enriched in either hCYP2B6-Tg or Cyp2b-null male and female mice is
provided in Supplemental Files S5-59.
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Figure 5. Gene ontology (GO) terms in the Biological Processes category enriched in either
hCYP2B6-Tg mice or Cyp2b-null mice. (A) GO terms enriched in hCYP2B6-Tg male mice. (B) GO
terms enriched in Cyp2b-null male mice. (C) GO terms enriched in hCYP2B6-Tg female mice. (D)
GO terms enriched in Cyp2b-null female mice. GO terms were included if they had an FDR (ad-
justed p-value) of <0.05.
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Figure 6. Visualization of GO terms shared between male and female DEG analysis. Significant DEG
were used to generate GO term lists across sexes that were not dysregulated in an opposing manner.
(A) GO terms enriched in hCYP2B6-Tg mice. (B) GO terms enriched in Cyp2b-null mice. Shared GO
terms were identified within these lists then visualized using Revigo. GO terms included have a p-
value of <0.05.

3.9. Oxylipin Profile Changes Between hCYP2B6-Tg and Cyp2b-Null Mice

Oxylipins were quantified using selective solid-phase extraction and analyzed by lig-
uid chromatography-mass spectrometry to determine differences between genotypes.
14,15-epoxyeicosa-5,8,11-trienoic acid (14(15)-EET) was the only oxylipin increased in
male hCYP2B6-Tg mice (Figure 7A), and this AA-derived oxylipin was also increased in
females (Figure 7B). Female hCYP2B6-Tg also had several other oxylipins with increased
liver concentrations, including 9-hydroperoxyoctadecadienoic acid (9(S)-HpODE), 13-hy-
droperoxyoctadecadienoic acid (13(S)-HpODE), docosahexaenoyl ethanolamide (DHEA),
linoleoyl ethanolamide (LEA), 12(13)epoxy-9Z-octadecenoic acid (12(13)-EpOME), pal-
mitoyl ethanolamide, and alpha-linolenoyl ethanolamide (Figure 7B). 9-HpODE and 13-
HpODE are precursors to 9-HODE and 13-HODE [14]. 12(13)-EpOME and 14(15)-EET are
also produced by CYP2B6 in vitro and in vivo [7], and both oxylipins were increased in
female hCYP2B6-Tg mice (Figure 7B). 14,15-EET has several established functions, includ-
ing suppressing mitochondrial apoptosis during ischemic injury and several established
functions within pulmonary endothelial cells [14]. Some of these oxylipins, such as 9-
HpODE, 13-HpODE, and 12(13)-EpOME, are associated with oxidative stress [14].

14(15)-EET (AA metabolite) and 12(13)-EpOME (LA metabolite) are produced by
CYP enzymes [14], and both are produced by CYP2B6 [7]. 9(S)-HpODE and 13(S)-HpODE
(LA metabolites) can be produced by both the LOX and CYP enzymes [14,61], and they
are also produced by CYP2B6 [7]. DHEA (DHA metabolite), LEA (LA metabolite),
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palmitoyl ethanolamide (palmitic acid metabolite), and alpha-linolenoyl ethanolamide
(ALA metabolite) are members of a group of compounds referred to as N-acylethanola-
mines (NAEs) that are produced via the N-acylphosphatidylethanolamine (NAPE) path-
way [62]. NAEs are lipid derivatives involved in signaling for satiety, mitochondrial en-
ergetics, stress, and a variety of other pathways [63,64]. The association of NAEs with
metabolic diseases such as obesity and steatosis has drawn greater attention in recent
years, with many of these metabolites showing anti-obesity effects [65-67]. Recent re-
search has shown that fasting for periods between 3 and 24 h results in an increased level
of NAEs in the liver and may be a response to oxidative stress and cross-talk between the
brain and liver during periods of glucose deprivation [68], but the exact mechanism of
this response is still under investigation.
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Figure 7. Oxylipin profiles in Cyp2b-null vs. gCYP2B6-Tg mice. (A) Profiles showed increased con-
centrations of only one oxylipin in livers of hCYP2B6-Tg male mice. (B) Profiles showed increased
concentrations of eight oxylipins in livers of in hCYP2B6-Tg female mice. Multiple t-tests. Mean *
SEM. * p value < 0.05, ** p value < 0.01.



Biomedicines 2025, 13, 295

19 of 29

3.10. Hierarchical Clustering of DEG with Oxylipins

Hierarchical clustering was performed to compare DEG to oxylipins and serum li-
pids. In males, few DEG and lipids co-clustered; however, DEG that did cluster with lipids
are crucial in fatty acid oxidation. For example, serum LDLs clustered with Regulator of
G protein Signaling 16 (Rgs16), which inhibits fatty acid oxidation in hepatocytes [69] by
enhancing GTPase activity and repressing signal transduction (Figure 8). Serum TGs and
VLDLs clustered with acyl-CoA dehydrogenase member 12 (Acad12), mitochondrially en-
coded tRNA asparagine (Mt-Tn), and mitochondrially encoded tRNA cysteine (M¢-Tc),
and also, to a lesser extent, with mitochondrially encoded tRNA leucine (Mt-T11), ribonu-
clease 4 (Rnase4), and BC024386. Acad12 is homologous to ACAD10 in humans, an enzyme
that assists with fatty acid b-oxidation in the mitochondria [70]. Mt-Tn, Mt-Tc, and Mt-Ti1
function as tRNAs [71]. BC024386 translationally represses Nirp6 [72], an inflammasome
gene expressed in the intestine and liver, which is important in repressing metabolic dis-
ease progression [73]. These data suggest that f-oxidation is disrupted along with in-
creased TGs and VLDLs.

In females, the drop serum TGs and VLDLs clustered with reduced actin gamma 1
(Actgl), histone compatibility 2, class Il antigen E beta (H2-Eb1), and histone compatibility
2, class II antigen A alpha (H2-Aa) (Figure 8). Actg1 is involved in the synthesis of actin for
the cytoskeleton, and increased expression has been associated with increased fibrosis
[74,75]. Both H2-Eb1 and H2-Aa are involved in antigen sensing [76,77]. Greater liver tri-
glycerides in females were associated with a gene of unknown function, Fam214a, inter-
leukin-1 receptor type 1 (IL1r1), and influenza virus NS1A binding protein (Ivnslabp)
which encodes the Nd1 actin binding protein. All three of these genes have previously
been associated with NAFLD [78-81], and two (II1r1, Fam214a) are associated with inflam-
mation. Thus, increased liver triglycerides were associated with NAFLD, increased in-
flammation, and reduced serum triglycerides with reduced antigen sensing genes.

