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ARTICLE INFO ABSTRACT

Edited by Dr. A.M. Tsatsaka Polychlorinated biphenyls (PCBs) are persistent organic pollutants associated with non-alcoholic fatty liver
disease (NAFLD). Previously, we demonstrated that the PCB mixture, Aroclor1260, exacerbated NAFLD,

Keywords: reflective of toxicant-associated steatohepatitis, in diet-induced obese mice, in part through pregnane-xenobiotic

PCle receptor (PXR) and constitutive androstane receptor (CAR) activation. Recent studies have also reported PCB-

Aroclor1260

induced changes in the gut microbiome that consequently impact NAFLD. Therefore, the objective of this

I(\;J:t};t]x;er study is to examine PCB effects on the gut-liver axis and characterize the role of CAR and PXR in microbiome
TASH alterations. C57Bl/6 (wildtype, WT), CAR and PXR knockout mice were fed a high fat diet and exposed to
Microbiome Aroclor1260 (20 mg/kg, oral gavage, 12 weeks). Metagenomics analysis of cecal samples revealed that CAR and/

or PXR ablation increased bacterial alpha diversity regardless of exposure status. CAR and PXR ablation also
increased bacterial composition (beta diversity) versus WT; Aroclor1260 altered beta diversity only in WT and
CAR knockouts. Distinct changes in bacterial abundance at different taxonomic levels were observed between
WT and knockout groups; however Aroclor1260 had modest effects on bacterial abundance within each geno-
type. Notably, both knockout groups displayed increased Actinobacteria and Verrucomicrobia abundance. In
spite of improved bacterial diversity, the knockout groups however failed to show protection from PCB-induced
hepato- and intestinal- toxicity including decreased mRNA levels of ileal permeability markers (occludin, clau-
din3). In summary, CAR and PXR ablation significantly altered gut microbiome in diet-induced obesity while
Aroclor1260 compromised intestinal integrity in knockout mice, implicating interactions between PCBs and
CAR, PXR on the gut-liver axis.

Abbreviations: PCBs, polychlorinated biphenyls; NAFLD, nonalcoholic fatty liver disease; TASH, toxicant-associated steatohepatitis; AhR, arylhydrocarbon re-
ceptor; CAR, constitutive androstane receptor; ACHS, anniston community healthy survey; HFD, high fat diet; PXR, pregnane-xenobiotic receptor; WT, wildtype;
OTU, operational taxonomic unit; LEfSe, linear discriminant analysis effect size; LDA, linear discriminant analysis; Tjpl, tight junction protein 1; Ocln, occludin;
Cdh5, adhesion molecule VE-cadherin; Cldn, claudin; Muc, mucin; Reg3g, regenerating islet-derived protein 3-gamma; Camp, cathelicidin anti-microbial peptide;
Tff3, trefoil factor 3; Fgf15, fibroblast growth factor 15; Tnfa, tumor necrosis factor; Fasn, fatty acid synthase; Pck1, phosphoenolpyruvate carboxykinase 1; Ppara,
peroxisome-proliferator activated receptor alpha; HOMA, homeostasis model assessment; RER, respiratory exchange rate; NASH, nonalcoholic steatohepatitis; IBD,
inflammatory bowel diseases.
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1. Introduction

Polychlorinated biphenyls (PCBs) are a class of persistent organic
pollutants associated with numerous diseases in exposed populations,
including non-alcoholic fatty liver disease (NAFLD) and toxicant-
associated steatohepatitis (TASH) [1,2]. Prior to being banned, these
man-made chemicals had a variety of applications due to their
thermo-dynamic stability and were widely used as dielectric fluids [3].
Although PCB production and use has been prohibited in the United
States by Congress (1970s) and globally at the Stockholm Convention
(2001), PCBs continue to persist in our environment and ecosystem due
to their resistance to bio-degradation. In humans, the general route of
exposure is through ingestion of PCB-laden food; being lipophilic in
nature, PCBs bioaccumulate in living organisms primarily in the adipose
tissue, and levels gradually increase along trophic levels of the food
chain [4,5]. Based on the chlorine atom substitutions in the biphenyl
ring, PCBs are broadly classified as either “coplanar” or “non-coplanar”
congeners [6]. Coplanar congeners are deemed “dioxin-like” in nature
due to their ability to activate the arylhydrocarbon receptor (AhR),
similar to dioxin and constitute mostly lower molecular weight conge-
ners; while non-coplanar congeners are deemed “phenobarbital-like” or
“non-dioxin-like” due to their ability to activate the constitutive
androstane receptor (CAR), similar to phenobarbital, and constitute
mostly higher molecular weight congeners with higher number of
chlorine substituents [6,7]. In North America, PCBs were primarily
produced at the Monsanto plant located in Anniston, AL and sold under
the trade name “Aroclor” [3]. Aroclor1260 was one of Monsanto’s
first-generation commercial PCB mixtures, containing 60 % chlorine by
weight and, due to its toxicity, was later replaced by second-generation
or “Late” Aroclors with lower chlorine content [3]. Composition-wise,
Aroclor1260 consisted of highly chlorinated, non-coplanar congeners
with higher molecular weights that are resistant to metabolism, and
therefore bioaccumulate, and are relevant to human exposure patterns
[71.

