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Abstract

Exposure to some environmental pollutants increases the risk of developing inflammatory
disorders such as steatosis and cardiometabolic diseases. Diets high in fermentable fibers such as
inulin can modulate the gut microbiota and lessen the severity of pro-inflammatory diseases,
especially in individuals with elevated circulating cholesterol. Thus, we aimed to test the
hypothesis that hyperlipidemic mice fed a diet enriched with 8% inulin would be protected from
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the pro-inflammatory toxic effects of PCB 126. Four groups of male Za///~ mice were fed a high
cholesterol diet containing 8% inulin or 8% cellulose (control) for 12 weeks. At weeks 2 and 4,
mice were exposed to PCB 126 or vehicle (control). PCB 126 exposure induced wasting and
impaired glucose tolerance, which were attenuated by inulin consumption. PCB 126 exposure
induced hepatic lipid accumulation and increased inflammatory gene expression, which were both
decreased by inulin consumption. In addition, inulin feeding decreased atherosclerotic lesion
development in the aortic root and modulated the expression of enzymes related to glycolysis.
Finally, 16S rRNA sequencing of gut microbial populations showed that PCB 126 modulated
multiple microbiota genera (e.g., 3-fold decrease in Allobaculum and 3-fold increase in
Coprococcus) which were normalized in inulin fed mice. Overall our data support the hypothesis
that a dietary intervention that targets the gut microbiota may be an effective means of attenuating
dioxin-like pollutant-mediated diseases.

Main finding: Dietary inulin protected against PCB 126 induced inflammation, atherosclerosis,
and dysbiosis.
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Introduction

Exposure to dioxin-like pollutants poses numerous health risks including increased risk of
cardiometabolic diseases such as diabetes, steatosis and atherosclerosis (Carpenter, 2006;
World Health Organization, 2016). Due to the lipophilic nature of dioxin-like pollutants,
humans are primarily exposed through consumption of contaminated fatty foods such as
fish, beef, and dairy products (Carpenter, 2006; Perkins et al., 2016). Importantly, this route
of exposure allows for the possibility of the gastrointestinal tract and associated gut
microbiota to come into contact with high levels of dioxin-like pollutants and therefore
makes it a critical target organ to study. The gut and gut microbiota play an important role in
overall host health and disruptions of these systems have been implicated in the development
of several diseases including cardiometabolic and hepatic diseases (Barko et al., 2018). Our
laboratory has previously demonstrated that exposure to the dioxin-like pollutant PCB 126
increases intestinal inflammation, disrupts gut microbiota, and alters host metabolism, and
can accelerate development of cardiometabolic diseases (Petriello, 2018; Petriello et al.,
2018). Because of these findings demonstrating the toxicity of PCBs on the gut microbiota
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and gut health, utilization of dietary interventions to attenuate or mitigate these negative
effects may be a simple and readily feasible means of reducing disease risks associated with
dioxin-like pollutant exposure.

Prebiotics are “a selectively fermented ingredient that allows specific changes both in the
consumption and/or activity in the gastrointestinal microbiota that confers benefits upon host
well-being and health” (Robles Alonso and Guarner, 2013). The most widely understood
and accepted prebiotics include certain types of dietary fiber (Clemens et al., 2012).
However, not all fibers are prebiotic. Fibers that have been documented to have functional
prebiatic properties include fructooligosaccharides, galactooligosaccharides, some
disaccharides, some nonstarch polysaccharides, and inulin (Florowska et al., 2016).
Conversely, insoluble fibers such as cellulose, are minimally fermented by the gut
microbiota and thus exhibit little prebiotic activity. The prebiotic nature of fibers come, in
part, from the structural bonds and the ability of the gut microbiota to enzymatically
metabolize these bonds (Flint et al., 2012). The human gastrointestinal tract is colonized by
little to no cellulolytic bacteria, therefore cellulose passes through the gastrointestinal tract
minimally fermented (Flint et al., 2012). In contrast, many bacteria inhabiting the human
gastrointestinal tract have been observed to possess enzymes capable of breaking the
structural linkages found in fructans (Flint et al., 2012). The prebiotic inulin is a fructan that
contains linear chains of fructosyl groups linked by p(2-1) glycosydic bonds, terminated
with an a-D(1-2)-glucopyranoside ring group on the reducing end (Mensink et al., 2015).
Inulin is a potent prebiotic that has been demonstrated clinically to promote gut microbiota
that have been associated with good health, including Bifidobacterium spp, and
Lactobacillus spp (Vandeputte et al., 2017). Aside from modulation of the gut microbiota,
consumption of inulin can reduce adiposity and improve glucose sensitivity (Dewulf et al.,
2011; Salazar et al., 2015). Furthermore, inulin administration has recently been shown to
protect against hepatic steatosis through multiple mechanisms (Chambers et al., 2018;
Sugatani et al., 2012; Sugatani et al., 2006). Importantly, a meta-analysis found that the most
notable effect of consumption of inulin-type fructans was on lowering of low density
lipoprotein (LDL) levels, an effect well-evidenced to lower the risk of adverse
cardiovascular events. Thus, the objective of this study was to elucidate the role of prebiotic
nutritional intervention (i.e. inulin) on attenuating PCB-induced disruption of hepatic,
cardiometabolic, and gut microbiota health.