In females, there are 17 genes in the larger clade associated with the oxylipins 9(S)-
HpODE, 13(S)-HpODE, and 14(15)-EET (Figure 8); other differentially produced oxylipins
were not closely associated with DEG. Of these seventeen genes, five are associated with
fatty acid metabolic processes via GO term analysis. These include Fmo2, Cyp7al, Apoa4,
Treh, and Lpinl (Figure 8). 9(5)-HpODE and 13(S)-HpODE clustered with several genes,
including Cyp7al, involved in cholesterol and bile acid synthesis. Cyp7al is protective
against NAFLD and inflammation through the increased activation of FXR [82], and this
gene was enriched in hCYP2B6-Tg female mice despite these mice experiencing increased
steatosis (Supplemental File S6). Flavin containing dimethylaniline monoxygenase 2
(Fmo2) is a xenobiotic metabolizing enzyme inversely associated with NAFLD. The in-
creased expression of Fmo2 is associated with repressed Srebfl activation and protection
against steatosis [83]. This gene was enriched in hCYP2B6-Tg female mice despite in-
creased steatosis (Supplemental File 56). Apoa4 is involved in lipid transport and LDL ox-
idation, and increased expression is associated with reduced gluconeogenesis and protec-
tion against liver steatosis [84,85]. Trehalose (Treh) is an enzyme associated with cortisol
or high-sugar diet-induced NAFLD [86]. Lpin1 is involved in the synthesis of triglycerides
and can act as a co-activator of both PPAR«a and v, further influencing lipid metabolic
pathways [87]. These associations indicate that CYP2B6, through the production of ox-
ylipins, alters fatty acid homeostasis in the liver, although both genes associated and in-
versely associated with steatosis were increased in hCYP2B6-Tg mice.
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Figure 8. Hierarchical clustering of DEG, oxylipins, serum, and liver lipids. (A) Hierarchical clus-

tering of differential gene expression data and oxylipins/lipids in male Cyp2b-null and hCYP2B6-

Tg mice showed minimal co-clustering. (B) Hierarchical clustering of differential gene expression

data and oxylipins/lipids comparing female Cyp2b-null and hCYP2B6-Tg mice showed that some

oxylipins and serum lipids clustered with DEG.

Other genes that clustered closely with these oxylipins in females include a transcrip-

tion factor involved in epithelial-mesenchymal transition (snail family transcriptional
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repressor 2 (Snai2) —protects from liver fibrosis) [88], a factor involved in thyroid-stimu-
lating hormone (Thyrotroph embryonic factor (Tef)), a ubiquitin-protein transferase (Ring
Finger Protein 144B (Rnf144b)), a mitochondrial NADH dehydrogenase (mitochondrially
encoded NADH dehydrogenase 5 (Mt-Ndb5); part of complex 1), a histone methyltransfer-
ase (SET Domain Bifurcated Histone Lysine Methyltransferase 2 (Setdb2)), and a GTPase
protein (Family With Sequence Similarity 13 Member A (Fam13a)), which represses AMPK
activity and is associated with fatty liver disease. Fam13a-null mice are resistant to high-
fat diet induced obesity and NAFLD [89]. Setdb2 has been purposely down-regulated (it
is increased in hCYP2B6-Tg mice) to reduce NAFLD [90]. Interestingly, of the eight genes
associated with NAFLD, four are closely associated with 14(15)-EET, and all four are as-
sociated with NAFLD.

The only oxylipin that was differentially produced in male hCYP2B6-Tg mice was
14(15)-EET. It clustered somewhat similarly to increased serum HDLs and cholesterol;
however, there were no genes closely clustered to 14(15)-EET. Previous research showed
14(15)-EET is associated with HFD-induced steatosis in hCYP2B6-Tg mice [7]. However,
other research indicates 14(15)-EET is inversely associated with NAFLD and non-alcoholic
steatohepatitis (NASH) [91]. Further investigation of 14(15)-EET is needed to determine
the importance of this metabolite.

Male and female hCYP2B6-Tg mice had different responses to fasting. Male
hCYP2B6-Tg mice showed a significant increase in serum cholesterol, triglycerides, HDLs,
and VLDLs compared to Cyp2b-null mice, and female hCYP2B6-Tg mice showed a de-
crease in serum triglycerides and VLDLs compared to Cyp2b-null mice (Table 3). Both
male and female hCYP2B6-Tg mice showed increased steatosis compared to Cyp2b-null
mice, and female mice showed a stronger steatotic response and more DEG than male
mice (Figure 4), possibly due to the decreased serum lipid load. DEG varied significantly
between sexes, with only 18.8% of total DEG between genotypes in males and 12.4% of
DEG between genotypes in female mice being shared between sexes. Upon further eval-
uation of the shared genes, these 152 DEG were often dysregulated in a different direction
between sexes. Additionally, 36.8% of these 152 genes showed dysregulation in different
directions when comparing sexes, further emphasizing the sexual dimorphism of the
liver, especially in hCYP2B6-Tg mice, a gene that is female-predominant [92].

These very different and sometimes contradictory transcriptomic responses between
male and female mice emphasize the importance of evaluating steatotic responses in both
sexes. CYP2B6 is sexually dimorphic [92], and the receptors primarily responsible for the
regulation of CYP2B6 are also sexually dimorphic. The constitutive androstane receptor
(CAR) is the strongest regulator of CYP2B6, and CAR regulation is part of a complex net-
work that is sexually dimorphic. CAR is regulated by the hepatocyte nuclear factor 4 alpha
(HNF4a), which in turn is regulated by the signal transducer and activator of transcription
5aand b (STAT5A and STAT5B) via temporal patterns of growth hormone release from
the pituitary, which differ in males and females [93]. CAR activity is also repressed by
androgens [94,95], leading to the greater expression of genes regulated by CAR in females
than males. Forkhead box protein A2 (FOXA2) also participates in the regulation of
CYP2B6, and FOXA2 and STATS5B regulate a number of energy-related genes in male mice
[96], further driving sexual dimorphism. Interestingly, CAR’s expression is circadian and
many of the circadian rhythm genes, including GH-regulated igf-1, are sexually dimor-
phic [97]. We have previously demonstrated that hCYP2B6-Tg mice show sexually dimor-
phic responses to a high-fat diet as related to steatosis and obesity [7]; therefore, it was
expected that some degree of sexual dimorphism would be present in the results of this
study investigating fasting-mediated steatosis due to the upstream regulation of CYP2B6
and previously observed sex-influenced differences.
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Transcriptomic analysis revealed that male Cyp2b-null mice were more sensitive to
changes in circadian rhythm and cell cycle than male hCYP2B6-Tg mice. Female Cyp2b-
null mice did not experience the same disruption of these processes. Instead, female
hCYP2B6-Tg mice were more sensitive to changes in circadian rhythm. Female Cyp2b-
null showed the enrichment of genes and processes involved in cholesterol, steroid, and
fatty acid metabolism. Opposingly, hCYP2B6-Tg male mice showed the enrichment of
genes and processes involved in cholesterol, steroid, and fatty acid metabolism. hCYP2B-
Tg female mice showed the enrichment of processes related to protein phosphorylation
and folding, xenobiotic response, and glucose and insulin responses, while several of
these processes were enriched in male Cyp2b-null mice. These examples demonstrate the
sex differences between the male and female mice when fasting and may indicate differ-
ences in the transport, synthesis, and metabolism of fatty acids that explain differences in
serum lipids (Table 3).