Previously, our group reported the prevalence of liver disease in the
Anniston Community Healthy Survey (ACHS) population which has a
well-known history of exposures to PCBs [2]. Furthermore, studies from
our group have also demonstrated that exposures to Aroclor1260 at
doses resembling human PCB levels exacerbated NAFLD endpoints and
TASH in male mice fed a high fat diet (HFD) [8]. NAFLD encompasses a
broad spectrum of pathological disorders in the liver, and is initially
characterized by lipid accumulation in the liver (steatosis), often
accompanied by inflammation (steatohepatitis) and can further progress
to fibrosis/scarring and cirrhosis. The term TASH reflects a form of
NAFLD caused by exposure to toxic pollutants such as PCBs [9-11].
Indeed, Arolcor1260 exposure worsened hepatic inflammation,
increased hepatic pro-fibrotic markers’ expression, induced phospho-
protein signaling disruption and perturbed overall energy homeostasis
in these diet-induced obese mice [8,12]. Mechanistically, because Aro-
clor1260 constituted predominantly of non-coplanar PCBs, it was
postulated that it elicited its actions though activation of hepatic nuclear
receptors, namely CAR and the pregnane-xenobiotic receptor (PXR) [8].
Using CAR and PXR knockout mice, we demonstrated that some but not
all the observed PCB effects were CAR and PXR-driven [13].

CAR and PXR are xenobiotic receptors whose main function is
detoxification of drugs and chemicals in the liver through induction of
cytochrome P450 enzymes. However, these receptors also play impor-
tant roles in regulating energy metabolism and modulating steatosis,
obesity, insulin resistance and inflammatory responses [14]. Impor-
tantly, CAR and PXR play a significant role in regulating the gut
microbiome, specifically bile acid-metabolizing bacteria and modu-
lating bile acid homeostasis [15]. Regulation of the microbiome in liver
health and disease by various factors, including environmental chem-
icals, has become increasingly researched and disruption of the gut-liver
axis is now recognized as a major determinant in liver disease devel-
opment and progression [10,11,16]. Recent studies have also
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demonstrated PCBs’ capability in inducing gut microbiome alterations
such as decreased alpha diversity and increased Firmicutes/Bacter-
oidetes ratio in mice [10,17-19]. Certainly, alterations in microbiome
abundance and disruption of the gut-liver axis are emerging modes of
action in PCB-mediated liver and metabolic diseases [10]. However, the
role of CAR and PXR on the gut-liver axis in PCB-mediated TASH is still
largely unknown. Therefore, the objective of the current study was to
evaluate i) effects of the PCB mixture, Aroclor1260, on gut microbiome
in HFD-fed mice; ii) role of CAR and PXR in regulating gut microbiome
in presence of HFD; and iii) if microbiota alterations are related to the
observed phenotypic characteristics.

2. Materials and methods
2.1. Animal model

The animal protocol was approved by the University of Louisville
Institutional Animal Care and Use Committee. Wild type male C57Bl/6
mice (WT), Car”” and Pxr”/" mice (8-weeks old, Taconic, Hudson, NY)
were separated into 6 experimental groups (n = 10) based on Aro-
clor1260 exposure utilizing a 2 x 3 design. The knockout mice were
developed by Taconic in collaboration with CXR Biosciences. Generating
the Car”” and Pxr”" mice involved crossing a CAR and a PXR humanized
mouse line, respectively, with a PhiC31 deleter mouse [13]. All mice
were fed a high fat diet (HFD, 42 % kCal from fat; TD.88137 Harlan
Teklad) during this one-time 12-week study, based on previous findings
that Aroclor1260 exacerbated steatohepatitis in HFD-fed mice [8]. Mice
were housed in a temperature- and light-controlled room (12 h light; 12
h dark) with food and water ad libitum. Aroclor1260 (AccuStandard,
New Haven, CT) dissolved in corn oil was administered by oral gavage
(vs. corn oil alone) at 20 mg/kg on week 1. This previously-reported
dose was designed to mimic the highest human PCB levels seen in the
PCB-exposed ACHS cohort [8]. After the 12-week period, mice were
euthanized using ketamine/ xylazine (100/20 mg/kg body weight, i.p.);
blood and tissue samples were harvested for further analysis. Thus, six
different groups were evaluated in the study; WT, WT + Aroclor1260
(WTAr), Car”” (CARko), Car”"+Aroclor1260 (CARKoAr), Pxr””~ (PXRko),
Pxr”/"+Aroclor1260 (PXRkoAr). It is important to note that the wildtype
mice (WT) which were considered the experimental control group in the
study were not littermate controls of the knockout groups; and this is a
limitation of the study.