Materials and Methods

Animals, diets, and study design

Seven-week-old male La/r-/- mice were purchased from Jackson Laboratories and
maintained on a 12-h light/ 12-h dark cycle at a temperature of 22°C with 50% humidity. All
mice received food and water ad /ibitum and measures of food intake and body weight were
recorded weekly. The base diet for this study has been previously shown to cause
hyperlipidemia in Ld/rdeficient mice and the dosing schedule and concentration has
previously been shown to produce circulating parts per billion levels of PCB 126 (Petriello
et al., 2018). Following one week of acclimation, mice were randomly divided into 4 groups
(n=10). Mice were fed either a control high cholesterol diet containing 8% cellulose as the
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fiber source (2 groups; n=10 each) or a prebiotic containing high cholesterol diet with 8% of
inulin as the fiber source (2 groups; n=10 each). Inulin and cellulose were incorporated
directly into the formulation of the purified diets (Research Diets Inc., New Brunswick, NJ).
The level of fiber in this study was chosen to represent a “high” fiber intake based on human
dietary recommendations. The recommended intake of fiber is 14g per 1000 calories
(Agriculture, 2015). The established level of fiber in purified rodent diets is 5%, equating to
129 per 1000 calories. The 8% level of fiber equates to 21g per 1000 calories, which can be
classified as a “high” fiber diet. Detailed diet compositions can be found in Supplemental
Table 1. At weeks 2 and 4, mice received either 1 pmol/kg of PCB 126 (AccuStandard, CT,
USA) or safflower oil vehicle (Dyets, Bethlehem, PA, USA) via oral gavage. This dosing
schedule has been previously used by our lab and produces plasma levels of PCB 126 that
mimic human exposure levels to dioxin-like pollutants (Petriello, 2018; Petriello et al., 2018)
At the end of the study mice were fasted for 16 h, anesthetized and blood was collected via
retro-orbital bleed. Liver and cecum samples were collected, snap frozen in liquid nitrogen,
and stored at —80°C until analysis. All experimental procedures were approved by the
Institutional Animal Care and Use Committee of University of Kentucky.

Glucose tolerance testing and body composition analysis

Intraperitoneal GTTs were conducted on weeks 5 and 8 based on our previous study which
revealed PCB-induced trends towards glucose intolerance at week 5 and loss of these trends
by week 12 (Petriello, 2018). The inclusion of an earlier timepoint (week 8) was done in an
attempt to better capture any trends that were missing from our first study. Mice were fasted
for 6 h and given an IP injection of glucose (i.e. 20% solution at 2 mg/g BW, sterile saline).
Blood from the tail vein was collected at baseline, 15, 30, 60, 90, and 120 minutes post
injection and blood glucose levels were quantified using a hand-held glucometer (Accu-
check Avivia, Roche, Basel, Switzerland). Lean body mass and fat mass were analyzed at
week 10 using EchoMRI (EchoMRI LLC, Houston, TX, USA).

