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Simple Summary

Natural product-derived compounds have been increasingly studied for their potential to
treat metabolic diseases. They may also be effective treatments for boar taint, a metabolic
issue in intact male pigs (boars), which negatively impacts pork quality. Using cells isolated
from boar livers, we found that diallyl sulfide (from garlic) and (Z)-guggulsterone (from
the guggul plant) increased the breakdown of androstenone, the primary compound
responsible for boar taint. However, these treatments were only effective in a subset
of animals. Future feeding trials are warranted to evaluate the efficacy of these natural
products as dietary interventions for boar taint and to identify markers that can distinguish
animals likely to respond to treatment from those that will not.

Abstract

The nuclear receptors pregnane X receptor (PXR), constitutive androstane receptor (CAR),
and farnesoid X receptor (FXR) regulate the hepatic metabolism of androstenone, a testicu-
lar steroid that accumulates in the fat of intact male pigs and causes boar taint. This study
evaluated natural product-derived compounds and conventional agonists targeting these
nuclear receptors for their effects on androstenone metabolism in primary hepatocytes from
slaughter-weight boars, to assess their potential as treatments for boar taint. Cells were
incubated with natural products, conventional agonists, or dimethyl sulfoxide (DMSQO;
control), then being treated with androstenone. Culture media and cells were analyzed
to assess changes in androstenone metabolism and gene expression. UGT1A6 was upreg-
ulated by treatments targeting both PXR and CAR and downregulated by FXR agonists.
Additionally, PGC1a and NR2F1 were downregulated by compounds targeting PXR/CAR,
while FXR and NROB2 were upregulated and HNF4x downregulated by treatments acting
on FXR. The natural products diallyl sulfide (DAS) and (Z)-guggulsterone (GUG) increased
overall androstenone metabolism (DAS, GUG) and the production of Phase I androstenol
metabolites (DAS), but only in hepatocyte culture replicates that responded positively
to these treatments. Although gene expression was similar between positive-response
and negative/non-responsive replicates following treatments, negative /non-responsive
replicates for several treatments had higher basal expression of UGT2B31, UGT2A1, and
SIRT1 and lower basal expression of FXR, PXR, and NROB1 compared to positive-response
replicates. These findings suggest that DAS and GUG may be promising treatments for
boar taint, specifically in animals with lower basal rates of androstenone metabolism and
higher expression of key nuclear receptors.
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1. Introduction

The nuclear receptors pregnane X receptor (PXR), constitutive androstane receptor
(CAR), and farnesoid X receptor (FXR) are highly expressed in the liver, where they primar-
ily function as transcriptional regulators of bile acid and xenobiotic metabolism [1-3]. Be-
yond these roles, PXR, CAR, and FXR have been shown to regulate the hepatic metabolism
of androstenone (5x-androst-16-en-3-one), a 16-androstene pheromone, which is produced
in the testis of intact male pigs [4]. Androstenone can accumulate in the adipose tissue
and contribute to a meat quality issue known as boar taint, characterized by off-odors or
off-flavors in heated pork products. The extent of this accumulation is dependent on the
balance between the rate of androstenone synthesis in the testis, metabolism in the liver,
and mechanisms that regulate its transport through the circulation and uptake into fat [5-7].
Given this complexity, it is difficult to identify which of these pathways is the primary
contributor to boar taint in any given animal.

Hepatic androstenone metabolism is a two-phase process. In Phase I, androstenone
is reduced to 3f3- and 3x-androstenol by the aldo-keto reductases AKR1C1 and AKR1C4,
respectively [8]. In Phase II, androstenone and its metabolites are either sulfoconju-
gated by the cytosolic sulfotransferase enzyme SULT2A1 [9] or glucuronidated by UDP-
glucuronosyltransferases (UGTs) [10]. Gray and Squires [4] reported that activation
of PXR with rifampicin, FXR with chenodeoxycholic acid (CDCA), and CAR with 6-
(4-chlorophenyl)imidazo [2,1-b][1,3]thiazole-5-carbaldehyde-O-(3,4-dichlorobenzyl)oxime
(CITCO) decreased hepatic expression levels of AKRIC1 and altered production of 3[3-
androstenol, with rifampicin-induced activation of PXR significantly increasing the overall
metabolism of androstenone in isolated porcine hepatocytes. Additionally, the activation
of PXR, CAR, and FXR was shown to increase the hepatic expression of SULT2A1 and
several UGT1A and UGT2B isoforms to promote bile acid metabolism in both humans and
mice, suggesting that these nuclear receptors may also be involved in regulating Phase II
androstenone metabolism [11].

While this suggests that compounds targeting PXR, CAR, and FXR could be developed
into dietary treatments to increase androstenone metabolism and prevent boar taint, the
conventional agonists rifampicin, CITCO, and CDCA are unsuitable due to their potential
cytotoxic effects and the risk of drug residues in pork products from treated animals [12-16].
Several bioactive compounds isolated from natural products have been found to regulate
the activity of these nuclear receptors in humans and rodents, which may be more suitable
for use as dietary interventions to control boar taint. These include hyperforin (HYP), an
agonist of PXR found in St. John’s Wort (Hypericum perforatum) [17]; diallyl sulfide (DAS),
an activator of CAR found in garlic [18,19]; oleanolic acid (OA), a pentacyclic triterpenoid
and selective modulator of FXR present in olives (Olea europaea L.) and olive oils [20,21];
ginkgolide A (GINK), a potent activator of PXR and CAR found in Ginkgo biloba [22-24];
and (Z)-guggulsterone (GUG) from the guggul plant (Commiphora mukul), which is an
agonist of PXR, an inverse agonist of CAR, and an antagonist of FXR [25-27].

The objective of this study was to compare the effects of conventional agonists and
different natural product treatments on the expression of key genes involved in PXR,
CAR, and FXR signaling pathways, as well as the hepatic metabolism of androstenone
and resulting metabolite profiles, in isolated porcine hepatocytes from slaughter-weight
boars. However, boar taint is a complex trait influenced by various physiological, genetic,
nutritional, and environmental factors [25]. As a result, not all animals develop boar
taint, and among those that do, not all respond positively to treatment. This inherent
biological variability suggests that the effectiveness of these natural product treatments
may differ across individual animals. Therefore, this study also assessed differences in
androstenone metabolism and gene expression between biological replicates responding
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positively and those that responded negatively or showed no response to the individual
treatments, to investigate possible mechanisms contributing to individual variability in
treatment outcomes.

2. Materials and Methods
2.1. Research Animals and Sample Collection

The present study adhered to the guidelines established by the Canadian Council of
Animal Care and the University of Guelph Animal Care Policy regarding the use of animals.
Eight terminal cross boars [Duroc x (Landrace x Yorkshire)] were housed at the Arkell
Swine Research Facility, University of Guelph. The animals had continuous access to water
and were fed standard starter, grower, and finisher rations formulated by Flordale Feed
Mill Limited (Floradale, ON, Canada). At an average age of 187.3 & 6.9 days and weighing
approximately 140 kg, the boars were electrically stunned and exsanguinated. Fresh liver
lobes were collected for the immediate isolation of primary porcine hepatocytes.

2.2. Buffer and Media Preparation

The buffers used for hepatocyte isolation included a blanching buffer (10% Hank’s
Balanced Salt Solution (HBSS; 10 x, without Ca?*, Mg2+, HCOj37, or phenol red), 10 mM
HEPES, 1 mM EGTA, pH 7.4), a rinsing buffer (10% HBSS, 10 mM HEPES, pH 7.4), and a
digestion buffer (10 mM HEPES, 0.71 mg/mL Type I collagenase in Williams” Medium E,
pH 7.4). Following isolation, hepatocytes were cultured in attachment media (10 mM
HEPES, 12.1 nM insulin from bovine pancreas, 10% FBS, and 1% penicillin/streptomycin in
Williams” Medium E, pH 7.4) as well as serum-free media (10 mM HEPES, 12.1 nM insulin
from bovine pancreas, 10 mM pyruvate, 0.35 mM L-proline, and 1% penicillin/streptomycin
in Williams” Medium E, pH 7.4).

2.3. Isolation of Primary Hepatocytes

The isolation of hepatocytes was performed according to the methods previously
described by Bone and Squires [28]. In brief, liver lobes were cannulated and perfused with
a blanching solution for 10 min at a flow rate of 25 mL/min. This was followed by a 10 min
perfusion with rinsing buffer, and then a digestion buffer was introduced for 30 min at a
reduced flow rate of 20 mL/min. After digestion, the liver lobes were carefully dissected
to release the hepatocytes. The collected hepatocytes were placed in attachment media,
filtered through a 255 um nylon mesh into 50 mL conical tubes, and centrifuged twice at
100x g for 3 min, with the cell pellet washed in between with fresh attachment media and
resuspended. Cell viability was assessed using a 0.04% trypan blue exclusion test; if cell
viability was 90% or higher, cells were counted with a hemocytometer, resuspended in
attachment media, and plated at a density of 0.5 million cells/well in 24-well standard
surface-treated polystyrene tissue culture plates (Fisher Scientific, Toronto, ON, Canada).
The hepatocytes were incubated for 4 h at 37 °C and 5% CO; in air to allow cell attachment
before treatment.