2.2. 168 Metagenomic sequencing library preparation and sequencing run

Microbial genomic DNA was extracted from frozen cecal samples
using the PowerSoil DNA isolation kit (MO BIO Laboratories, Carlsbad,
CA) according to the manufacturer’s instruction. Cecal microbiota
composition was analyzed using Illumina MiSeq technology targeting
the variable V3 and V4 regions of 16S ribosomal RNA. Libraries were
prepared using Illumina’s 16S library preparation guide and Illumina’s
Nextera Index Kit (FC-121-1012). Briefly, quantitation of microbial
genomic DNA was performed using Qubit Broad Range (BR) assay
(Thermo Fisher Scientific, Waltham, MA) in a Qubit 2.0 Fluorometer.
Amplicon PCR was carried out using primers that were complementary
upstream and downstream of the region of interest with overhang
adapters. The 16S variable region was amplified using 12.5 ng of mi-
crobial genomic DNA. Amplicon PCR Clean-Up was carried out using
AMPure XP beads. Index PCR was then performed to attach dual indices
and Illumina sequencing adapters using the Nextera XT Kit (FC-121-
1012). After Clean-Up, sequencing libraries were aliquoted and mixed to
make pooled libraries and concentration determined on the Bioanalyzer.
After normalization, the pooled library was denatured and mixed with
PhiX control library. Sequencing was then performed on a Nano-300
cycle test chip (MS-103-1001) to confirm sample concentration fol-
lowed by Illumina MiSeq Reagents kit v3 (600 cycles) (MS-102-3003) at
9 pM and 30 % PhIX.
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2.3. Sequencing data analysis

Quality control of the raw sequence data was performed using
FastQC (version 0.10.1); sequence data were trimmed and further
analyzed using QIIME 2 (version 2019.4) [20]. The sequences reads
were then demultiplexed and denoised into amplicon sequence variants
or clustered into operational taxonomic units (OTUs) by using Divisive
Amplicon Denoising Algorithm (DADA2) [21]. A tree was generated for
phylogenetic diversity analyses using the representative sequences and
core diversity analyses of feature table including alpha and beta di-
versity were performed. Taxonomic analysis was based on the
pre-trained classifiers with sequences that were assigned to OTUs at 99
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% similarity to the Greengenes database (v13.8) from the V3V4 regions
of sequences [22]. The Emperor tool was used to explore the principal
covariant analysis plot in the context of sample metadata which is the
distance between samples (beta diversity) using weighted and un-
weighted UniFrac. Linear discriminant analysis (LDA) effect size (LEfSe)
method was used to find the most differentially abundant enriched mi-
crobial taxa between the groups. The analysis was performed on the
Galaxy platform [23] using taxa results from QIIME 2 and the outputs
generated were illustrated by histogram and cladogram with LDA score
>2 and significance a < 0.05 as determined by Kruskal-Wallis test.
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Fig. 1. Effects of Aroclor1260 and CAR/PXR ablation on alpha diversity. Alpha diversity was measured using two QIIME metrics, namely observed_species and
faith_pd tree measure. Rarefaction curves were generated for (A) observed_species and (B) faith_pd. (C) Boxplots displaying distribution of the number of species were
plotted for faith_pd. (D) Kruskal-Wallis test was performed for pairwise comparison between different groups for faith_pd. g-value <0.05 denotes statistical sig-

nificance in bacterial diversity between the two groups.
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2.4. Real-time PCR of ileal samples

Mouse ileal samples were homogenized and total RNA was extracted
using the RNA-STAT 60 protocol (Tel-Test, Austin, TX). The Nanodrop
(ND-1000, Thermo Scientific, Wilmington, DE) was employed to assess
RNA purity and quantity using the ND-1000 V3.8.1 software. cDNA was
synthesized from total RNA using qScript cDNA Synthesis Kit (Quanta-
bio, Beverly, MA). RT-PCR was performed on the CFX384 TM Real-Time
System (BioRad, Hercules, CA) using iTaq Universal Probes Supermix
and Tagman probes purchased from Thermo Fisher Scientific. Gene
expression levels were calculated according to the 2724t method.
Levels of mRNA were normalized relative to housekeeping genes and
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mean expression levels in unexposed, wild type mice were set at 1.

2.5. Statistical analyses

Statistical comparisons were performed using GraphPad Prism
version 8 (GraphPad Software Inc., La Jolla, CA). Due to the exploratory
nature of the study, initially, One-Way analysis of variance (ANOVA)
was conducted between groups based on genotype or Aroclor1260, as
previously described [13]. In addition, effects of exposure on different
groups were analyzed using 2 sample t-test for comparisons. Results
were declared statistically significant at significance level of 5%.
Kruskal-Wallis test was used for pairwise comparisons between two
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Fig. 2. Effects of Aroclor1260 and CAR/PXR ablation on beta diversity. Beta diversity was computed by measuring distance between pairs of samples using both
weighted and unweighted variants of UniFrac. Using the Emperor tool, the matrix for the (A) unweighted UniFrac was visualized with principal covariant analysis and
(B) boxplots showing the distribution of the unweighted UniFrac distance was plotted. Likewise, (C) the matrix for weighted UniFrac was visualized with principal
covariant analysis and (D) boxplots showing the distribution of weighted UniFrac distance in the six groups were plotted. (E) Table depicting results obtained from
the PERMANOVA pairwise test for the weighted UniFrac distance matrix. g-value <0.05 denotes statistical significance in bacterial diversity between the two groups.
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groups for core metric analysis, and an FDR adjusted p-value (q-value)
was used to infer significance (5%). For principal covariant analysis, the
mean distance between two groups was compared using multivariate
analysis of variance (PERMANOVA), and nonparametric p-values were
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measured using two QIIME metrics, namely, observed_species and
faith_pd tree measure. A snapshot of the alpha rarefaction curves for the
number of OTUs showed that Aroclor1260-exposed, PXR knockout mice
had the highest rarefaction curve, followed closely by exposed, CAR