For example, genes involved in lipid synthesis that are enriched in hCYP2B6-Tg
males include Lpin1 [98] and Lpin2 [99]. Genes involved in lipid synthesis that are enriched
in female hCYP2B6-Tg mice, including all three members of the lipin family (Lpin1, Lpin2,
and Lpin3) [98-100], include diacylglycerol kinase Eta (Dgkh) [101], acetoacetyl-CoA syn-
thetase (Aacs) [102], and acetyl-Coenzyme A carboxylase alpha (Acaca) [103]. Genes in-
volved in lipid transport showed sexually dimorphic changes. Male hCYP2B6-Tg mice
showed the enrichment of genes related to lipid transport, including kallikrein B1 (KIkb1)
involved in HDL-medjiated cholesterol efflux [104] and the D site of the albumin promoter
binding protein (Dbp), which is crucial for fatty acid transport in the blood via its function
in the transport protein albumin [105]. Female Cyp2b-null mice showed the enrichment
of genes related to lipid transport, including several apolipoproteins associated with or
predicted to be associated with HDLs and VLDLs (Apom, Apol9a, Apol9b) [106]. This pro-
vides a possible explanation for the increase in serum lipids seen in male hCYP2B6-Tg
mice and the decrease in serum lipids seen in female hCYP2B6-Tg mice (Table 4). Genes
involved in lipid metabolism enriched in male Cyp2b-null mice include carboxylesterase
1D (Ces1d) [107], glycerophosphodiester phosphodiesterase 1 (Gdel) [108], and Scd1 [109].
Genes involved in lipid and fatty acid metabolism enriched in Cyp2b-null female mice
include three of the five members of the acyl-CoA synthetase long-chain family member
(Acsl1, Acsl3, and Acsl5) [110] and Scd1 [109].

While this study identifies transcriptomic changes related to steatosis and CYP2B6
in vivo using transgenic mouse models, as well as physiological differences seen between
Cyp2b-null and hCYP2B6-Tg mice by evaluations of lipidomics and serum and liver li-
pids, there are limitations. RNA expression does not always directly equate to protein
expression or activity. However, this paper provides physiological outcomes, compari-
sons between the models and the two oxylipins produced by CYP2B6, and possible mech-
anisms to investigate more thoroughly for future studies on the interplay between toxi-
cology, diet, and metabolic disease. Furthermore, other tissues may contribute to hepatic
steatosis due to their misuse of fats. This study focused on the liver and serum, as that is
where CYP2B6 is primarily expressed. In future studies, investigation of other tissues such
as adipose and skeletal muscle may be warranted to further understand the whole-body
response.

Fasting-induced steatosis has been used for a variety of applications [23,24,111] and
proved useful in this study evaluating genotype and sex differences between Cyp2b-null
and hCYP2B6Tg mice. Fasting-induced steatosis is also a much faster and cheaper option
for studying fatty liver disease than diet-induced obese models. In this study, hCYP2B6-
Tg mice experienced increased steatosis compared to Cyp2b-null mice, indicating that a
20 h fasting period is sufficient to observe substantial differences in steatosis. Substantial
sexual dimorphism was also observed, and therefore, fasting-induced steatosis could be
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useful for understanding the differences in the metabolic response of the liver between
males and females in genetic, diet-induced, and toxicology models.

4. Conclusions

CYP2B6 is a sexually dimorphic gene with greater expression in females [83]. Two of
the metabolites synthesized by CYP2B6, 9-HODE from LA and 9-HOT<E from ALA, did
not show significant effects on the livers of treated mice. Serum lipids were typically only
affected in males. In general, 9-HOTrE, 9-HODE, and Cyp2b-null vs. hCYP2B6-Tg mice
all showed sexually dimorphic effects (Figure 9). Female mice experienced a stronger ste-
atotic response and a greater number of differentially expressed genes; male mice experi-
enced greater changes in serum lipids coupled with less severe steatosis. Male hCYP2B6-
Tg mice appear to show increased lipid metabolism and export compared to females,
which were more likely to retain fats within the liver, leading to decreased serum lipids
and greater steatosis. Female mice also showed more changes in their oxylipin profile than
male mice, as female mice had increased concentrations of eight oxylipins, whereas male
mice had only one. Overall, this study demonstrated that a 20 h fast can induce significant
steatosis in hCYP2B6-Tg mice, CYP2B6 in vivo elicits a strong sexually dimorphic re-
sponse in lipid metabolism and liver steatosis which affects females more than males, and
the oxylipins 9-HODE and 9-HOTTE are only a minor part of CYP2B6's effects, leaving
other oxylipins or lipid metabolites that most likely mediate its anti-obesity and steatotic
effects.
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Figure 9. Summary of proposed sexually dimorphic lipid metabolic alterations caused by CYP2B6
in fasting-mediated steatosis. Comparisons of Cyp2b-null to hCYP2B6-Tg mice after a 20 h period
of fasting indicated that male hCYP2B6-Tg mice appear to increase lipid synthesis in the liver and
transport of lipids out of the liver while decreasing lipid metabolism, leading to increased steatosis
and increased serum lipids. Female hCYP2B6-Tg mice in comparison to Cyp2b-null mice appear to
increase lipid synthesis in the liver but decrease lipid metabolism and transport of lipids out of the
liver, leading to increased steatosis but decreased serum lipids. Example genes are provided over
the green (up-regulated pathways) and red arrows (down-regulated pathways). Figure created us-

ing BioRender.com.
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Supplementary Materials: The following supporting information can be downloaded at
www.mdpi.com/xxx/s1, Supplemental File S1: Raw data for each biological replicate, including liver
triglycerides, serum lipids, and gross anatomy (organ and total body weight). Supplemental File S2:
Gross anatomy analysis to determine differences between gross anatomy of oxylipin-treated or un-
treated mice or Cyp2b-null and hCYP2B6-Tg mice. Supplemental File S3: RNA sequencing data
analysis for 9-HODE treated Cyp2b-null mice. Supplemental File S4: RNA sequencing analysis for
9-HOTTE treated Cyp2b-null mice. Supplemental File S5: RNA sequencing data analysis for genes
enriched in hCYP2B6-Tg male mice compared to Cyp2b-null male mice. Supplemental File S6: RNA
sequencing data analysis for genes enriched in Cyp2b-null male mice compared to hCYP2B6-Tg
male mice. Supplemental File S7: RNA sequencing data analysis for genes enriched in hCYP2B6-Tg
female mice compared to Cyp2b-null female mice. Supplemental File S8: RNA sequencing data anal-
ysis for genes enriched in Cyp2b-null female mice compared to hCYP2B6-Tg female mice. Supple-
mental File S9: Shared DEG between male and female analysis for Cyp2b-null and hCYP2B6-Tg

mice.

Author Contributions: Conceptualization, ].A.E.-M. and W.S.B.; methodology, J.A.E.-M. and W.S5.B.;
validation, J.A.E.-M., W.S.B., and T.D.].; formal analysis, ].A.E.-M., W.S.B., and T.D.J.; Investigation,
JLA.E-M., W.S.B., and T.D.J.; resources, W.S.B.; data curation, J.A.E.-M. and W.S.B.; writing—origi-
nal draft preparation, J.A.E.-M., W.S.B., and T.D.J.; writing—review and editing, W.S.B.; visualiza-
tion, J.A.E.-M., W.S.B., and T.D.].; supervision, W.S.B. project administration, W.S.B.; funding acqui-

sition, W.S.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was primarily funded by the National Institutes of Environmental Health
Sciences (NIEHS) grant R15ES017321 to W.S.B. and supplemented with a program award to Clem-
son University from the National Institute of General Medical Sciences (NIGMS), P20GM121342.