2.4. Hepatocyte Treatments

Active compounds from several natural products including diallyl (allyl) sulfide
(DAS; >97% purity), (Z)-guggulsterone (GUG; >95% purity), ginkgolide A (GINK; >98%
purity), hyperforin (HYP; >85% purity), and oleanolic acid (OA; >97% purity), as well
as conventional agonists 6-(4-chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde-
O-(3,4-dichlorobenzyl)oxime (CITCO; >98% purity), rifampicin (RIF; >97% purity), and
chenodeoxycholic acid (CDCA > 96% purity), were purchased from Sigma (Oakville, ON.
Canada) and used for hepatocyte treatments. The initial attachment media was replaced
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with 0.5 mL of serum-free media containing 100 uM DAS, 10 uM GUG, 100 uM GINK,
1 uM HYP, 25 uM OA, 1 uM CITCO, 10 uM RIF, 100 uM CDCA, or 0.05% (v/v) dimethyl
sulfoxide (DMSO) as a vehicle control. Hepatocytes were incubated with these treatments
for 20 h, with all treatments performed in triplicate. The media was then replaced with
0.5 mL of serum-free media containing [*H]-androstenone (20 uM, 13.5 uCi/umol, 0.1%
ethanol, Moravek Biochemicals Inc., Brea, CA, USA). Hepatocytes were incubated for an
additional 3 h, as the rate of androstenone metabolism was previously shown to remain
linear up until this time [28]. Following incubation, media and cells were collected to
quantify metabolite and gene expression levels, respectively.

2.5. Quantification of Androstenone Metabolism and Metabolite Production

Metabolite production was quantified to evaluate the effects of treatments on an-
drostenone metabolism using reverse-phase C18 high-performance liquid chromatography
(HPLC). Media collected from hepatocyte incubations were diluted 1:1 (v/v) with 100%
acetonitrile, centrifuged at 8000 x g for 10 min, and then filtered through a 0.2 um nylon
syringe filter. A 100 uL aliquot was subsequently injected into a Luna 5 pm C18 column
(250 x 4.60 mm; Phenomenex, Torrance, CA, USA). Androstenone metabolism was ana-
lyzed using a 40 min HPLC profile, as described by Laderoute et al. [9]. The elution of
[*H] 16-androstene glucuronides, 3/ 3-androstenols, and androstenone was monitored
with a 3-RAM model 2 isotope detector (IN/US Systems, Tampa, FL, USA), with retention
times of approximately 3, 33 and 34 min, respectively. Metabolite levels were expressed as
a percentage relative to the DMSO control. To assess the impact of individual variability on
treatment response, the effect of each natural product and conventional agonist was evalu-
ated based on the observed treatment outcome within each biological replicate. For each
treatment, replicates were classified independently as having a positive response (PR) if the
disappearance of androstenone, expressed as overall androstenone metabolism, exceeded
the percentage observed in the corresponding DMSO control or as negative /non-responsive
(NR) if it was less than or equal to this value.

2.6. Gene Expression Analysis in Isolated Hepatocytes

For gene expression analysis, hepatocytes were incubated with conventional agonist
or natural product treatments for 20 h, as described above, in the absence of androstenone.
Following treatment, hepatocytes were collected into 350 uL of lysis buffer, and RNA was
extracted using the RNeasy Mini Kit (Qiagen, Santa Clarita, CA, USA) according to the
manufacturer’s instructions. The RNA was reverse transcribed, and the resulting cDNA
was amplified by Real-Time qPCR (RT-qPCR) as described by Bone and Squires [7]. The
genes of interest and their primer sequences are listed in Table 1.

RT-gPCR reactions were performed in duplicate, and the relative fold change for
each gene of interest was calculated using (-actin as the housekeeping gene and the
DMSO control as the calibrator. Relative fold change values for each gene of interest were
standardized by log10 transformation, mean centering, autoscaling, and multiplication by
the mean experimental standard deviation as previously described by Willems et al. [29]
to minimize variability between biological replicates. For visualization, values were back-
transformed using the inverse log10 and then expressed relative to the DMSO control.
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Table 1. Gene names, abbreviations, primer sequences, and NCBI reference sequences (RefSeq ID) for gene transcripts of interest.

Gene Name Abbreviation Primer Forward Sequence (5'-3') Primer Reverse Sequence (5'-3') Refseq ID
Aldo-keto reductase 1C1 AKR1C1 GGAGGACTTTTTCCCAAAGG TCCCTCGTTCTTGCACTTCT NM_001044618
Sulfotransferase 2A1 SULT2A1 ACACGAGAAGCGCCGTAGAG  TGGACATGITGTTTTCTTTCATGA NM_001037150
UDP-glucuronosyltransferase 1A6 UGT1A6 TGCTTTGGGCAAAATACCTC CTTTGGGTGACCAAGCAGAT NM_001278750.1
UDP-glucuronosyltransferase 1A1 UGT1A1 ATAATTACCCGAGGCCCATC CCCCAAAGAGAAAACCACAA KJ922612.1
UDP-glucuronosyltransferase 2A1 UGT2B31 TITGAGACAATGGGGAAAGC AGGTAGGGGTTTTGCAGGTT XM_003356958.4
UDP-glucuronosyltransferase 2B31 UGT2A1 TGCACGTTACTGAAAATGCAAG TTGTAAAAGCCAGAGCACATCA NM_001244124.1
Farnesoid X receptor FXR GTCGTCAAGGGAAGAAGCTG TTTCCCACTGTTGTCTGCTG NM_001038005
Pregnane X receptor PXR GCCATCTCCCTTTTCTCTCC CGATGTAGGCCTTCAGGGTA NM_001038005
Constitutive androstane receptor CAR CCGCCATATGGGCACTATGT GCGAAATGCATGAGCAGAGA NM_001037996
Nuclear receptor subfamily 0 group B NROB2 AGTGCTGCCTGGAGTCCTTA  GATGTGGGAGGAGGCATAGA XM_003127720.4
Nuclear receptor subfamily 2 group £ NR2F1 ACAGGAACTGTCCCATCGAC  GATGTAGCCGGACAGGTAGC XM_003354213.4
Hepatocyte nuclear factor 4 alpha HNF4« ACCTCCCCTGTCTCTGGAAT ATGTACTTGGCCCACTCGAC NM_001044571.1
Hepatocyte nuclear factor 1 alpha HNFla CCATCCTCAAAGAGCTGGAG GCTGCAGGTAGGACTTGACC NM_001032388.1
Peroxisome proliferator-activated PGCla TAAAGATGCCGCCTCTGACT — TGACCGAAGTGCTTGTTCAG NM_213963.2
receptor gamma coactivator 1-alpha
NAD-dependent deacetylase sirtuin-1 SIRT1 CCATGGCGCTGAGGTATATT TCATCCTCCATGGGTTCTTC NM_001145750.2
Steroid receptor coactivator 1 SRC1 AGTGATGACTCGTGGCACTG GCTGCATGTCTGGACTTTGA NM_001025228.1
High mobility group box 1 protein HMGB1 CCATTGGTGATGTTGCAAAG CCCTTTAGCTCGGTATGCAG NM_001004034.1
B-Actin - CGTGGACATCAGGAAGGAC TCTGCTGGAAGGTGGACAG XM_003357928
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2.7. Statistical Analysis

The effects of natural products and conventional agonists on androstenone metabolism
and gene expression levels in isolated porcine hepatocytes were evaluated using a one-
way ANOVA. Post hoc analysis was performed using a significance threshold of p < 0.05,
and the Benjamini-Hochberg correction was applied to control for multiple comparisons.
Statistical analyses were performed in SAS 9.4 (SAS Institute, Cary, NC, USA) using the
following model:

Yijk = B+ Ti + &k
where yj; represents metabolite or gene expression levels; u is the overall mean; 7; is the
fixed effect of natural product or conventional agonist treatments; and ¢;; is the experimental
error, which is assumed to have a mean of 0 and a variance of o2.

Differences in hepatic androstenone metabolism and gene expression in response
to natural products and conventional agonists were also assessed by treatment response
(PR or NR) using a two-way ANOVA with a significance threshold of p < 0.05, with the
following model:

Vijk = 1+ T + B +7B4 + ik

where yj; represents metabolite or gene expression levels; p is the overall mean; 7; is the
fixed effect of treatment (natural product or conventional agonist); (3 is the block effect
of PR or NR treatment response; (3 is the interaction effect between the treatments and
blocks; and g is the experimental error, which is assumed to have a mean of 0 and a
variance of ¢2.