knockout mice, while exposed, WT mice had the lowest (Fig. 1A).
Rarefaction curves generated using faith_pd showed that exposed, CAR
knockout mice had the highest rarefaction curve while both WT groups
showed the lowest rarefaction curves (Fig. 1B). Boxplots displaying
distribution of the number of species were plotted (Fig. 1C). The dis-
tribution of diversity of species in the CAR and PXR knockout mice was
markedly different from the WT groups. Additionally, g-values obtained
from the Kruskal-Wallis test between WT versus knockout mice indicated
that the diversity of species between these groups were significantly
different, while the diversity of species between CAR and PXR groups

calculated using 999 Monte Carlo permutations.
3. Results

3.1. Aroclor1260 and CAR, PXR ablation resulted in modified bacterial
diversity

A total of 2,101,788 reads were obtained from a total of 60 cecal
samples with a mean of 35,029.8 reads per sample. Alpha diversity,
which reflects diversity of species within the given samples, was
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Fig. 3. Effects of Aroclor1260, CAR and PXR on bacterial abundance at higher taxonomic levels. (A) The relative abundance or relative frequency of bacterial
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with or without Aroclor1260 exposure were similar (Fig. 1D).

Beta diversity was computed to compare how each group of samples
differed from the other. Both weighted and unweighted variants of
UniFrac were used to measure distance between pairs of samples. The
matrix for the weighted and unweighted UniFrac were visualized with
principal covariant analysis resulting in plots containing axes for three
principal coordinates (Fig. 2A and C). Boxplots showing the distribution
of the unweighted and weighted UniFrac distance in the six groups were
also plotted (Fig. 2B and D). Results from the PERMANOVA pairwise test
for the weighted UniFrac distance matrix were obtained (Fig. 2E). Un-
weighted UniFrac analysis showed that the WT groups, irrespective of
Aroclor1260 exposure, were clustered together, and different from the
knockout groups (Fig. 2A & B), while the knockout groups, irrespective
of exposure, more closely resembled each other. Weighted UniFrac
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analysis also showed a distinction between the WT and knockout groups
(Fig. 2C & D). Additionally, the analysis also showed that Aroclor1260
exposure led to different diversities in the WT and CAR knockout groups
but not in the PXR knockout group.

3.2. Effects of Aroclor1260, CAR and PXR on bacterial abundance at
higher taxonomic levels

At the phylum level, stark differences were observed between the WT
and knockout groups; Aroclor1260 exposure, however, had modest ef-
fects on this taxon as seen by the relative abundance of bacteria for each
sample (Fig. 3A). Relative abundance of Firmicutes was highest in WT
mice, while Bacteroidetes was highest in PXR knockout mice (Fig. 3A &
Supplemental Fig. 1). Compared to WT mice, both CAR and PXR
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namely (A) Blautia, (B) Dorea, (C) Roseburia, (D) Ruminococcus, (E) Butyricimonas, (F) Lactobacillus, (G) Bifidobacterium and (H) Akkermansia were plotted for the
different groups. Values are mean + SEM, p < 0.05, a- A due to Aroclor1260 exposure within genotype, b, b*- A between WT and Car~/~ without or with Aroclor1260

exposure, ¢, c*- A between WT and Pxr/~
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knockout mice had decreased Firmicutes/Bacteroidetes ratio, irre-
spective of Aroclor1260 exposure (Fig. 3B). Additionally, abundance of
Actinobacteria and TM7 were robustly increased in PXR knockout mice,
while Aroclor1260-exposed, CAR knockouts had increased Actino-
bacteria levels compared to their unexposed, WT counterparts (Fig. 3A
& Supplemental Fig. 1). In contrast, Verrucomicrobia abundance was
highest in CAR knockouts, followed by PXR knockouts, while WT mice
had no detectable levels (Fig. 3A & Supplemental Fig. 1). In terms of
exposure, Aroclor1260 increased Bacteroidetes and decreased Firmi-
cutes in WT mice, while increasing Firmicutes in PXR knockouts (Fig. 3A
& Supplemental Fig. 1). In order to obtain further information on the
effects of the different groups on each taxa, LEfSe was performed and a
plot cladogram and LDA scores were generated (Fig. 3C & D). At the
class level, WT mice exhibited increased abundance for Clostridia and
Bacilli, PXR knockout mice increased Bacteroidia and Coriobacteriia and
CAR knockout mice increased Verrucomicrobiae, irrespective of expo-
sure. Aroclor1260 effects were observed at the family level, where
exposure increased abundance for Peptococcaceae in WT mice, Rumino-
coccaceae in CAR knockout mice and Clostridiaceae in PXR knockout
mice. Other prominent observations at the family level include
increased Lactobacillaceae in WT mice; increased Lachnospiraceae and
Coriobacteriaceae in PXR knockouts; and increased Verrucomicrobiaceae
in CAR knockouts.