Institutional Review Board Statement: The animal study protocol was approved by the Institu-
tional Animal Care and Use Committee of Clemson University (AUP 2019-061 approved 30 August
2019).

Informed Consent Statement: Not applicable.

Data Availability Statement: All data is available upon request. Supplementary Files containing
quantitative data presented in this manuscript can be found in GEO (GSE282292) and Mendeley Data:
Eccles-Miller, Jazmine; Johnson, Tyler; Baldwin, William (2024), “Sexually dimorphic effects of
CYP2B6 in the development of fasting-mediated steatosis in mice: Role of the oxylipin products 9-
HODE and 9-HOTrE”, Mendeley Data, V1, doi: 10.17632/wnvkz8f7ft.1 —https://data.mende-

ley.com/datasets/wnvkz8f7ft/1. In addition, pictures of all slides are available upon request.

Acknowledgments: The authors would like to thank Melissa Heintz for her help breeding and

maintaining the mouse colonies and performing necropsies.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. World Health Organization: Obesity and Overweight. Available online: https://www.who.int/news-room/fact-
sheets/detail/obesity-and-overweight (accessed on 1 March 2024).

2. Vannij, E,; Bugianesi, E.; Kotronen, A.; De Minicis, S.; Yki-Jarvinen, H.; Svegliati-Baroni, G. From the metabolic syndrome to
NAFLD or vice versa? Dig. Liver Dis. 2010, 42, 320-330.

3.  Saltiel, A.R;; Olefsky, ]. M. Inflammatory mechanisms linking obesity and metabolic disease. . Clin. Investig. 2017, 127, 1-4.

4 Huggett, Z.].; Smith, A.; De Vivo, N.; Gomez, D.; Jethwa, P.; Brameld, ].M.; Bennett, A.; Salter, A.M. A Comparison of Primary
Human Hepatocytes and Hepatoma Cell Lines to Model the Effects of Fatty Acids, Fructose and Glucose on Liver Cell Lipid
Accumulation. Nutrients 2022, 15, 40.

5. Merrell, M.D,; Cherrington, N.J. Drug metabolism alterations in nonalcoholic fatty liver disease. Drug Metab. Rev. 2011, 43, 317-

334.



Biomedicines 2025, 13, 295 25 of 29

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Heintz, M.M.; McRee, R.; Kumar, R.; Baldwin, W.S. Gender differences in diet-induced steatotic disease in Cyp2b-null mice.
PLoS ONE 2020, 15, €0229896.

Heintz, M.M.; Eccles, J.A.; Olack, E.M.; Maner-Smith, K.M.; Ortlund, E.A.; Baldwin, W.S. Human CYP2B6 produces oxylipins
from polyunsaturated fatty acids and reduces diet-induced obesity. PLoS ONE 2022, 17, e0277053.

Krogstad, V.; Peric, A.; Robertsen, I.; Kringen, M.K,; Wegler, C.; Angeles, P.C.; Hjelmeseeth, J.; Karlsson, C.; Andersson, S.;
Artursson, P.; 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.

Mo, S.L.; Liu, Y.H.; Duan, W.; Wei, M.Q.; Kanwar, ].R.; Zhou, S.F. Substrate specificity, regulation, and polymorphism of human
cytochrome P450 2B6. Curr. Drug Metab. 2009, 10, 730-753.

Olack, E.M.; Heintz, M.M.; Baldwin, W.S. Dataset of endo- and xenobiotic inhibition of CYP2B6: Comparison to CYP3A4. Data
Brief. 2022, 41, 108013.

Li, J.; Lai, H.; Chen, S.; Zhu, H.; Lai, S. Interaction of sex steroid hormones and obesity on insulin resistance and type 2 diabetes
in men: The Third National Health and Nutrition Examination Survey. J. Diabetes Complicat. 2017, 31, 318-327.

Wabitsch, M.; Hauner, H.; Heinze, E.; Bockmann, A.; Benz, R.; Mayer, H.; Teller, W. Body fat distribution and steroid hormone
concentrations in obese adolescent girls before and after weight reduction. J. Clin. Endocrinol. Metab. 1995, 80, 3469-3475.

Kim, J.; Li, Y.; Watkins, B.A. Fat to treat fat: Emerging relationship between dietary PUFA, endocannabinoids, and obesity.
Prostaglandins Other Lipid Mediat. 2013, 104-105, 32—41.

Eccles, J.A.; Baldwin, W.S. Detoxification Cytochrome P450s (CYPs) in Families 1-3 Produce Functional Oxylipins from
Polyunsaturated Fatty Acids. Cells 2022, 12, 82.

Damiri, B.; Baldwin, W.S. Cyp2b-Knockdown Mice Poorly Metabolize Corn Oil and Are Age-Dependent Obese. Lipids 2018, 53,
871-884.

Finn, R.D.; Henderson, C.J.; Scott, C.L.; Wolf, C.R. Unsaturated fatty acid regulation of cytochrome P450 expression via a CAR-
dependent pathway. Biochem. ]. 2009, 417, 43-54.

Williams, L.A.; Hamilton, M.C.; Edin, M.L.; Lih, F.B.; Eccles-Miller, ]J.A.; Tharayil, N.; Leonard, E.; Baldwin, W.S. Increased
Perfluorooctanesulfonate (PFOS) Toxicity and Accumulation Is Associated with Perturbed Prostaglandin Metabolism and
Increased Organic Anion Transport Protein (OATP) Expression. Toxics 2024, 12, 106.

Wedel, S.; Osthues, T.; Zimmer, B.; Angioni, C.; Geisslinger, G.; Sisignano, M. Oxidized linoleic acid metabolites maintain
mechanical and thermal hypersensitivity during sub-chronic inflammatory pain. Biochem. Pharmacol. 2022, 198, 114953.

Evans, W.A.; Eccles-Miller, J.A.; Anderson, E.; Farrell, H.; Baldwin, W.S. 9-HODE and 9-HOTTE alter mitochondrial metabolism,
increase triglycerides, and perturb fatty acid uptake and synthesis associated gene expression in HepG2 cells. Prostaglandins
Leukot. Essent. Fat. Acids 2024, 202, 102635.

Zahradka, P.; Neumann, S.; Aukema, H.M.; Taylor, C.G. Adipocyte lipid storage and adipokine production are modulated by
lipoxygenase-derived oxylipins generated from 18-carbon fatty acids. Int. |. Biochem. Cell Biol. 2017, 88, 23-30.

Vangaveti, V.; Shashidhar, V.; Collier, F.; Hodge, ]J.; Rush, C.; Malabu, U.; Baune, B.; Kennedy, R.L. 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, 137-150.

Donepudi, A.C,; Boehme, S.; Li, F.; Chiang, ].Y. G-protein-coupled bile acid receptor plays a key role in bile acid metabolism
and fasting-induced hepatic steatosis in mice. Hepatology 2017, 65, 813-827.