Finally, differences in basal metabolite and gene expression levels, measured in DMSO
control samples, between PR and NR replicates for each treatment were evaluated using
a one-sample f-test, testing whether the mean difference (PR-NR) between treatment
outcomes was significantly different (p < 0.05) from 0.

3. Results
3.1. Effect of Conventional Agonist Treatments on Hepatic Gene Expression

The expression of genes involved in androstenone metabolism and nuclear receptor
signaling was evaluated in isolated porcine hepatocytes treated with RIF, CITCO, and
CDCA, conventional agonists of PXR, CAR, and FXR, respectively. Table 2 presents the
standardized fold change determined for each gene of interest relative to the DMSO control.

The expression of AKR1C1, which mediates the Phase I conversion of androstenone
into 3a/f-androstenol, as well as the Phase II genes SULT2A1, UGT1A1, UGT1AS,
UGT2B31, and UGT2A1, was similar to the DMSO control for all three conventional agonist
treatments. The most notable effects of RIF, CITCO, and CDCA were observed on the
expression of genes encoding nuclear receptors and co-regulatory proteins. NROB2 was
significantly upregulated by CDCA compared to the DMSO control (p = 0.004), and relative
to RIF (p = 0.002) and CITCO (p = 0.004). Additionally, PGCla expression levels were sig-
nificantly decreased by CITCO (p = 0.02) and RIF (p = 0.03) compared to the DMSO control
but were similar to levels observed with CDCA treatment. No significant differences in the
expression levels of other nuclear receptors or co-regulatory proteins were observed across
conventional agonist treatments.
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Table 2. Expression of genes involved in hepatic androstenone metabolism and nuclear
receptor signaling.

Treatment
Transcript CITCO CDCA RIF
Phase I metabolism AKRI1C1 0.93 (0.72,1.20) 0.90 (0.60, 1.35) 0.95 (0.86, 1.06)
SULT2A1 0.73 (0.23,2.28) 4.01 (0.74, 21.75) 1.04 (0.45, 2.40)
UGT1A1 0.82 (0.54, 1.25) 0.73 (0.47,1.12) 1.14 (0.86, 1.51)
Phase II metabolism UGT1A6 1.01 (0.82,1.25) @b 0.86 (0.76,0.97) P 1.06 (0.94,1.19) 2
UGT2B31 1.07 (0.84, 1.36) 1.01 (0.84, 1.21) 1.02 (0.82, 1.27)
UGT2A1 0.29 (0.09, 0.93) 0.52 (0.17, 1.64) 0.30 (0.10, 0.86)
FXR 0.84 (0.70, 0.99) 2 1.29(0.92,1.82) @ 0.70 (0.58, 0.85) P
PXR 0.84 (0.73,0.96) 2 1.30(1.01, 1.67) @ 0.78 (0.71,0.85) P
CAR 0.93 (0.76, 1.14) 0.97 (0.89, 1.06) 0.78 (0.63, 0.96)
Nuclear receptors NROB2 0.92 (0.79,1.07) @ 7.74 (4.90,12.21) **b 1.11(0.83,1.47) 2
NR2F1 0.83 (0.56, 1.24) 0.70 (0.46, 1.07) 0.72 (0.53, 0.98)
HNFla 4.62 (3.01, 7.09) 3.58 (1.45, 8.81) 5.77 (1.48, 22.48)
HNF4« 1.00 (0.83, 1.22) 0.88 (0.78, 1.00) 0.96 (0.82,1.13)
PGClua 0.52 (0.41, 0.66) * 0.72 (0.51, 1.03) 0.56 (0.36, 0.89) *
Co-regulatory SIRT1 0.88 (0.73, 1.06) 0.83 (0.68, 1.02) 0.81 (0.75, 0.87)
proteins SRC1 0.91 (0.82, 1.03) 0.91 (0.81, 1.01) 0.85 (0.81, 0.88)
HMGBI1 0.83 (0.61,1.11) 0.81 (0.55, 1.18) 0.83 (0.77,0.91)

Values are expressed as the mean standardized fold change with 95% ClIs relative to the dimethyl sulfoxide
(DMSO) control (n = 8). Treatments include: 6-(4-chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde-O-
(3,4-dichlorobenzyl)oxime (CITCO), chenodeoxycholic acid (CDCA), and rifampicin (RIF). Significant differences
in gene expression between a given treatment and the DMSO control are indicated by * p < 0.05 or ** p < 0.01.
Different letters within a row indicate significant differences (p < 0.05) in the expression of the corresponding
gene between treatment groups.

3.2. Effect of Natural Product Treatments on Hepatic Gene Expression

Gene expression in response to natural product treatments was evaluated and com-
pared to expression levels following treatment with conventional agonists. Overall, the
natural product treatments produced similar gene expression profiles to their correspond-
ing conventional agonist treatment. Expression levels of genes involved in Phase I and II
androstenone metabolism were similar to the DMSO control across all natural product
treatments, except for UGT1A6 (Figure 1). Relative to DMSO, UGT1A6 expression was
significantly increased by GINK (p = 0.05) and GUG (p = 0.04), decreased by OA (p = 0.004),
and unaffected by DAS and HYP. The expression of UGT1A6 was similar between GINK,
GUG, and HYP, and the conventional agonists RIF and CITCO. UGT1A6 expression lev-
els were also similar between DAS, OA, and CDCA, but significantly lower than those
observed for GINK, GUG, HYP, and RIF.

Natural product treatments also affected the expression of genes for several nuclear
receptors and co-regulatory proteins. Treatment with OA significantly increased FXR
expression (p = 0.02; Figure 2A) and decreased HNF4a expression (p = 0.008; Figure 2B)
relative to the DMSO control. Other natural products and conventional agonists did not
significantly affect the expression of these genes compared to DMSO. However, expression
levels of FXR and HNF4a were similar between OA and CDCA.
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Figure 1. Effects of natural products and conventional treatments on UGT1A6 expression in isolated
hepatocytes, expressed as fold change relative to the dimethyl sulfoxide (DMSO) control. Values
are presented as the mean =+ 95% CIs for all animals (1 = 8). Treatments include: rifampicin (RIF)
and hyperforin (HYP), which target the pregnane X receptor (PXR); 6-(4-chlorophenyl)imidazo[2,1-
b][1,3]thiazole-5-carbaldehyde-O-(3,4-dichlorobenzyl)oxime (CITCO) and diallyl sulfide (DAS), which
target the constitutive androstane receptor (CAR); chenodeoxycholic acid (CDCA) and oleanolic acid
(OA), which target the farnesoid X receptor (FXR); and ginkgolide A (GINK) and (Z)-guggulsterone
(GUG), which target multiple receptors (combined receptor targets). Different letters denote signifi-
cant differences in expression between individual treatments (p < 0.05), while differences between
individual treatments and the DMSO control are indicated by * (p < 0.05) or ** (p < 0.01).

A B

Fold Change in Gene Expression (Relative to DMSO)

DAS GINK GUG CitTco DAS GINK GUG

FXR Combined CAR Combined
Treatments Treatments

Figure 2. Effects of natural products and conventional treatments on the expression of FXR (A)
and HNF4« (B) in isolated hepatocytes, expressed as fold change relative to the dimethyl sulfoxide
(DMSO) control. Values are presented as the mean + 95% CIs for all animals (n = 8). Treatments
include: rifampicin (RIF) and hyperforin (HYP), which target the pregnane X receptor (PXR); 6-(4-
chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde-O-(3,4-dichlorobenzyl)oxime (CITCO) and
diallyl sulfide (DAS), which target the constitutive androstane receptor (CAR); chenodeoxycholic
acid (CDCA) and oleanolic acid (OA), which target the farnesoid X receptor (FXR); and ginkgolide A
(GINK) and (Z)-guggulsterone (GUG), which target multiple receptors (combined receptor targets).
Different letters denote significant differences in expression between individual treatments (p < 0.05),
while differences between individual treatments and the DMSO control are indicated by * (p < 0.05).
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Significant downregulation of NR2F1 (Figure 3A) by DAS (p = 0.03), GINK (p = 0.03),
and GUG (p = 0.02) and PGClw (Figure 3B) by DAS (p = 0.03) and GUG (p = 0.05) was
observed relative to DMSQO. Expression levels of both genes following treatment with other
natural products and conventional agonists were similar to those observed with DAS,
GINK, and GUG, except for OA, which significantly increased PGC1a expression relative
to all other treatments, but not DMSO. A similar expression pattern was observed for
NROB2 (Figure 3C), which was significantly upregulated by CDCA but not by other natural
products or conventional agonists.