3.3. Effects of Aroclor1260, CAR and PXR on bacterial abundance at the
genus level

At the genus level, 51 bacteria were identified and 16 were signifi-
cantly altered between different groups. Distinct differences in bacterial
abundance were observed between the WT and knockout groups; Aro-
clor1260 exposure also modified abundance of certain bacteria (Fig. 4 &
Supplemental Fig. 2). From the Lachnospiraceae family, Blautia, Dorea
and Roseburia were all increased in exposed, CAR knockout mice
(Fig. 4A-C). While PXR ablation also increased abundance of these
bacteria versus WT, Aroclor1260 however decreased both Dorea and

o
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Roseburia in PXR knockouts. In contrast, Aroclor1260 increased abun-
dance of Ruminococcus and Butyricimonas in WT mice, while the
knockout groups have no detectable Butyricimonas (Fig. 4D & E). Both
knockout groups also had decreased Lactobacillus while Bifidobacterium
was increased (Fig. 4F & G). Additionally, irrespective of exposure, CAR
knockouts had increased Akkermansia (Fig. 4H). Other notable obser-
vations include higher levels of Adlercruetzia, Collinsella, Odoribacter and
Anaerotruncus in PXR knockouts; increased Ruminococcus (Lachnospir-
aceae family) in both CAR and PXR knockouts; and increased Allobac-
ulum and Gemmiger only in exposed, CAR knockouts (Supplemental
Fig. 2). Furthermore, exposed, CAR knockout mice also had increased
Faecalibacterium abundance while it was decreased in exposed, PXR
knockouts (Supplemental Fig. 2). To summarize, the changes in bacterial
abundance for Ruminococcus (Ruminococcaceae family) and Butyr-
icimonas were dependent on Arcolor1260 exposure; Dorea, Roseburia
and Allobaculum were dependent on Arcolor1260 with CAR/PXR abla-
tion; Gemmiger and Akkermansia were dependent only with CAR abla-
tion; Odoribacter and Anaerotruncus were dependent only with PXR
ablation; while the rest were dependent with both CAR and PXR
ablation.

3.4. Effects of Aroclor1260, CAR and PXR on bacterial abundance at the
species level

At the species level, 25 bacteria were identified and 8 were signifi-
cantly different between groups. Mean abundance levels for the signif-
icantly different bacteria are illustrated in Fig. 5 and individual bar
graphs for each bacteria are provided in Supplemental Fig. 3. Similar to
bacterial abundance at the genus level, CAR or PXR ablation modified
abundance at this level compared to WT mice, while Aroclor1260 had
subtler effects (Fig. 5). CAR knockout mice exposed to Aroclor1260 had
higher abundance of B. adolescentis compared to their unexposed
counterparts; while B. Pseudolongum was higher in PXR knockout mice,
irrespective of exposure, and also in exposed, CAR knockouts. Both
knockout groups, with or without exposure, had higher abundance of

?5 Fig. 5. Effects of Aroclor1260, CAR and PXR on bacterial
O abundance at the species level. A heatmap depicting the
relative abundances of identified bacteria at the species level,
namely B. Adolescentis, B. Pseudolongum, R. Gnavus, R. Callidus,
F. Prausnitzii, C. Aerofaciens, A. Muciniphila and G. Formicilis for
the different groups. Values are presented as -log (mean rela-
tive abundance), thereby lower values are reflective of higher
relative abundance and vice versa. p < 0.05, a- A due to Aro-
clor1260 exposure within genotype, b, b*- A between WT and
Car”” without or with Aroclor1260 exposure, ¢, c*- A between
WT and Pxr”~ without or with Aroclor1260 exposure, d, d*- A
between Car and Pxr ablation without or with Aroclor1260
exposure.
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R. Gnavus, whereas only PXR knockouts had increased R. Callidus
abundance; however, Aroclor1260 exposure in PXR knockout mice
decreased R. Callidus. Exposed, CAR knockout and unexposed PXR
knockout mice both demonstrated higher abundance levels of
F. Prausnitzii and C. Aerofaciens. Interestingly, both CAR knockout
groups have increased abundance of A. Muciniphila, while only exposed,
CAR knockout mice had increased G. Formicilis. To summarize, the
changes in bacterial abundance for R. Callidus was dependent on Aroclor
1260 with PXR ablation; A. Muciniphila and G. Formicilis only with CAR
ablation, while the rest were dependent with both CAR and PXR
ablation.