Guan, H.P.; Goldstein, J.L.; Brown, M.S,; Liang, G. Accelerated fatty acid oxidation in muscle averts fasting-induced hepatic
steatosis in SJL/] mice. J. Biol. Chem. 2009, 284, 24644-24652.

Heijboer, A.C.; Donga, E.; Voshol, P.J.; Dang, Z.-C.; Havekes, L.M.; Romijn, J.A.; Corssmit, E.P.M. Sixteen hours of fasting
differentially affects hepatic and muscle insulin sensitivity in mice. ]. Lipid Res. 2005, 46, 582-588.

Heintz, M.M.; Kumar, R.; Rutledge, M.M.; Baldwin, W.S. Cyp2b-null male mice are susceptible to diet-induced obesity and
perturbations in lipid homeostasis. J. Nutr. Biochem. 2019, 70, 125-137.

Hamilton, M.C.; Heintz, M.M.; Pfohl, M.; Marques, E.; Ford, L.; Slitt, A.L.; Baldwin, W.S. Increased toxicity and retention of
perflourooctane 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.

Wei, Y,; Wu, H,; Li, L.; Liu, Z; Zhou, X.; Zhang, Q.Y.; Weng, Y.; D’Agostino, J.; Ling, G.; Zhang, X.; et al. Generation and
characterization of a CYP2A13/2B6/2F1-transgenic mouse model. Drug Metab. Dispos. 2012, 40, 1144-1150.

Ramirez-Zacarias, ].L.; Castro-Mufiozledo, F.; Kuri-Harcuch, W. Quantitation of adipose conversion and triglycerides by
staining intracytoplasmic lipids with oil red O. Histochemistry 1992, 97, 493—-497.



Biomedicines 2025, 13, 295 26 of 29

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Naudin, C.R.; Maner-Smith, K.; Owens, J.A.; Wynn, G.M.; Robinson, B.S.; Matthews, ].D.; Reedy, A.R; Luo, L.; Wolfarth, A.A,;
Darby, T.M.; et al. Lactococcus lactis Subspecies cremoris Elicits Protection Against Metabolic Changes Induced by a Western-
Style Diet. Gastroenterology 2020, 159, 639—-651.e635.

Huang, D.W.; Sherman, B.T.; Lempicki, R.A. Systematic and integrative analysis of large gene lists using DAVID bioinformatics
resources. Nat. Protoc. 2009, 4, 44-57.

Sherman, B.T.; Hao, M.; Qiu, J; Jiao, X.; Baseler, M.W.; Lane, H.C.; Imamichi, T.; Chang, W. DAVID: A web server for functional
enrichment analysis and functional annotation of gene lists (2021 update). Nucleic Acids Res. 2022, 50, W216-w221.

Supek, F.; Bosnjak, M.; gkunca, N.; émuc, T. REVIGO summarizes and visualizes long lists of gene ontology terms. PLoS ONE
2011, 6, €21800.

Roling, J.A.; Bain, L.J.; Baldwin, W.S. Differential gene expression in mummichogs (Fundulus heteroclitus) following treatment
with pyrene: Comparison to a creosote contaminated site. Mar. Environ. Res. 2004, 57, 377-395.

Muller, P.Y; Janovjak, H.; Miserez, A.R.; Dobbie, Z. Processing of gene expression data generated by quantitative real-time RT-
PCR. Biotechniques 2002, 33, 514.

Singh, A.K.; Chaube, B.; Zhang, X.; Sun, J.; Citrin, KM.; Canfran-Duque, A.; Aryal, B.; Rotllan, N.; Varela, L.; Lee, R.G,; et al.
Hepatocyte-specific suppression of ANGPTL4 improves obesity-associated diabetes and mitigates atherosclerosis in mice. J.
Clin. Investig. 2021, 131, e140989.

Senates, E.; Yilmaz, Y.; Colak, Y.; Ozturk, O.; Altunoz, M.E.; Kurt, R.; Ozkara, S.; Aksaray, S.; Tuncer, I.; Ovunc, A.O. Serum
levels of hepcidin in patients with biopsy-proven nonalcoholic fatty liver disease. Metab. Syndr. Relat. Disord. 2011, 9, 287-290.
Wu, Z.; Wang, S. Role of kruppel-like transcription factors in adipogenesis. Dev. Biol. 2013, 373, 235-243.

Zelows, M.M.; Cady, C.; Dharanipragada, N.; Mead, A.E.; Kipp, Z.A.; Bates, E.A.; Varadharajan, V.; Banerjee, R.; Park, S.H.;
Shelman, N.R.; et al. Loss of carnitine palmitoyltransferase 1a reduces docosahexaenoic acid-containing phospholipids and
drives sexually dimorphic liver disease in mice. Mol. Metab. 2023, 78, 101815.

Su, Z.; Korstanje, R.; Tsaih, S.W.; Paigen, B. Candidate genes for obesity revealed from a C57BL/6] x 12951/SvIm] intercross. Int
J. Obes. 2008, 32, 1180-1189.

Cai, Q.; Zhu, M,; Duan, J.; Wang, H.; Chen, J.; Xiao, Y.; Wang, Y.; Wang, J.; Yu, X,; Yang, H. Comprehensive Analysis of Immune-
Related Prognosis of TK1 in Hepatocellular Carcinoma. Front. Oncol. 2021, 11, 786873.

Hoshi, M.; Osawa, Y.; Nakamoto, K.; Morita, N.; Yamamoto, Y.; Ando, T.; Tashita, C.; Nabeshima, T.; Saito, K. Kynurenine
produced by indoleamine 2,3-dioxygenase 2 exacerbates acute liver injury by carbon tetrachloride in mice. Toxicology 2020, 438,
152458.

Zhou, Z.; Qian, J.; Kini, A.; Riederer, B.; Rdmermann, D.; Gros, G.; Seidler, U. Loss of luminal carbonic anhydrase XIV results in
decreased biliary bicarbonate output, liver fibrosis, and cholangiocyte proliferation in mice. Pflug. Arch. 2022, 474, 529-539.
Meghadri, S.H.; Martinez-Delgado, B.; Ostermann, L.; Gomez-Mariano, G.; Perez-Luz, S.; Tumpara, S.; Wrenger, S.; DeLuca,
D.S.; Maus, U.A.; Welte, T.; et al. Loss of Serpinal in Mice Leads to Altered Gene Expression in Inflammatory and Metabolic
Pathways. Int. ]. Mol. Sci. 2022, 23, 10425.

Choi, Y.J.; Kim, S.; Choi, Y.; Nielsen, T.B.; Yan, J.; Lu, A.; Ruan, J.; Lee, H.-R.; Wu, H.; Spellberg, B.; et al. SERPINB1-mediated
checkpoint of inflammatory caspase activation. Nat. Immunol. 2019, 20, 276-287.

Demir, S.; Wolff, G.; Wieder, A.; Maida, A.; Biihler, L.; Brune, M.; Hautzinger, O.; Feuchtinger, A.; Poth, T.; Szendroedi, J.; et al.
TSC22D4 interacts with Aktl to regulate glucose metabolism. Sci. Adv. 2022, 8, eabo5555.