A B

2.5

Fold Changein Gene Expression (Relative to DMSO)

DAS |CDCA OA GINK  GUG CITCO DAS GINK  GUG
Combined CAR Combined
Treatments Treatments
b*

DAS |CDCA OA GINK  GUG

FXR Combined
Treatments

Figure 3. Effects of natural products and conventional treatments on the expression of NR2F1 (A),
PGC1w (B), and NROB2 (C) in isolated hepatocytes, expressed as fold change relative to the dimethyl
sulfoxide (DMSO) control. Values are presented as the mean + 95% Cls for all animals (n = 8). Treat-
ments include: rifampicin (RIF) and hyperforin (HYP), which target the pregnane X receptor (PXR);
6-(4-chlorophenyl)imidazo|[2,1-b][1,3]thiazole-5-carbaldehyde-O-(3,4-dichlorobenzyl)oxime (CITCO)
and diallyl sulfide (DAS), which target the constitutive androstane receptor (CAR); chenodeoxycholic
acid (CDCA) and oleanolic acid (OA), which target the farnesoid X receptor (FXR); and ginkgolide A
(GINK) and (Z)-guggulsterone (GUG), which target multiple receptors (combined receptor targets).
Different letters denote significant differences in expression between individual treatments (p < 0.05),
while differences between individual treatments and the DMSO control are indicated by * (p < 0.05).

3.3. Effect of Treatments on Androstenone Metabolism by Isolated Hepatocytes

To investigate the effects of natural products and conventional agonists on hepatic an-
drostenone metabolism, we quantified overall androstenone metabolism from the decrease
in the initial androstenone concentration, along with the production of Phase I 3¢/ f3-
androstenols and Phase II 16-androstene glucuronides, by isolated hepatocytes in response
to each treatment. Treatment with DAS significantly increased (p = 0.0008) the production
of 3a/ 3-androstenols relative to the DMSO control, with levels reaching 266.2 & 74.3%
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of the control. In contrast, both overall androstenone metabolism and 16-androstene
glucuronide production were unaffected by natural product and conventional agonist
treatments. However, individual treatment responses varied across biological replicates
of hepatocyte cultures. Relative to DMSO, DAS and RIF increased overall androstenone
metabolism in 75% of replicates, GINK, GUG, and HYP in 63%, CITCO in 50%, OA in 37.5%,
and CDCA in 25%, suggesting that the effects of these treatments on hepatic androstenone
metabolism and related gene expression may differ by treatment outcome.

3.4. Differences in Androstenone Metabolism and Gene Expression by Treatment Response

To account for variability associated with treatment outcomes, responses in each bi-
ological replicate were classified separately for each treatment as positive (PR) if overall
androstenone metabolism exceeded the corresponding DMSQO control for a given biological
replicate, or negative/non-responsive (NR) if it was less than or equal to the control. The
overlap in PR classification between natural product and conventional agonist treatments
ranged from 50% to 100%. Overall androstenone metabolism was significantly greater in PR
replicates compared to NR replicates for all treatments except GINK and HYP (Figure 4A).
In PR replicates, overall androstenone metabolism was significantly increased by DAS
(p = 0.04) and GUG (p = 0.05) relative to the DMSO control and decreased by GUG (p = 0.04)
and OA (p = 0.05) in NR replicates. The production of 3/ 3-androstenol was also signifi-
cantly greater in PR replicates compared to both NR replicates (p = 0.007) and the DMSO
control (p = 0.002) following DAS treatment (Figure 4B). However, 3/ 3-androstenol pro-
duction was unaffected by other natural products and conventional agonists, and similar
production levels were observed between PR and NR replicates. Treatment with GUG
(p =0.02), OA (p = 0.02), CITCO (p = 0.02), and RIF (p = 0.02) significantly increased the
production of 16-androstene glucuronides in PR compared to NR replicates (Figure 4C);
however, levels among PR and NR replicates remained comparable to the DMSO control

across all treatments.

Treatments Treatments

EEEPR EEEANR =—Overall C EENPR EEEANR =——Overall

GUG

Combined
Treatments

EEmPR EEEANR =—Overall

Figure 4. Effects of natural products and conventional treatments on overall androstenone metabolism
(A), the production of 3/ 3-androstenol (B), and the production of 16-androstene glucuronides (C)
by isolated hepatocytes, expressed as a percentage relative to the dimethyl sulfoxide (DMSO) control.
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Values are presented as the mean + SE for all animals (overall; n = 8) and for subsets of biologi-
cal replicates classified as having a positive response (PR) or as negative/non-responsive (NR) to
individual treatments. Treatments include: rifampicin (RIF) and hyperforin (HYP), which target
the pregnane X receptor (PXR); 6-(4-chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde-O-(3,4-
dichlorobenzyl)oxime (CITCO) and diallyl sulfide (DAS), which target the constitutive androstane
receptor (CAR); chenodeoxycholic acid (CDCA) and oleanolic acid (OA), which target the farnesoid
X receptor (FXR); and ginkgolide A (GINK) and (Z)-guggulsterone (GUG), which target multiple re-
ceptors (combined receptor targets). Statistically significant differences (p < 0.05) between treatments
and the DMSO control are indicated by (*), while differences between PR and NR replicates within
the same treatment are denoted by different letters.

While PR and NR replicates showed clear differences in overall androstenone
metabolism and metabolite production in response to both natural product and conven-
tional agonist treatments, gene expression patterns were unexpectedly similar across the
two groups. Therefore, we evaluated whether basal metabolite and gene expression levels
differed between PR and NR replicates for each treatment. Table 3 shows the mean differ-
ence (PR-NR) in (A) basal metabolite levels, quantified as percent abundance in DMSO
control samples, and (B) basal gene expression, measured as fold change relative to 3-actin
in DMSO controls, for the transcripts of interest.

Table 3. Differences in basal metabolite (A) and gene expression (B) levels between positive and
negative /non-responsive hepatocyte replicates by treatment.

(A) Basal Metabolite Abundance Difference (PR-NR, %)
Receptor Treatments Androstenone Metabolism 3a/p-Androstenols 16-Androstene Glucuronides
30.99 + 18.38 —2.77 £ 2.88 14.75 £ 11.21
PXR —9.45 £ 510 ~331+2.90 —6.96 = 6.06
CITCO 230+ 744 —2.84 +£2.17 453 +727
CAR —851 + 456 —6.59 4+ 0.58 —1.51 + 486
CDCA 6.32 + 4.56 —0.95 + 1.55 6.86 + 4.55
FXR 023 + 6.27 275+ 175 249 + 6.13
. GINK —9.45 +5.10 —3.31 +£2.90 —6.96 + 6.06
L GUG 510 £9.79 ~5.00 £ 191 10.58 + 8.10
(B) Basal Expression Difference (PR-NR, ACT)
CAR FXR Combined
Transcript
RIF HYP CITCO DAS CDCA OA GINK GUG
AKR1C1 —1.66 + 1.02 —0.17 £ 1.21 —0.35 + 1.16 —048 £1.79 0.17 + 0.62 0.91 + 0.86 —0.17 £ 1.21 —0.58 £1.18
SULT2A1 0.11 +0.45 —1.00 £+ 0.67 —0.52 +0.90 —0.42 £+ 0.66 —0.54 +£0.45 0.48 +0.94 —1.00 + 0.67 0.13 +0.79
UGT1A1 —0.26 £ 0.64 —0.50 & 0.56 —0.90 £ 0.57 —0.20 £ 0.62 —1.44 +£0.25 —0.53 + 0.91 —0.50 £+ 0.56 —0.57 £ 0.56
UGT1A6 —0.079 £+ 0.61 0.014 4+ 0.42 —0.35+ 043 0.030 + 0.54 —0.23 £0.23 0.15 + 041 0.014 + 0.42 —0.34 £ 043
UGT2B31 0.08 +0.98 1.05 +£0.49 0.55 +0.62* 1.35 £ 0.26 ** 0.93 +0.33 1.03 +£0.36 1.05 + 0.49 0.62 +0.68
UGT2A1 0.076 £ 0.90 0.79 + 0.45 0.33 + 0.60 0.66 + 0.54 0.84 +0.29 093 +031* 0.79 + 045 0.086 + 0.61
FXR —0.79 £ 0.24 —0.30 £ 0.35 —0.73 £0.26* —0.23 £0.34 —0.39 £0.21 —0.33 £0.28 —0.30 £ 0.35 —0.62 £0.31
PXR —1.01 +£0.32 —0.28 +0.45 —0.85 £ 0.35 —0.45+0.34 —0.43 +0.27 —0.34 +0.35 —0.28 £ 045 —0.95+030*
CAR —0.12 £0.27 0.071 + 0.35 —0.012 + 0.49 0.0030 £ 0.27 —0.86 £ 0.17 0.12 £ 0.83 0.071 = 0.35 —0.080 £ 0.35
NROB2 —1.46 +£032* 0.36 = 0.79 —0.21 £ 0.72 —0.015 + 1.15 0.88 +0.38 0.28 + 0.72 0.36 + 0.79 —0.59 £0.79
NR2F1 0.13 £ 0.26 0.0075 £ 0.32 0.11 + 045 0.065 + 0.25 —0.32 +£0.19 —0.52 +£0.22 0.0075 + 0.32 0.16 = 0.32
HNF1a —332+1.25 —0.46 +£2.12 —2.10 +2.18 —2.18 £ 1.40 —3.13 £ 1.09 —0.12 £2.87 —0.46 +2.12 —3.46 +£1.43
HNF4« —0.39 £ 0.85 —0.45 +0.49 —0.13 £ 043 —0.51 £0.77 0.37 £0.25 —0.14 = 0.38 —0.45 £ 0.49 —0.10 £ 0.55
PGClu 0.20 +£0.29 —0.11 =046 —0.12 £ 0.35 0.53 £0.23 —0.34 £0.20 —0.039 + 0.36 —0.11 = 046 0.44 +£0.31
SIRT1 0.27 +0.25 0.59 +0.12* 0.59 +0.13* 048 +0.15* 0.18 £ 0.15 0.35 + 0.19 0.59 +0.12* 041 +0.21
SRC1 0.018 £ 047 0.39 +0.24 0.14 + 0.33 0.46 +0.21 —0.17 £ 0.17 0.33 + 041 0.39 + 0.24 0.13 +0.32
HMGBI1 —0.44 +£0.20 0.36 + 0.32 0.16 + 0.35 0.054 + 0.38 0.59 +0.16 047 +0.25 0.36 + 0.32 —0.16 £ 0.33