Toxicology Reports 8 (2021) 536-547

3.5. Aroclor1260 altered ileal gene expression in WT and CAR knockout
mice

To gain a better understanding on how Aroclor1260 impacted gut
function in WT and knockout mice, and how gut properties correlated
with the altered microbiome, ileal markers of gut permeability and
function were assessed. The ileum was chosen for the present study
because it is considered to be the most immunologically active part of
the gut and for its responsiveness to changes in barrier function [24].
Ileal mRNA levels of tight junction protein 1 (Tjp1), the gene encoding
zonula occludens-1, a scaffolding protein linking tight junction trans-
membrane proteins including claudins and occludin to the actin cyto-
skeleton, was measured. Compared to exposed, WT mice, both knockout
mice exposed to Aroclor1260 had lower ileal TjpI mRNA levels with the
lowest seen in exposed, CAR knockouts (Fig. 6A). In fact, Aroclor1260
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Fig. 6. Aroclor1260 and CAR/PXR ablation altered ileal gene expression. Ileal mRNA levels for genes encoding proteins involved in maintenance of barrier
integrity and intestinal inflammation/function including (A) Tjp1, (B) Ocln, (C) Cldn1, (D) Cldn3, (E) Muc2, (F) Reg3g, (G) Tff3 and (H) Fgf15 were measured using RT-
PCR. Values are mean + SEM, p < 0.05, a- A due to Aroclor1260 exposure within genotype, b, b*- A between WT and Car”” without or with Aroclor1260 exposure, c,
c*- A between WT and Pxr”~ without or with Aroclor1260 exposure, d, d*- A between Car and Pxr ablation without or with Aroclor1260 exposure.
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also decreased gene expression of the tight junction protein Occludin
(Ocln) and adhesion molecule VE-cadherin (Cdh5) in CAR knockouts
(Fig. 6B and Supplemental Fig. 4). With regards to claudins, there were
no changes in claudin 2 (Cldn2) gene expression (Supplemental Fig. 4),
while Aroclor1260 increased ileal expression of Cldnl in WT mice and
decreased Cldn3 in CAR knockouts (Fig. 6C & D). Exposed, CAR
knockout mice also showed decreased gene expression for the mucus gel
forming protein, mucin2 (Muc2) while there were no changes for Mucl
(Fig. 6E and Supplemental Fig. 4). Additionally, gene expression of in-
testinal antimicrobial and healthy mucosal markers including regener-
ating islet-derived protein 3-gamma (Reg3g), cathelicidin anti-microbial
peptide (Camp) and trefoil factor 3 (Tff3) were assessed. Surprisingly,
Aroclor1260 increased Reg3g mRNA levels in WT mice (Fig. 6F) while
exposed, PXR knockouts had increased mRNA levels for Camp and Tff3
(Fig. 6G and Supplemental Fig. 4). Lastly, Aroclor1260 decreased gene
expression levels of fibroblast growth factor 15 (Fgf15), implicated in
maintenance of bile acid homeostasis and liver repair [25] in CAR
knockout mice while exposed, PXR knockout mice had increased Fgf15
mRNA levels (Fig. 6H).

3.6. Correlation between changes in bacterial abundance and
inflammation/energy metabolism

In our previous study, toxicity endpoints pertinent to NAFLD and
TASH were evaluated including hepatic inflammation and disrupted
energy homeostasis such as altered hepatic gene expression, glucose
metabolism and overall energy expenditure [13]. To better understand
how microbiome remodeling correlated with these metabolic pheno-
typic observations, a Spearman Correlation analysis was performed on
bacterial abundance (phyla level) and selected phenotypic endpoints
(Fig. 7). With regards to hepatic inflammation, increased abundance of
Verrucomicrobia and Cyanobacteria were significantly correlated with
increased hepatic tumor necrosis factor (Tnfa) expression while Acti-
nobacteria and Bacteroidetes were positively correlated with hepatic
interleukin IL-6 expression. Deferribacteres was negatively correlated
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with hepatic Tnfa expression. In terms of gene expression related to lipid
and glucose metabolism genes, Bacteroidetes and Actinobacteria
showed strong positive correlations with gene expression of Fasn (fatty
acid synthase, fatty acid synthesis) and Pckl (phosphoenolpyruvate
carboxykinase, gluconeogenesis) while TM7 was positively correlated
with hepatic Fasn and showed a trend (p = 0.058) for positive correla-
tions with hepatic expression of IL-6, Pckl and Ppara (perox-
isome-proliferator activated receptor alpha, fatty acid oxidation). In
contrast, Bacteroidetes showed a negative correlation with homeostasis
model assessment for insulin resistance (HOMA-IR). There were no
significant correlations for gene expression of Cd36 (lipid uptake) nor
for pancreatic beta cell function (HOMA-B), respiratory exchange rate
(RER) and movement.

4. Discussion

PCBs’ mechanisms of toxicity in liver disease have been investigated
extensively [10]. While major contributors to these mechanistic path-
ways included activation of hepatic receptors such as the AhR, CAR and
PXR; there are also more novel mechanisms recently reported including
epigenetic modifications, phospho-signaling disruption and microbiome
alterations [10,11]. Our previous study illustrated that the commercial
PCB mixture, Aroclor1260, exacerbated NAFLD endpoints, particularly
in the presence of diet-induced obesity, in part through CAR and PXR
activation, since the mixture was composed mainly of non-coplanar
congeners [8]. While it has been proposed that PCBs act as a “second
hit” that worsen the transition of diet-induced steatosis to steatohepa-
titis; more recently, extensive investigations on PCB-induced alterations
on the hepatic proteome suggested that PCBs can also act as a “first hit”
by compromising normal liver function and rendering it susceptible to
hepatic insults caused by HFD feeding [11,12]. Nonetheless, the net
effects included a myriad of inflammatory and metabolic complications
pertaining to NAFLD/TASH and driven by multiple mechanistic path-
ways including CAR and PXR activation. To understand the role of CAR
and PXR in PCB-associated NAFLD and TASH observed in diet-induced
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Fig. 7. Correlation between inflammatory/metabolic endpoints and bacterial abundance at the phyla level. Spearman Correlation analysis was performed on
bacterial abundance at the phyla level and selected phenotypic endpoints for inflammation (hepatic Tnfa and IL-6 mRNA levels), lipid and glucose metabolism
(hepatic Ppara, CD36, Fasn and Pckl mRNA levels), insulin resistance (HOMA-IR and HOMA-B) and energy expenditure (RER and movement). * p < 0.05.
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obese mice, a thorough study was carried out to identify key changes
caused by Aroclor1260 exposure in CAR and PXR knockout mice [13].
Interestingly, key findings from the study revealed that while CAR and
PXR activation play pivotal roles in driving PCB-mediated perturbations
in inflammation, energy metabolism, endocrine disruption and
behavior, primarily though receptor cross-talk; absence of these re-
ceptors did not necessarily protect mice from NAFLD/TASH caused by
co-exposure to PCBs and HFD feeding [13]. In fact, CAR and PXR
ablation resulted in higher basal inflammation and deranged lipid
metabolism, while PCB-exposed CAR and PXR knockout mice exhibited
dissociations between obesity, steatosis, insulin resistance and inflam-
mation, thereby implicating complexities of PCB-nuclear receptor in-
teractions and existence of other “off-targets” that potentially impact
overall effects. Based on reported findings [17-19], we postulated that
one of these “off-targets” effects that could provide insight into path-
ways pertinent to PCB-nuclear receptor interactions in NAFLD/TASH
are effects on gut microbiota and the accompanying gut-liver axis.