Li, R.H.; Churchill, G.A. Epistasis contributes to the genetic buffering of plasma HDL cholesterol in mice. Physiol. Genom. 2010,
42a, 228-234.

Lopez-Soldado, I.; Torres, A.G.; Ventura, R.; Martinez-Ruiz, I.; Diaz-Ramos, A.; Planet, E.; Cooper, D.; Pazderska, A.; Wanic, K,;
O’Hanlon, D.; et al. Decreased expression of mitochondrial aminoacyl-tRNA synthetases causes downregulation of OXPHOS
subunits in type 2 diabetic muscle. Redox Biol. 2023, 61, 102630.

Nikolaou, N.; Gathercole, L.L.; Marchand, L.; Althari, S.; Dempster, N.J.; Green, C.J.; van de Bunt, M.; McNeil, C.; Arvaniti, A.;
Hughes, B.A; et al. AKR1D1 is a novel regulator of metabolic phenotype in human hepatocytes and is dysregulated in non-
alcoholic fatty liver disease. Metabolism 2019, 99, 67-80.

Ning, M.; Jeong, H. High-Fat Diet Feeding Alters Expression of Hepatic Drug-Metabolizing Enzymes in Mice. Drug Metab.
Dispos. 2017, 45, 707-711.

Ahmed, S.; Bott, D.; Gomez, A.; Tamblyn, L.; Rasheed, A.; Cho, T.; MacPherson, L.; Sugamori, K.S.; Yang, Y.; Grant, D.M.; et al.
Loss of the Mono-ADP-ribosyltransferase, Tiparp, Increases Sensitivity to Dioxin-induced Steatohepatitis and Lethality. J. Biol.
Chem. 2015, 290, 16824-16840.



Biomedicines 2025, 13, 295 27 of 29

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Sanchez-Mendoza, L.M.; Pérez-Sanchez, C.; Garcia-Caballero, C.; Pérez-Rodriguez, M.; Calero-Rodriguez, P.; Vellén-Garcia, B.;
Moreno, J.A.; Burdén, M.I; de Cabo, R.; Gonzalez-Reyes, J.A.; et al. CYB5R3 overexpression exhibits sexual dimorphism:
Mitochondrial and metabolic adaptations in transgenic female mice during calorie restriction. Free Radic. Biol. Med. 2024, 223,
69-86.

Rodriguez-Lopez, S.; Lopez-Belldn, S.; Gonzalez-Reyes, J.A.; Burén, M.I1; de Cabo, R.; Villalba, ].M. Mitochondrial adaptations
in liver and skeletal muscle to pro-longevity nutritional and genetic interventions: The crosstalk between calorie restriction and
CYB5R3 overexpression in transgenic mice. Geroscience 2020, 42, 977-994.

Jeyakumar, S.M.; Vajreswari, A. Stearoyl-CoA desaturase 1: A potential target for non-alcoholic fatty liver disease?-perspective
on emerging experimental evidence. World ]. Hepatol. 2022, 14, 168-179.

Kazierad, D.J.; Chidsey, K.; Somayaji, V.R.; Bergman, A.J.; Birnbaum, M.].; Calle, R.A. Inhibition of ketohexokinase in adults
with NAFLD reduces liver fat and inflammatory markers: A randomized phase 2 trial. Med 2021, 2, 800-813.e803.

Boughanem, H.; Yubero-Serrano, E.M.; Lépez-Miranda, J.; Tinahones, F.J.; Macias-Gonzalez, M. Potential Role of Insulin
Growth-Factor-Binding Protein 2 as Therapeutic Target for Obesity-Related Insulin Resistance. Int. ]. Mol. Sci. 2021, 22, 1133.
Ruchti, E.; Roach, P.]J.; DePaoli-Roach, A.A.; Magistretti, P.J.; Allaman, I. Protein targeting to glycogen is a master regulator of
glycogen synthesis in astrocytes. IBRO Rep. 2016, 1, 46-53.

Reue, K. The role of lipin 1 in adipogenesis and lipid metabolism. Novartis Found. Symp. 2007, 286, 58-68; discussion 68-71, 162—
163, 196-203.

Chatterjee, C.; Sparks, D.L. Hepatic lipase, high density lipoproteins, and hypertriglyceridemia. Am. J. Pathol. 2011, 178, 1429—
1433.

Mori, H.; Peterson, S.K.; Simmermon, R.C.; Overmyer, K.A,; Nishii, A.; Paulsson, E.; Li, Z.; Jen, A.; Uranga, R.M.; Maung, ].N.;
et al. Scd1 and monounsaturated lipids are required for autophagy and survival of adipocytes. Mol. Metab. 2024, 83, 101916.
Sztalryd, C.; Brasaemle, D.L. The perilipin family of lipid droplet proteins: Gatekeepers of intracellular lipolysis. Biochim.
Biophys. Acta Mol. Cell Biol. Lipids 2017, 1862, 1221-1232.

Soldo, B.; éprung, M.; Musac, G.; Pavela-Vranci¢, M.; Ljubenkov, I. Evaluation of Olive Fruit Lipoxygenase Extraction Protocols
on 9- and 13-Z,E-HPODE Formation. Molecules 2016, 21, 506.

Balvers, M.G]J.; Verhoeckx, K.C.M.; Plastina, P.; Wortelboer, H.M.; Meijerink, J.; Witkamp, R.F. Docosahexaenoic acid and
eicosapentaenoic acid are converted by 3T3-L1 adipocytes to N-acyl ethanolamines with anti-inflammatory properties. Biochim.
Biophys. Acta (BBA)—Mol. Cell Biol. Lipids 2010, 1801, 1107-1114.

Jones, P.J; Lin, L.; Gillingham, L.G.; Yang, H.; Omar, ].M. Modulation of plasma N-acylethanolamine levels and physiological
parameters by dietary fatty acid composition in humans. J. Lipid Res. 2014, 55, 2655-2664.

Wasilewski, M.; Wieckowski, M.R.; Dymkowska, D.; Wojtczak, L. Effects of N-acylethanolamines on mitochondrial energetics
and permeability transition. Biochim. Biophys. Acta (BBA)— Bioenerg. 2004, 1657, 151-163.

Everard, A.; Plovier, H.; Rastelli, M.; Van Hul, M.; de Wouters d’Oplinter, A.; Geurts, L.; Druart, C.; Robine, S.; Delzenne, N.M.;
Muccioli, G.G.; et al. Intestinal epithelial N-acylphosphatidylethanolamine phospholipase D links dietary fat to metabolic
adaptations in obesity and steatosis. Nat. Commun. 2019, 10, 457.

Mock, E.D.; Gagestein, B.; van der Stelt, M. Anandamide and other N-acylethanolamines: A class of signaling lipids with
therapeutic opportunities. Progress Lipid Res. 2023, 89, 101194.

Tovar, R.; Gavito, A.L.; Vargas, A.; Soverchia, L.; Hernandez-Folgado, L.; Jagerovic, N.; Baixeras, E.; Ciccocioppo, R.; Rodriguez
de Fonseca, F.; Decara, ]J. Palmitoleoylethanolamide Is an Efficient Anti-Obesity Endogenous Compound: Comparison with
Oleylethanolamide in Diet-Induced Obesity. Nutrients 2021, 13, 2589.