Values are expressed as the mean =+ SE of the percent difference in metabolite levels (A) and the mean =+ SE of
the difference in ACT values (B) measured in dimethyl sulfoxide (DMSO) control incubations between positive
response (PR) and negative/non-responsive (NR) hepatocyte replicates for each treatment. Treatments include:
rifampicin (RIF) and hyperforin (HYP), which target the pregnane X receptor (PXR); 6-(4-chlorophenyl)imidazo[2,1-
b][1,3]thiazole-5-carbaldehyde-O-(3,4-dichlorobenzyl)oxime (CITCO) and diallyl sulfide (DAS), which target
the constitutive androstane receptor (CAR); chenodeoxycholic acid (CDCA) and oleanolic acid (OA), which
target the farnesoid X receptor (FXR); and ginkgolide A (GINK) and (Z)-guggulsterone (GUG), which target
multiple receptors (combined receptor targets). Values that differ significantly from 0 are indicated by * (p < 0.05),
** (p <0.01), or *** (p < 0.0001).

Basal 3a/ 3-androstenol production was significantly greater (p = 0.00009) in NR than
in PR replicates of DAS, and numerically, but not significantly higher in NR replicates for
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other treatments. Additionally, basal expression levels of several genes were significantly
higher in NR than in PR replicates of specific treatments, including UGT2B31 for DAS
(p =0.007) and CITCO (p = 0.04), UGT2A1 for OA (p = 0.04), and SIRT1 for DAS (p = 0.03),
GINK (p = 0.02), HYP (p = 0.02), and CITCO (p = 0.01). For other treatments, NR replicates
consistently had numerically, but not significantly, higher basal expression of these genes.
In contrast, PR replicates of CITCO, GUG, and RIF had significantly greater basal expres-
sion of FXR (p = 0.05), PXR (p = 0.04), and NROB1 (p = 0.01), respectively, than NR replicates
for these treatments, with basal expression of FXR, PXR, UGT1A1, and HNF1a also being
numerically, but not significantly, higher in PR replicates across all treatments. These differ-
ences in basal gene expression indicate that gene expression levels were highly variable
between individual animals, which may partially explain why differences in androstenone
metabolism and metabolite production observed between PR and NR replicates were not
associated with post-treatment changes in gene expression.

4. Discussion

In recent years, bioactive compounds isolated from natural products that target the
nuclear receptors PXR, CAR, and FXR have been increasingly studied as drug candidates
for the management of metabolic disorders [30-32]. In this study, we evaluated the natural
product-derived compounds DAS, GINK, GUG, HYP, and OA as potential treatments for
boar taint, a meat quality issue that develops in intact male pigs. Specifically, we compared
their effects on hepatic androstenone metabolism and the expression of related genes in
primary porcine hepatocytes isolated from slaughter-weight boars, relative to those of
conventional PXR, CAR, and FXR agonists, RIF, CITCO, and CDCA, respectively.

RIF, CITCO, and CDCA were previously reported to modulate androstenone
metabolism in isolated porcine hepatocytes [4], where all three compounds were shown to
downregulate AKR1C1. However, in the present study, these conventional agonists had
no significant effect on the expression of genes involved in Phase I and II androstenone
metabolism. In contrast, UGT1A6, a Phase 1l gene involved in the glucuronidation of
endogenous and exogenous compounds [33,34], was upregulated by GINK and GUG,
natural products that target both PXR and CAR, and downregulated by OA, a selective
FXR modulator. Since UGT1A6 expression was unaffected by treatments targeting PXR
(RIF, HYP) or CAR (CITCO, DAS) alone, our results suggest that Phase II androstenone
metabolism in boars may be influenced by crosstalk between PXR and CAR signaling path-
ways. Supporting this, both PXR and CAR were shown to regulate UGT1A6 transcription
in mice [35], and increased UGT1A®6 activity was reported in primary human hepatocyte
cultures following treatment with carbamazepine, a dual activator of PXR and CAR [36-38].

Crosstalk among PXR, CAR, FXR, and other nuclear receptors or co-regulatory proteins
is well established and plays an important role in regulating metabolism [39,40], and we
have previously summarized the potential signaling pathways and co-regulatory proteins
involved in regulating androstenone metabolism in a recent review [16]. PGCl« is a
common coactivator and transcriptional regulator of PXR and CAR, while NR2F1 has been
shown to inhibit PXR activity by competing for DNA response element binding [41-43].
Additionally, FXR and HNF4«x share approximately 50% of the same DNA binding sites in
mouse liver and their cooperative activity was shown to regulate the transcription of shared
target genes, including the transcriptional repressor NROB2 [44,45]. In the present study,
PGCla was downregulated by treatments targeting PXR (RIF), CAR (DAS, CITCO), or both
PXR and CAR (GUG), and NR2F1 was downregulated by the natural products DAS, GINK,
and GUG. In contrast, treatments targeting FXR (CDCA, OA) increased the expression of
FXR (OA) and NROB2 (CDCA) and decreased HNF4« expression (OA). Together, these
findings suggest that the metabolic effects of natural products and conventional agonists in
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boars are influenced by complex interactions between PXR, CAR, and FXR, as well as other
nuclear receptors and co-regulatory proteins.

Previous work by Gray and Squires [4] demonstrated that 3(3-androstenol produc-
tion was increased by CITCO, and overall androstenone metabolism increased by RIF. In
contrast, we found no significant effects of the conventional agonists CITCO, CDCA, and
RIF on androstenone metabolism or metabolite production. However, DAS significantly
increased 3« /-androstenol production, consistent with previously reported effects of
the corresponding conventional CAR agonist, CITCO [4]. The discrepancies between our
findings and those of Gray and Squires [4] may reflect differences in the basal activity of
the hepatocyte culture systems, as the breed of boars used and the incubation duration for
androstenone metabolism (3 h in the present study vs. 20 h previously) differed between
studies. A higher basal rate of androstenone metabolism in our culture system may also
explain why treatment-induced changes in gene expression did not correspond to overall
changes in androstenone metabolism or metabolite production. The system may have
been operating near capacity, limiting the extent to which changes in gene expression
could further increase enzyme activity to produce measurable effects on androstenone
metabolism. However, further work using receptor-specific inhibitors or directly measuring
basal enzyme activity is required to confirm this.

Individual variability in treatment response may have further contributed to the
limited effects observed, with treatments targeting PXR and CAR increasing overall an-
drostenone metabolism in 50% to 75% of biological replicates of hepatocyte cultures, and
those targeting FXR in 25% to 37.5% of replicates. To further investigate this, we examined
the effects of each natural product and conventional agonist individually within each biolog-
ical replicate, comparing replicates with increased (PR) overall androstenone metabolism to
those that showed decreased or unchanged (NR) metabolism relative to the control, for each
treatment. Overall androstenone metabolism and 16-androstene glucuronide production
were greater in PR compared to NR replicates for most treatments. Both DAS and GUG
increased overall androstenone metabolism relative to the control in PR replicates, with
DAS causing a significant increase in 3/ 3-androstenol production within PR replicates
compared to NR, and GUG promoting slight, non-significant increases to both Phase I and
II metabolite levels in PR replicates. Interestingly, basal production of 3/ 3-androstenol
was significantly higher in NR compared to PR replicates of DAS, suggesting that treatment
effects may be greater in animals with lower basal rates of androstenone metabolism.