CAR and PXR play significant roles in endobiotic metabolic processes
such as lipid and bile acid metabolism, albeit being fundamentally
known as drug and xenobiotic receptors and are considered potential
therapeutic targets for NAFLD and non-alcoholic steatohepatitis (NASH)
[14,26]. Presumably, CAR is an anti-obesity nuclear receptor due to its
ability to improve insulin resistance and alleviate hepatic steatosis in
rodents [27,28]. In contrast, PXR is thought to be an obesity-promoting
receptor due to the obesogenic effects resulting from PXR activation in
rodents, although there are conflicting reports [29-31]. Notably, studies
such as ours have unveiled that the consequential effects brought upon
by activation of these ligand-activated transcription factors are far more
complex and involved receptor-receptor interactions, epigenetic modi-
fications and alterations in transcriptional machinery. Newer studies
concomitant to CAR and PXR function with respect to the general
microbiome and their impact on the gut-liver axis have also illustrated
the significance of these receptors in normal gut function including in-
testinal repair from inflammatory bowel diseases (IBD) [32-34]. The
interconnectedness of PXR’s anti-inflammatory action and the gut
microbiome is exemplified by additional studies, demonstrating PXR
activation counteracting Toll-like receptor 4 and nuclear factor-kappa B
(NF-kB) pathways to mitigate intestinal inflammation and bacterial
translocation through the “leaky gut” [35-38]. Conversely, the
commensal microbiota has also been shown to influence CAR and PXR
expression and activity and consequently impact host xenobiotic and
endobiotic metabolism [39]. Based on these studies, it can be postulated
that perhaps the absence of beneficial CAR and PXR in the knockout
mice, in part, resulted in higher basal inflammation in our previously
reported study [13].

Indeed, the findings from the current study, using our previously
reported diet-induced obesity model, reiterated the critical role of these
nuclear receptors in regulating the microbiome and vice versa. In addi-
tion, this is the first study to explore the contribution of Aroclor1260 in
altering gut microbiome in the presence of HFD. The results clearly
indicated that CAR and/or PXR ablation, regardless of exposure status,
increased bacterial alpha diversity which is a sign of microbiome well-
ness and health. In contrast, Aroclor1260 did not affect alpha diversity
significantly. While CAR and PXR ablation drastically changed the
bacterial composition (beta diversity) from WT mice, Aroclor1260
exposure also altered bacterial composition, consistent with reported
findings that both dioxin-like and non-dioxin-like PCBs can impact mi-
crobial diversity [10]. However, this effect was observed only in WT and
CAR knockout mice but not in PXR knockouts. A plausible explanation
for this could be that HFD feeding and PXR ablation may have already
altered the microbiome significantly that the Aroclor1260 effects
appeared somewhat diminished. In the current study, Firmicutes were
the most predominant bacterial phyla observed in the mouse gut
microbiota, concordant with other findings [18]. The Firmicu-
tes/Bacteroidetes ratio, which is considered as an obesity indicator and
positively correlated with body mass index in humans over time [40,41],
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was calculated. Knocking out CAR or PXR resulted in decreased Firmi-
cutes/Bacteroidetes ratio, which is somewhat surprising given that there
were no changes in body weight gain between groups [13]. However, an
inverse relationship has also been reported for the Firmicutes/Bacter-
oidetes ratio and NASH, with NASH patients exhibiting decreased Fir-
micutes and higher Bacteroidetes abundance [16,42,43]. This is
potentially applicable to our current study given that both knockout
groups manifested basal hepatic inflammation and NASH endpoints.
Notably, our findings showed that Aroclor1260 increased Bacteroidetes
abundance in WT mice and these diet-induced obese mice have been
shown to exhibit NASH features [8,13]. Actinobacteria abundance was
higher in CAR and PXR knockouts which reflected their role in regu-
lating this particular phylum, given that pharmacological activation of
PXR and CAR led to decreased abundance of the bile acid metabolizing
Actinobacteria class in conventional mice, resulting in decreased sec-
ondary bile acids in the liver [15]. Additionally, correlation findings
between microbiome remodeling and mouse phenotype revealed that
both Bacteroidetes and Actinobacteria were positively correlated with
hepatic inflammation and dysregulated energy metabolism in the cur-
rent study. This is somewhat intriguing and reinforces the contradictory
reports on the role of Bacteroidetes in NAFLD and NASH [44], while it is
also important to note that CAR and PXR ablation may also influence
these correlations.