Shao, Y.; Fu, Z,; Wang, Y.; Yang, Z.; Lin, Y.; Li, S.; Cheng, C.; Wei, M,; Liu, Z.; Xu, G.; et al. A metabolome atlas of mouse brain
on the global metabolic signature dynamics following short-term fasting. Signal Transduct. Target. Ther. 2023, 8, 334.

Pashkov, V.; Huang, J.; Parameswara, V.K.; Kedzierski, W.; Kurrasch, D.M.; Tall, G.G.; Esser, V.; Gerard, R.D.; Uyeda, K.; Towle,
H.C.; et al. Regulator of G protein signaling (RGS16) inhibits hepatic fatty acid oxidation in a carbohydrate response element-
binding protein (ChREBP)-dependent manner. |. Biol. Chem. 2011, 286, 15116-15125.

Goetzman, E.S. Advances in the Understanding and Treatment of Mitochondrial Fatty Acid Oxidation Disorders. Curr. Genet.
Med. Rep. 2017, 5, 132-142.

Jiang, P.; Ling, Y.; Zhu, T; Luo, X,; Tao, Y.; Meng, F.; Cheng, W.; Ji, Y. Mitochondrial tRNA mutations in Chinese Children with
Tic Disorders. Biosci. Rep. 2020, 40, BSR20201856.



Biomedicines 2025, 13, 295 28 of 29

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Bracey, N.A.; Platnich, ].M.; Lau, A.; Chung, H.; Hyndman, M.E.; MacDonald, J.A.; Chun, J.; Beck, P.L.; Girardin, S.E.; Gordon,
P.M.; et al. Tissue-selective alternate promoters guide NLRP6 expression. Life Sci. Alliance 2021, 4. €202000897.
https://doi.org/10.26508/1sa.202000897.

Ghimire, L.; Paudel, S.; Jin, L.; Jeyaseelan, S. The NLRP6 inflammasome in health and disease. Mucosal Immunol. 2020, 13, 388—
398.

Spano, D.; Cimmino, F.; Capasso, M.; D’ Angelo, F.; Zambrano, N.; Terracciano, L.; Iolascon, A. Changes of the Hepatic Proteome
in Hepatitis B-Infected Mouse Model at Early Stages of Fibrosis. ]. Proteome Res. 2008, 7, 2642-2653.

Shi, Z.; Rockey, D.C. Upregulation of the actin cytoskeleton via myocardin leads to increased expression of type 1 collagen. Lab.
Investig. 2017, 97, 1412-1426.

Monzén-Casanova, E.; Rudolf, R; Starick, L.; Miiller, L; Sollner, C.; Miiller, N.; Westphal, N.; Miyoshi-Akiyama, T.; Uchiyama,
T.; Berberich, I.; et al. The Forgotten: Identification and Functional Characterization of MHC Class II Molecules H2-Eb2 and
RT1-Db2. |. Immunol. 2016, 196, 988-999.

Logunova, N.; Kapina, M.; Kondratieva, E.; Apt, A. The H2-A Class II molecule o/p3-chain cis-mismatch severely affects cell
surface expression, selection of conventional CD4(+) T cells and protection against TB infection. Front. Immunol. 2023, 14,
1183614.

Liao, S.; He, H.; Zeng, Y.; Yang, L.; Liu, Z.; An, Z.; Zhang, M. A nomogram for predicting metabolic steatohepatitis: The
combination of NAMPT, RALGDS, GADD45B, FOSL2, RTP3, and RASD1. Open Med. (Wars) 2021, 16, 773-785.

Hilsabeck, T.A.U.; Liu-Bryan, R.; Guo, T.; Wilson, K.A.; Bose, N.; Raftery, D.; Beck, ].N.; Lang, S.; Jin, K.; Nelson, C.S.; et al. A
fly GWAS for purine metabolites identifies human FAM214 homolog medusa, which acts in a conserved manner to enhance
hyperuricemia-driven pathologies by modulating purine metabolism and the inflammatory response. Geroscience 2022, 44,
2195-2211.

Gehrke, N.; Hofmann, L.J.; Straub, B.K,; Riihle, F.; Waisman, A.; Galle, P.R.; Schattenberg, ]. M. Hepatic interleukin-1 receptor
type 1 signalling regulates insulin sensitivity in the early phases of nonalcoholic fatty liver disease. Clin. Transl. Med. 2022, 12,
e1048.

Kovi, R.C.; Bhusari, S.; Mav, D.; Shah, R.R.; Ton, T.V.; Hoenerhoff, M.].; Sills, R.C.; Pandiri, A.R. Genome-wide promoter DNA
methylation profiling of hepatocellular carcinomas arising either spontaneously or due to chronic exposure to Ginkgo biloba
extract (GBE) in B6C3F1/N mice. Arch. Toxicol. 2019, 93, 2219-2235.

Liu, H.; Pathak, P.; Boehme, S.; Chiang, J.L. Cholesterol 7a-hydroxylase protects the liver from inflammation and fibrosis by
maintaining cholesterol homeostasis. J. Lipid Res. 2016, 57, 1831-1844.

Ke, C,; Xiao, C.; Li, J.; Wu, X,; Zhang, Y.; Chen, Y.; Sheng, S.; Fu, Z.; Wang, L.; Ni, C.; et al. FMO2 ameliorates nonalcoholic fatty
liver disease by suppressing ER-to-Golgi transport of SREBP1. Hepatology 2025, 81, 181-197.

Qu, J.; Ko, CW.,; Tso, P.; Bhargava, A. Apolipoprotein A-IV: A Multifunctional Protein Involved in Protection against
Atherosclerosis and Diabetes. Cells 2019, 8, 319.

Cheng, C.; Liu, X.H.; He, ].; Gao, J.; Zhou, ].T.; Fan, ].N.; Jin, X.; Zhang, J.; Chang, L.; Xiong, Z.; et al. Apolipoprotein A4 Restricts
Diet-Induced Hepatic Steatosis via SREBF1-Mediated Lipogenesis and Enhances IRS-PI3K-Akt Signaling. Mol. Nutr. Food Res.
2022, 66, €2101034.

Xiang, L.; Jiao, Y.; Qian, Y.; Li, Y.; Mao, F.; Lu, Y. Comparison of hepatic gene expression profiles between three mouse models
of Nonalcoholic Fatty Liver Disease. Genes. Dis. 2022, 9, 201-215.

Meijer, L. A.; Sasarman, F.; Maftei, C.; Rossignol, E.; Vanasse, M.; Major, P.; Mitchell, G.A.; Brunel-Guitton, C. LPIN1 deficiency
with severe recurrent rhabdomyolysis and persistent elevation of creatine kinase levels due to chromosome 2 maternal
isodisomy. Mol. Genet. Metab. Rep. 2015, 5, 85-88.

Wang, P.; Kang, Q.; Wu, W.S,; Rui, L. Hepatic Snail and Snai2 promote liver regeneration and suppress liver fibrosis in mice.
Cell Rep. 2024, 43, 113875.