Treatment-specific differences were also observed in the basal expression of several
genes, many of which are involved in Phase II metabolism or encode key nuclear receptors.
Compared to PR replicates, the basal expression of UGT2B31 was higher in NR replicates of
DAS and CITCO, and the basal expression of UGT2A1 was higher in NR replicates of OA.
In contrast, the basal expression of FXR, PXR, and NROB1 was greater in PR than in NR
replicates of CITCO, GUG, and RIF, respectively. Following treatment, expression levels
of these genes were similar between PR and NR replicates. The considerable individual
variability in basal gene expression may have masked treatment-induced changes in gene
expression, resulting in similar expression levels between PR and NR replicates following
treatment, despite observed differences in androstenone metabolism and metabolite pro-
duction. Furthermore, the observed differences in basal gene expression between PR and
NR replicates suggest that variation in treatment response may result from pre-existing
differences in the expression of UGTs and key nuclear receptors, rather than from divergent
effects of the treatments themselves. These results demonstrate the importance of Phase II
metabolism and nuclear receptor availability in influencing individual responses to natural
products and conventional agonists.
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Consistent with our results, significant interindividual variability in the hepatic ex-
pression of PXR and CAR has been reported in humans [46,47], and CAR mRNA levels
are known to oscillate throughout the day under the control of the circadian rhythm [48].
The effects of GUG in mice have also been shown to depend on the CAR to PXR ratio [26],
further highlighting the importance of nuclear receptor availability. Additionally, individ-
ual differences in basal rates of androstenone metabolism may reflect further variation
in hepatic xenobiotic metabolism, which could affect the conversion of natural product
parent compounds to their bioactive metabolites to influence treatment response. For
example, the metabolism of GUG by human liver microsomes was shown to produce four
distinct metabolites, which differed from GUG in their induction strength for shared target
genes [49]. Similarly, both DAS and its metabolite, allyl methyl sulfide, were reported to
reduce protein levels of the cytochrome P450 enzyme CYP2E1 without altering its mRNA
expression, with DAS exhibiting a stronger inhibitory potency [50,51]. Since CYP2E1 is a
major Phase I enzyme responsible for the metabolism of skatole, a microbial metabolite
that also contributes to boar taint [52], future research should also evaluate the effects of
natural products on hepatic skatole metabolism.

While our results suggest that DAS and GUG may be promising dietary treatments
for boar taint, treatment response was variable across individual animals. In this study,
phenotypes (PR and NR) were defined based on the effects of individual treatments on
overall androstenone metabolism relative to the control. However, overall androstenone
metabolism is a complex process regulated by the coordinated action of multiple genes and
enzymes involved in Phase I and II pathways. Furthermore, several physiological processes
beyond hepatic metabolism also influence androstenone accumulation in fat, including
the rate of androstenone synthesis in the testis, its transport through the circulation, and
the mechanisms regulating its uptake into adipose tissue. These processes could not be
measured or accounted for with the model system used in the present study. Therefore,
future in vivo feeding trials are needed to evaluate the effect of DAS and GUG on boar
taint levels to provide a more physiologically relevant measure of treatment efficacy. These
feeding trials also present an opportunity to identify biological and genetic markers associ-
ated with variation in treatment response, which could improve the accuracy of evaluating
and predicting the effectiveness of these treatments for controlling boar taint.

5. Conclusions

This study demonstrated that natural products and their corresponding conventional
agonist treatments produce similar effects on androstenone metabolism and the expression
of related genes in isolated hepatocytes from boars. The natural products DAS and GUG
increased hepatic androstenone metabolism in a subset of boars responding positively
to these treatments. However, treatment response varied across individual animals and
appears to be influenced by several factors, including the individual’s basal rate of an-
drostenone metabolism, the availability of key nuclear receptors, and crosstalk between
nuclear receptors and co-regulatory proteins. Further research is needed to investigate the
effects of natural product treatments on hepatic skatole metabolism. In addition, in vivo
feeding trials with DAS and GUG are necessary to assess their effects on boar taint levels
and to identify the biological and genetic markers associated with treatment response.
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Abbreviations

The following abbreviations are used in this manuscript:

PXR Pregnane X receptor

CAR Constitutive androstane receptor
FXR Farnesoid X receptor

UGTs UDP-Glucuronosyltransferases
RIF Rifampicin

CDCA Chenodeoxycholic acid
CITCO 6-(4-chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde-O-(3,4-dichlorobenzyl)oxime
HYP Hyperforin

DAS Diallyl sulfide

OA Oleanolic acid

GINK Ginkgolide A

GUG (2)-Guggulsterone

HBSS Hank’s Balanced Salt Solution

DMSO Dimethyl sulfoxide

HPLC High-performance liquid chromatography

PR Positive response

NR Negative/non-responsive

RT-qPCR  Real-Time Quantitative Polymerase Chain Reaction
AKR1C1  Aldo-keto reductase 1C1

SULT2A1  Sulfotransferase 2A1

UGT1A6  UDP-glucuronosyltransferase 1A6

UGT1A1  UDP-glucuronosyltransferase 1A1

UGT2A1  UDP-glucuronosyltransferase 2A1

UGT2B31 UDP-glucuronosyltransferase 2B31

NROB2 Nuclear receptor subfamily 0 group B member 2
NR2F1 Nuclear receptor subfamily 2 group F member 1
HNF4o Hepatocyte nuclear factor 4 alpha

HNF1x Hepatocyte nuclear factor 1 alpha

PGCla Peroxisome proliferator-activated receptor gamma coactivator 1-alpha
SIRT1 NAD-dependent deacetylase sirtuin-1
SRC1 Steroid receptor coactivator 1

HMGBI1 High mobility group box 1 protein
CYP2E1 Cytochrome P450 2E1



Animals 2025, 15, 2199 16 of 18

References

1. Bookout, A.L.; Jeong, Y.; Downes, M.; Yu, R.T,; Evans, RM.; Mangelsdorf, D.]. Anatomical Profiling of Nuclear Receptor
Expression Reveals a Hierarchical Transcriptional Network. Cell 2006, 126, 789-799. [CrossRef]

2. Jonker, J.W,; Liddle, C.; Downes, M. FXR and PXR: Potential Therapeutic Targets in Cholestasis. J. Steroid Biochem. Mol. Biol. 2012,
130, 147-158. [CrossRef]

3. Cai, X,; Young, G.M.; Xie, W. The Xenobiotic Receptors PXR and CAR in Liver Physiology, an Update. Biochim. Biophys. Acta
BBA-Mol. Basis Dis. 2021, 1867, 166101. [CrossRef] [PubMed]

4. Gray, M.A; Squires, E.J. Effects of Nuclear Receptor Transactivation on Boar Taint Metabolism and Gene Expression in Porcine
Hepatocytes. J. Steroid Biochem. Mol. Biol. 2013, 133, 110-119. [CrossRef] [PubMed]

5. Zamaratskaia, G.; Squires, E.]J. Biochemical, Nutritional and Genetic Effects on Boar Taint in Entire Male Pigs. Animal 2009, 3,
1508-1521. [CrossRef]

6. Bone, C.; Anderson, C.; Lou, Y.; Squires, E.J. The Characterization of Androstenone Transport in Boar Plasma. |. Steroid Biochem.
Mol. Biol. 2019, 185, 218-224. [CrossRef]

7. Bone, C.; Squires, E.J. The Uptake and Deconjugation of Androstenone Sulfate in the Adipose Tissue of the Boar. Animals 2021, 11,
3158. [CrossRef]

8.  Endo, S.; Morikawa, Y.; Matsunaga, T.; Hara, A.; Nishinaka, T. Porcine Aldo-Keto Reductase 1C Subfamily Members AKR1C1
and AKR1C4: Substrate Specificity, Inhibitor Sensitivity and Activators. J. Steroid Biochem. Mol. Biol. 2022, 221, 106113. [CrossRef]
[PubMed]

9. Laderoute, H.; Bone, C.; Squires, E.J. The Sulfoconjugation of Androstenone and Dehydroepiandrosterone by Human and Porcine
Sulfotransferase Enzymes. Steroids 2018, 136, 8-16. [CrossRef]

10. Bélanger, A.; Hum, D.W.; Beaulieu, M.; Lévesque, E.; Guillemette, C.; Tchernof, A.; Bélanger, G.; Turgeon, D.; Dubois, S.
Characterization and Regulation of UDP-Glucuronosyltransferases in Steroid Target Tissues. J. Steroid Biochem. Mol. Biol. 1998, 65,
301-310. [CrossRef]

11. Modica, S. Master Regulation of Bile Acid and Xenobiotic Metabolism via the FXR, PXR and CAR Trio. Front. Biosci. 2009, 14,
4719-4745. [CrossRef]

12.  Bachs, L.; Parés, A ; Elena, M.; Piera, C.; Rodés, ]. Effects of Long-Term Rifampicin Administration in Primary Biliary Cirrhosis.
Gastroenterology 1992, 102, 2077-2080. [CrossRef]

13.  Hedrich, W.D.; Xiao, J.; Heyward, S.; Zhang, Y.; Zhang, J.; Baer, M.R.; Hassan, H.E.; Wang, H. Activation of the Constitutive
Androstane Receptor Increases the Therapeutic Index of CHOP in Lymphoma Treatment. Mol. Cancer Ther. 2016, 15, 392-401.
[CrossRef]