PXR and CAR ablation had a massive impact on bacterial abundance
across different genera and species and also influenced Aroclor1260
effects on these taxa. Aroclor1260 increased Ruminococcus abundance in
WT mice which is intriguing, given that elevated Ruminococcus abun-
dance was reported in NASH patients and associated with increased liver
fibrosis [45]. This positively corresponded with our recent proteomics
findings that Aroclor1260 exposure increased pro-fibrotic proteins in
the liver, thereby making it susceptible to fibrosis development [12].
Interestingly, CAR and PXR knockouts had higher levels of R. Gnavus, a
known pro-inflammatory microbe often associated with inflammatory
diseases including Crohn’s disease [46], and lower abundance of the
short-chain fatty acid producers, Lactobacillus, which is beneficial in IBD
and previously shown to increase with CAR activation [47], further
corroborating the protective role of these nuclear receptors. The
butyrate-producing Butyricimonas was increased by Aroclor1260 which
was somewhat counterintuitive since butyrate aids in the maintenance
of a healthy gut and reduces inflammation; however, it was almost un-
detected in the knockout groups. Additionally, CAR and PXR knockouts
also had higher abundance of the bile acid metabolizing Bifidobacterium,
implicating changes in bile acid metabolism in these groups. The
Aroclor1260-exposed, CAR knockouts and unexposed, PXR knockouts
also had higher levels of identified genera of the Lachnospiraceae family
including Blautia and Dorea which have reportedly been identified as
microbiota signatures of NAFLD and NASH progression [48,49]. Inter-
estingly, assessment of ileal gene expression suggested that Aroclor1260
decreased tight junction markers and Fgf15 expression in CAR knock-
outs, in spite of this group having higher abundance levels of microbes
beneficial in intestinal integrity and liver injury including B. adolescentis
and A. muciniphila [50,51]. A plausible explanation for this could be that
the impact on ileal gene expression preceded gut-microbiome alter-
ations and perhaps prolonging the duration of exposure will result in
microbiome effects that are fairly consistent with the observed intestinal
findings.

Although the current study brings to light the importance of the gut
microbiome when assessing Aroclor1260 toxicity and the role of CAR
and PXR in influencing PCB-mediated toxicity on the gut-liver axis, it is
not without limitations. While PCB-driven effects on bile acid meta-
bolism through CAR and PXR activation have been implicated [17],
changes on hepatic and circulating levels of bile acids were not
accounted for in the present study. Moreover, the study utilized only
male mice and sexually dimorphic effects on the liver have been re-
ported with PCB exposures [52]. Importantly, the study did not use
littermate controls, or mice that were heterozygous for the null alleles
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but from the same breeding, and this may have attributed to the stark
changes in microbiome composition between WT and knockout groups.
In addition, the animal experiment was performed only once and similar
studies are needed to replicate such findings. Finally, a more thorough
evaluation on PCB-mediated intestinal effects including ileal pathology
and assessment of intestinal CAR and PXR gene battery are needed.
Therefore, future studies will include investigating alterations in bile
acid homeostasis in relation to changes in gut microbiome, evaluating
the role of sexual dimorphism in influencing the observed gut-liver axis
perturbations, utilizing humanized CAR and PXR mouse models and
multi-pollutant exposures to further understand the importance of these
receptors in NAFLD/NASH caused by environmental chemical exposures
in humans. Such studies will help address some of the real-life effects
observed with toxicant exposures [53]. In addition, future studies are
also aimed to identify and investigate bacterial metabolites that may
target CAR and PXR and modulate their functions.

Altogether, the data from the current study suggested that CAR and
PXR ablation played a critical role in modifying microbial composition
in the presence of HFD, while concurrently dictating Aroclor1260 effects
on both gut microbial composition and intestinal integrity. Even though
knocking out these nuclear receptors promoted microbial diversity and
richness; this however did not protect the animals from developing
NASH caused by co-exposures to PCBs and HFD. Additionally, abun-
dance of microbes reportedly associated with decreased intestinal
inflammation and injury and known to be beneficial in IBD were altered
in CAR and PXR knockout mice, providing further evidence that these
receptors play a therapeutic role in inflammatory diseases. Furthermore,
it can be argued that because Aroclor1260 activated CAR and PXR, the
microbiota profiles observed in the current study with Aroclor1260
exposure would be similar to those triggered by pharmacological CAR
and PXR agonists. The results also provided a strong argument that these
nuclear receptors, particularly CAR, may potentially play a protective
role in Aroclor1260-induced toxicity pertaining to the gut-liver axis and
that PCB-mediated CAR activation by itself may not necessarily be a
mechanism of PCB-induced hepatotoxicity as previously proposed.
Moreover, this study was performed in diet-induced obese mice and it is
well-known that high fat consumption can impact the gut microflora
significantly [54], thus this needs to be accounted for when interpreting
the observed results. In conclusion, the study demonstrated the signifi-
cance of the gut-liver axis as a potential target for toxicant-induced liver
injury and TASH as seen by Aroclor1260 effects in WT mice, and un-
derscores the role of xenobiotic hepatic receptors such as CAR and PXR
in influencing the degree of toxicity as observed by distinct changes in
gut microbiome in the knockout mice.
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