Lin, X;; Liou, Y.H.; Li, Y,; Gong, L.; Li, Y.; Hao, Y.; Pham, B.; Xu, S,; Jiang, Z.; Li, L.; et al. FAM13A Represses AMPK Activity
and Regulates Hepatic Glucose and Lipid Metabolism. iScience 2020, 23, 100928.

Yu, T.; Wang, L.; Cheng, Y.; Zhang, Y.; Zhu, ]J.; Zhang, G.; Hu, S. Downregulation of Setdb2 promotes alternative activation of
macrophages via the PI3K/Akt pathway to attenuate NAFLD after sleeve gastrectomy. Biochem. Biophys. Res. Commun. 2024,
726, 150264.

Arvind, A.; Osganian, S.A ; Sjoquist, J.A.; Corey, K.E.; Simon, T.G. Epoxygenase-Derived Epoxyeicosatrienoic Acid Mediators
Are Associated With Nonalcoholic Fatty Liver Disease, Nonalcoholic Steatohepatitis, and Fibrosis. Gastroenterology 2020, 159,
2232-2234.e2234.



Biomedicines 2025, 13, 295 29 of 29

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Lamba, V.; Lamba, J.; Yasuda, K.; Strom, S.; Davila, J.; Hancock, M.L.; Fackenthal, ].D.; Rogan, P.K,; Ring, B.; Wrighton, S.A.; et
al. Hepatic CYP2B6 expression: Gender and ethnic differences and relationship to CYP2B6 genotype and CAR (constitutive
androstane receptor) expression. J. Pharmacol. Exp. Ther. 2003, 307, 906-922.

Wiwi, C.A,; Gupte, M.; Waxman, D.J. Sexually Dimorphic P450 Gene Expression in Liver-Specific Hepatocyte Nuclear Factor
4a-Deficient Mice. Mol. Endocrinol. 2004, 18, 1975-1987.

Baldwin, W.S.; Roling, J.A. A concentration addition model for the activation of the constitutive androstane receptor by
xenobiotic mixtures. Toxicol. Sci. 2009, 107, 93-105.

Forman, B.M.; Tzameli, I.; Choi, H.-S.; Chen, J.; Simha, D.; Seol, W.; Evans, R.M.; Moore, D.D. Androstane metabolites bind to
and deactivate the nuclear receptor CAR-{3. Nature 1998, 395, 612-615.

Waxman, D.J.; Holloway, M.G. Sex Differences in the Expression of Hepatic Drug Metabolizing Enzymes. Mol. Pharmacol. 2009,
76,215-228.

Astafev, A.A.; Patel, S.A.; Kondratov, R.V. Calorie restriction effects on circadian rhythms in gene expression are sex dependent.
Sci. Rep. 2017, 7, 9716.

Csaki, L.S.; Dwyer, ].R,; Li, X.; Nguyen, M.H.K,; Dewald, J.; Brindley, D.N.; Lusis, A.J.; Yoshinaga, Y.; de Jong, P.; Fong, L.; et
al. Lipin-1 and lipin-3 together determine adiposity in vivo. Mol. Metab. 2014, 3, 145-154.

Gropler, M.C.; Harris, T.E.; Hall, A.M.; Wolins, N.E.; Gross, RW.; Han, X.; Chen, Z.; Finck, B.N. Lipin 2 is a liver-enriched
phosphatidate phosphohydrolase enzyme that is dynamically regulated by fasting and obesity in mice. ]. Biol. Chem. 2009, 284,
6763-6772.

Finck, B.N.; Gropler, M.C.; Chen, Z.; Leone, T.C.; Croce, M.A.; Harris, T.E.; Lawrence, ].C.; Kelly, D.P. Lipin 1 is an inducible
amplifier of the hepatic PGC-1a/PPAR« regulatory pathway. Cell Metab. 2006, 4, 199-210.

Massart, J.; Zierath, ].R. Role of Diacylglycerol Kinases in Glucose and Energy Homeostasis. Trends Endocrinol. Metab. 2019, 30,
603-617.

Bergstrom, ].D. The lipogenic enzyme acetoacetyl-CoA synthetase and ketone body utilization for denovo lipid synthesis, a
review. J. Lipid Res. 2023, 64, 100407.

Goedeke, L.; Bates, J.; Vatner, D.F.; Perry, R.J.; Wang, T.; Ramirez, R.; Li, L.; Ellis, M.W.; Zhang, D.; Wong, K.E.; et al. Acetyl-
CoA Carboxylase Inhibition Reverses NAFLD and Hepatic Insulin Resistance but Promotes Hypertriglyceridemia in Rodents.
Hepatology 2018, 68, 2197-2211.

Schachtl-Riess, ].E.; Schonherr, S.; Lamina, C.; Forer, L.; Coassin, S.; Streiter, G.; Kheirkhah, A.; Li, Y.; Meiselbach, H.; Di Maio,
S.; et al. KLKB1 and CLSTN2 are associated with HDL-mediated cholesterol efflux capacity in a genome-wide association study.
Atherosclerosis 2023, 368, 1-11.

Bouillon, R.; Schuit, F.; Antonio, L.; Rastinejad, F. Vitamin D Binding Protein: A Historic Overview. Front. Endocrinol. 2019, 10,
910.

Borup, A.; Christensen, P.M.; Nielsen, L.B.; Christoffersen, C. Apolipoprotein M in lipid metabolism and cardiometabolic
diseases. Curr. Opin. Lipidol. 2015, 26, 48-55.

Bahitham, W.; Watts, R.; Nelson, R.; Lian, J.; Lehner, R. Liver-specific expression of carboxylesterase 1g/esterase-x reduces
hepatic steatosis, counteracts dyslipidemia and improves insulin signaling. Biochim. Biophys. Acta 2016, 1861, 482—490.

Cheng, Y.; Zhou, W.; El Sheery, N.I; Peters, C.; Li, M.; Wang, X.; Huang, J. Characterization of the Arabidopsis
glycerophosphodiester phosphodiesterase (GDPD) family reveals a role of the plastid-localized AtGDPDI1 in maintaining
cellular phosphate homeostasis under phosphate starvation. Plant J. 2011, 66, 781-795.

Chu, K, Miyazaki, M.; Man, W.C,; Ntambi, J].M. Stearoyl-coenzyme A desaturase 1 deficiency protects against
hypertriglyceridemia and increases plasma high-density lipoprotein cholesterol induced by liver X receptor activation. Mol. Cell
Biol. 2006, 26, 6786—6798.

Yan, S.; Yang, X.F; Liu, H.L,; Fu, N.; Ouyang, Y.; Qing, K. Long-chain acyl-CoA synthetase in fatty acid metabolism involved
in liver and other diseases: An update. World J. Gastroenterol. 2015, 21, 3492-3498.

Kwanten, W.].; Vandewynckel, Y.P.; Martinet, W.; De Winter, B.Y.; Michielsen, P.P.; Van Hoof, V.O.; Driessen, A.; Timmermans,
J.P; Bedossa, P.; Van Vlierberghe, H.; et al. Hepatocellular autophagy modulates the unfolded protein response and fasting-
induced steatosis in mice. Am. J. Physiol. Gastrointest. Liver Physiol. 2016, 311, G599-g609.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury

to people or property resulting from any ideas, methods, instructions or products referred to in the content.