14. Sakisaka, S.; Anno, H.; Kumashiro, R.; Yoshida, H.; Nagata, E.; Abe, H.; Tanikawa, K. The cytotoxicity of chenodeoxycholic acid
(CDCA) and ursodeoxycholic acid (UDCA) on primary cultured hepatocytes, and cytoprotective effect of polyenephosphatidyl-
choline (PPC). Kanzo 1984, 25, 350-358. [CrossRef]

15. Mizoguchi, Y.; Kodama, C.; Sakagami, Y.; Seki, S.; Kobayashi, K.; Yamamoto, S.; Morisawa, S. Effects of Bile Acids on Liver Cell
Injury by Cultured Supernatant of Activated Liver Adherents Cells. Gastroenterol. Jpn. 1989, 24, 25-30. [CrossRef]

16. Bone, C.; Squires, E.J. Nuclear Receptor Pathways Mediating the Development of Boar Taint. Metabolites 2022, 12, 785. [CrossRef]

17. Moore, L.B.; Goodwin, B.; Jones, S.A.; Wisely, G.B.; Serabjit-Singh, C.J.; Willson, T.M.; Collins, J.L.; Kliewer, S.A.S. John’s Wort
Induces Hepatic Drug Metabolism through Activation of the Pregnane X Receptor. Proc. Natl. Acad. Sci. USA 2000, 97, 7500-7502.
[CrossRef] [PubMed]

18. Rao, P; Midde, N.; Miller, D.; Chauhan, S.; Kumar, A.; Kumar, S. Diallyl Sulfide: Potential Use in Novel Therapeutic Interventions
in Alcohol, Drugs, and Disease Mediated Cellular Toxicity by Targeting Cytochrome P450 2E1. Curr. Drug Metab. 2015, 16,
486-503. [CrossRef] [PubMed]

19. Fisher, C.D.; Augustine, L.M.; Maher, ].M.; Nelson, D.M; Slitt, A.L.; Klaassen, C.D.; Lehman-McKeeman, L.D.; Cherrington, N.]J.
Induction of Drug-Metabolizing Enzymes by Garlic and Allyl Sulfide Compounds via Activation of Constitutive Androstane
Receptor and Nuclear Factor E2-Related Factor 2. Drug Metab. Dispos. 2007, 35, 995-1000. [CrossRef] [PubMed]

20. Pérez-Camino, M.C.; Cert, A. Quantitative Determination of Hydroxy Pentacyclic Triterpene Acids in Vegetable Oils. J. Agric.
Food Chem. 1999, 47, 1558-1562. [CrossRef]

21. Liu, W,; Wong, C. Oleanolic Acid Is a Selective Farnesoid X Receptor Modulator. Phytother. Res. 2010, 24, 369-373. [CrossRef]

22. Li, L, Stanton, ].D.; Tolson, A.H.; Luo, Y.; Wang, H. Bioactive Terpenoids and Flavonoids from Ginkgo Biloba Extract Induce the
Expression of Hepatic Drug-Metabolizing Enzymes Through Pregnane X Receptor, Constitutive Androstane Receptor, and Aryl
Hydrocarbon Receptor-Mediated Pathways. Pharm. Res. 2009, 26, 872-882. [CrossRef]

23. Chang, TK.H,; Chen, J.; Teng, X.W. Distinct Role of Bilobalide and Ginkgolide A in the Modulation of Rat CYP2B1 and CYP3A23
Gene Expression by Ginkgo Biloba Extract in Cultured Hepatocytes. Drug Metab. Dispos. 2006, 34, 234-242. [CrossRef]

24. Rajaraman, G.; Chen, J.; Chang, TK.H. Ginkgolide A Contributes to the Potentiation of Acetaminophen Toxicity by Ginkgo Biloba

Extract in Primary Cultures of Rat Hepatocytes. Toxicol. Appl. Pharmacol. 2006, 217, 225-233. [CrossRef] [PubMed]


https://doi.org/10.1016/j.cell.2006.06.049
https://doi.org/10.1016/j.jsbmb.2011.06.012
https://doi.org/10.1016/j.bbadis.2021.166101
https://www.ncbi.nlm.nih.gov/pubmed/33600998
https://doi.org/10.1016/j.jsbmb.2012.09.025
https://www.ncbi.nlm.nih.gov/pubmed/23032374
https://doi.org/10.1017/S1751731108003674
https://doi.org/10.1016/j.jsbmb.2018.09.006
https://doi.org/10.3390/ani11113158
https://doi.org/10.1016/j.jsbmb.2022.106113
https://www.ncbi.nlm.nih.gov/pubmed/35398259
https://doi.org/10.1016/j.steroids.2018.05.010
https://doi.org/10.1016/S0960-0760(97)00183-0
https://doi.org/10.2741/3563
https://doi.org/10.1016/0016-5085(92)90335-V
https://doi.org/10.1158/1535-7163.MCT-15-0667
https://doi.org/10.2957/kanzo.25.350
https://doi.org/10.1007/BF02774867
https://doi.org/10.3390/metabo12090785
https://doi.org/10.1073/pnas.130155097
https://www.ncbi.nlm.nih.gov/pubmed/10852961
https://doi.org/10.2174/1389200216666150812123554
https://www.ncbi.nlm.nih.gov/pubmed/26264202
https://doi.org/10.1124/dmd.106.014340
https://www.ncbi.nlm.nih.gov/pubmed/17353348
https://doi.org/10.1021/jf980881h
https://doi.org/10.1002/ptr.2948
https://doi.org/10.1007/s11095-008-9788-8
https://doi.org/10.1124/dmd.105.005751
https://doi.org/10.1016/j.taap.2006.09.005
https://www.ncbi.nlm.nih.gov/pubmed/17045319

Animals 2025, 15, 2199 17 of 18

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Brobst, D.E.; Ding, X.; Creech, K.L.; Goodwin, B.; Kelley, B.; Staudinger, ].L. Guggulsterone Activates Multiple Nuclear Receptors
and Induces CYP3A Gene Expression through the Pregnane X Receptor. J. Pharmacol. Exp. Ther. 2004, 310, 528-535. [CrossRef]
Ding, X.; Staudinger, J.L. The Ratio of Constitutive Androstane Receptor to Pregnane X Receptor Determines the Activity of
Guggulsterone against the Cyp2b10 Promoter. J. Pharmacol. Exp. Ther. 2005, 314, 120-127. [CrossRef] [PubMed]

Cui, J.; Huang, L.; Zhao, A.; Lew, ].-L.; Yu, J.; Sahoo, S.; Meinke, P.T.; Royo, L.; Peldez, F; Wright, S.D. Guggulsterone Is a Farnesoid
X Receptor Antagonist in Coactivator Association Assays but Acts to Enhance Transcription of Bile Salt Export Pump. J. Biol.
Chem. 2003, 278, 10214-10220. [CrossRef] [PubMed]

Bone, C.; Squires, E.J. Hepatic Gene Expression and Metabolite Profiles of Androstenone and Skatole Relative to Plasma Estrone
Sulfate Levels in Boars. Biomolecules 2024, 14, 850. [CrossRef]

Willems, E.; Leyns, L.; Vandesompele, J. Standardization of Real-Time PCR Gene Expression Data from Independent Biological
Replicates. Anal. Biochem. 2008, 379, 127-129. [CrossRef]

She, J.; Gu, T.; Pang, X,; Liu, Y.; Tang, L.; Zhou, X. Natural Products Targeting Liver X Receptors or Farnesoid X Receptor. Front.
Pharmacol. 2022, 12, 772435. [CrossRef]

Gao, J.; Xie, W. Targeting Xenobiotic Receptors PXR and CAR for Metabolic Diseases. Trends Pharmacol. Sci. 2012, 33, 552-558.
[CrossRef] [PubMed]

Nainu, F; Frediansyah, A.; Mamada, S.S.; Permana, A.D.; Salampe, M.; Chandran, D.; Emran, T.B.; Simal-Gandara, J. Natural
Products Targeting Inflammation-Related Metabolic Disorders: A Comprehensive Review. Heliyon 2023, 9, €16919. [CrossRef]
[PubMed]

Walter Bock, K.; Kohle, C. UDP-Glucuronosyltransferase 1A6: Structural, Functional, and Regulatory Aspects. In Methods in
Enzymology; Elsevier: Amsterdam, The Netherlands, 2005; Volume 400, pp. 57-75, ISBN 978-0-12-182805-9.

Hankele, A.-K,; Bauersachs, S.; Ulbrich, S.E. Conjugated Estrogens in the Endometrium during the Estrous Cycle in Pigs. Reprod.
Biol. 2018, 18, 336-343. [CrossRef]

Xie, W.; Yeuh, M.-F.; Radominska-Pandya, A.; Saini, S.P.S.; Negishi, Y.; Bottroff, B.S.; Cabrera, G.Y.; Tukey, R.H.; Evans, R M.
Control of Steroid, Heme, and Carcinogen Metabolism by Nuclear Pregnane X Receptor and Constitutive Androstane Receptor.
Proc. Natl. Acad. Sci. USA 2003, 100, 4150-4155. [CrossRef] [PubMed]

Thunnah, C.A; Jiang, M.; Xie, W. Nuclear Receptor PXR, Transcriptional Circuits and Metabolic Relevance. Biochim. Biophys. Acta
BBA-Mol. Basis Dis. 2011, 1812, 956-963. [CrossRef]

Kurosawa, K.; Nakano, M.; Yokoseki, I.; Tomii, M.; Higuchi, Y.; Uehara, S.; Yoneda, N.; Suemizu, H.; Fukami, T.; Nakajima, M.
Switch/Sucrose Non-Fermentable Complex Interacts with Constitutive Androstane Receptor to Regulate Drug-Metabolizing
Enzymes and Transporters in the Liver. Drug Metab. Dispos. 2025, 53, 100057. [CrossRef]

Soars, M.G.; Petullo, D.M.; Eckstein, J.A.; Kasper, S.C.; Wrighton, S.A. An Assessment of UDP-Glucuronosyltransferase Induction
Using Primary Human Hepatocytes. Drug Metab. Dispos. 2004, 32, 140-148. [CrossRef]

Pascussi, ].-M.; Gerbal-Chaloin, S.; Duret, C.; Daujat-Chavanieu, M.; Vilarem, M.-].; Maurel, P. The Tangle of Nuclear Receptors
That Controls Xenobiotic Metabolism and Transport: Crosstalk and Consequences. Annu. Rev. Pharmacol. Toxicol. 2008, 48, 1-32.
[CrossRef]

Bwayi, M.N.; Garcia-Maldonado, E.; Chai, S.C.; Xie, B.; Chodankar, S.; Huber, A.D.; Wu, ].; Annu, K.; Wright, W.C.; Lee, H.-M,;
et al. Molecular Basis of Crosstalk in Nuclear Receptors: Heterodimerization between PXR and CAR and the Implication in Gene
Regulation. Nucleic Acids Res. 2022, 50, 3254-3275. [CrossRef]

Buler, M.; Aatsinki, S.-M.; Skoumal, R.; Hakkola, J. Energy Sensing Factors PGC-1c and SIRT1 Modulate PXR Expression and
Function. Biochem. Pharmacol. 2011, 82, 2008-2015. [CrossRef]

Shiraki, T.; Sakai, N.; Kanaya, E.; Jingami, H. Activation of Orphan Nuclear Constitutive Androstane Receptor Requires Subnuclear
Targeting by Peroxisome Proliferator-Activated Receptor v Coactivator-1«. J. Biol. Chem. 2003, 278, 11344-11350. [CrossRef]
Istrate, M.A.; Nussler, A K.; Eichelbaum, M.; Burk, O. Regulation of CYP3A4 by Pregnane X Receptor: The Role of Nuclear
Receptors Competing for Response Element Binding. Biochem. Biophys. Res. Commun. 2010, 393, 688—693. [CrossRef]

Thomas, A.M.; Hart, S.N.; Li, G.; Lu, H.; Fang, Y.; Fang, J.; Zhong, X.; Guo, G.L. Hepatocyte Nuclear Factor 4 Alpha and
Farnesoid X Receptor Co-Regulates Gene Transcription in Mouse Livers on a Genome-Wide Scale. Pharm. Res. 2013, 30, 2188-2198.
[CrossRef]

Goodwin, B.; Jones, S.A.; Price, R.R.; Watson, M.A.; McKee, D.D.; Moore, L.B.; Galardi, C.; Wilson, J.G.; Lewis, M.C.; Roth, M.E.;
et al. A Regulatory Cascade of the Nuclear Receptors FXR, SHP-1, and LRH-1 Represses Bile Acid Biosynthesis. Mol. Cell 2000, 6,
517-526. [CrossRef]

Lamba, J.K.; Lamba, V.; Yasuda, K.; Lin, Y.S.; Assem, M.; Thompson, E.; Strom, S.; Schuetz, E. Expression of Constitutive
Androstane Receptor Splice Variants in Human Tissues and Their Functional Consequences. . Pharmacol. Exp. Ther. 2004, 311,
811-821. [CrossRef] [PubMed]

Lamba, V. PXR (NR1I2): Splice Variants in Human Tissues, Including Brain, and Identification of Neurosteroids and Nicotine as
PXR Activators. Toxicol. Appl. Pharmacol. 2004, 199, 251-265. [CrossRef] [PubMed]


https://doi.org/10.1124/jpet.103.064329
https://doi.org/10.1124/jpet.105.085225
https://www.ncbi.nlm.nih.gov/pubmed/15833898
https://doi.org/10.1074/jbc.M209323200
https://www.ncbi.nlm.nih.gov/pubmed/12525500
https://doi.org/10.3390/biom14070850
https://doi.org/10.1016/j.ab.2008.04.036
https://doi.org/10.3389/fphar.2021.772435
https://doi.org/10.1016/j.tips.2012.07.003
https://www.ncbi.nlm.nih.gov/pubmed/22889594
https://doi.org/10.1016/j.heliyon.2023.e16919
https://www.ncbi.nlm.nih.gov/pubmed/37346355
https://doi.org/10.1016/j.repbio.2018.11.001
https://doi.org/10.1073/pnas.0438010100
https://www.ncbi.nlm.nih.gov/pubmed/12644700
https://doi.org/10.1016/j.bbadis.2011.01.014
https://doi.org/10.1016/j.dmd.2025.100057
https://doi.org/10.1124/dmd.32.1.140
https://doi.org/10.1146/annurev.pharmtox.47.120505.105349
https://doi.org/10.1093/nar/gkac133
https://doi.org/10.1016/j.bcp.2011.09.006
https://doi.org/10.1074/jbc.M212859200
https://doi.org/10.1016/j.bbrc.2010.02.058
https://doi.org/10.1007/s11095-013-1006-7
https://doi.org/10.1016/S1097-2765(00)00051-4
https://doi.org/10.1124/jpet.104.069310
https://www.ncbi.nlm.nih.gov/pubmed/15194709
https://doi.org/10.1016/j.taap.2003.12.027
https://www.ncbi.nlm.nih.gov/pubmed/15364541

Animals 2025, 15, 2199 18 of 18

48.

49.

50.

51.

52.

Kanno, Y; Otsuka, S.; Hiromasa, T.; Nakahama, T.; Inouye, Y. Diurnal Difference in CAR mRNA Expression. Nucl. Recept. 2004, 2,
6. [CrossRef]

Yang, D.; Yang, J.; Shi, D.; Xiao, D.; Chen, Y.-T.; Black, C.; Deng, R.; Yan, B. Hypolipidemic Agent Z-Guggulsterone: Metabolism
Interplays with Induction of Carboxylesterase and Bile Salt Export Pump. J. Lipid Res. 2012, 53, 529-539. [CrossRef]

Wargovich, M.]. Diallylsulfide and Allylmethylsulfide Are Uniquely Effective among Organosulfur Compounds in Inhibiting
CYP2E1 Protein in Animal Models. . Nutr. 2006, 136, 8325-834S. [CrossRef]

Sheen, L.Y.; Wu, C.C,; Lii, C.-K,; Tsai, S.-]. Metabolites of Diallyl Disulfide and Diallyl Sulfide in Primary Rat Hepatocytes. Food
Chem. Toxicol. 1999, 37, 1139-1146. [CrossRef] [PubMed]

Rasmussen, M.K.; Zamaratskaia, G. Regulation of Porcine Hepatic Cytochrome P450—Implication for Boar Taint. Comput. Struct.
Biotechnol. J. 2014, 11, 106-112. [CrossRef] [PubMed]

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.


https://doi.org/10.1186/1478-1336-2-6
https://doi.org/10.1194/jlr.M014688
https://doi.org/10.1093/jn/136.3.832S
https://doi.org/10.1016/S0278-6915(99)00108-8
https://www.ncbi.nlm.nih.gov/pubmed/10654589
https://doi.org/10.1016/j.csbj.2014.09.003
https://www.ncbi.nlm.nih.gov/pubmed/25408844

	Introduction 
	Materials and Methods 
	Research Animals and Sample Collection 
	Buffer and Media Preparation 
	Isolation of Primary Hepatocytes 
	Hepatocyte Treatments 
	Quantification of Androstenone Metabolism and Metabolite Production 
	Gene Expression Analysis in Isolated Hepatocytes 
	Statistical Analysis 

	Results 
	Effect of Conventional Agonist Treatments on Hepatic Gene Expression 
	Effect of Natural Product Treatments on Hepatic Gene Expression 
	Effect of Treatments on Androstenone Metabolism by Isolated Hepatocytes 
	Differences in Androstenone Metabolism and Gene Expression by Treatment Response 

	Discussion 
	Conclusions 
	References