DNA Extraction and 16S rRNA Sequencing

DNA extraction and 16S rRNA gene sequencing (V4-V5 region) were conducted by the
Environmental Sample Preparation and Sequencing Facility (ESPSF) at Argonne National
Laboratory as previously discussed in detail (Petriello, 2018), and following procedures
described by Caporaso et. al (Caporaso et al., 2012). Analysis was conducted using the
program Quantitative Insights into Microbial Ecology (QIIME version 1.9) by Argonne
National Laboratories. Specifically, reads were joined using the “join_paired_ends.py”
command followed by “split_libraries_fastq.py” to demultiplex using the default parameter
of 1.5 mismatches. De novo operational taxonomic units (OTUs) were then picked using the
command “pick_de_novo_otus.py” and any observations present less than twice were
filtered from the OTU table prior to statistical analysis. The sequencing data were deposited
in the ArrayExpress database.

Hepatic histology

Sections of liver were fixed in 10% neutral buffered formalin and subsequently embedded in
paraffin for histological examinations. Hepatic tissues sections were stained with
hematoxylin-eosin (H&E) and examined by a pathologist usinglight microscopy and visually
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scored for macrovesicular or microvesicular fat. Photomicrographic images were captured at
20x magnification using a Nikon Eclipse (Melville, NY) 55iUpright microscope attached to
a 12MP color camera.

RNA Extraction and gPCR

Liver samples were homogenized in TRIzol (Invitrogen, Carlsbad, CA) and mRNA was
extracted according to manufacturer’s instructions. Quality and concentrations were
quantitated using a NanoDrop 2000 spectrophotometer (Thermo Scientific, Waltham, MA)
as conducted in previous studies (Petriello, 2018; Petriello et al., 2018; Wahlang et al.,
2017a). Complimentary DNA was generated utilizing qScript cDNA SuperMix with
genomic DNA wipeout (Quantabio, Beverly, MA). Gene expression was determined via
gPCR utilizing Tagman fast reagents (Thermo Scientific, Waltham, MA) in a CFX96 Real-
Time PCR system (Bio-Rad, Hercules, CA). The Tagman primers used were 77fa
(MmO00443258_m1), Lbp (Mm00493139_m1l), 7/r4 (MmO00445273_m1), Mrp2
(MmO00445273_m1), Pklr (Mm00443090_m1), Gck (MmO00439129 _m1l), Pckl
(Mm00439129 _m1), G6pc (MmM00839363_m1) Z8Swas used as the housekeeping gene
after determination that expression values varied fairly tightly in line with Actb measures
and based on previous validated use in a similar animal model (Petriello et al., 2016). The
AACt relative quantification method was used to calculate fold differences in gene
expression.

Quantitation of atherosclerotic lesions

To quantify extent of atherosclerosis, aortic roots were frozen in OCT, sectioned at 10 um
per section, and stained with oil red O as before (Petriello et al., 2018). Briefly, serial
sections were collected as close as possible to the observance of the three valves and
sections were placed on microscope slides (Probe-on Plus; Fisher Scientific, Pittsburgh, PA)
until the aortic valves disappeared. Frozen sections were stained with oil red O and images
were taken using a Nikon Eclipse 55iUpright microscope attached to a 12 MP color camera.
Subsequent images were quantified for lesion area by Image-Pro Software Plus 4.5.

PCB quantification in liver and plasma

PCB 126 was extracted and analyzed by GC-MS/MS. Briefly, samples were homogenized,
extracted in 1:1 volume of deionized water and acetonitrile (1% acetic acid) and transferred
to an Agilent Bond Elut QUEChERS fatty sample dispersive 2 ml SPE column. PCB 126
was analyzed using an Agilent GC-triple quadrupole MS (GC-MS/MS) 7000C system
equipped with a multimode inlet and a HP-5MS Ul column (30m, 0.25mm, 0.25um) in
multiple reaction monitoring (MRM) mode. lon transitions monitored were 325.9/255.9 for
PCB 126 and 337.9/267.9 for 13C12-PCB 126 internal standard. Relative quantitation was
done by comparing peak area of the sample to peak area of an internal standard sample of
known concentration.
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Albumin protein quantification in plasma

Mouse albumin levels were determined by ELISA using a commercially available kit as per
the company’s instructions (Abcam, ab108791). Samples were normalized for protein
concentration using the BCA Assay.

Statistical analyses

Results

Data were analyzed using GraphPad PRISM or SigmaPlot 14 and are presented as mean +
SEM. Comparisons between groups were made by two-way ANOVA with post-hoc
comparisons of the means. Statistical significance was set at a determined p value of p<0.05.

Inulin consumption and PCB exposure exert differential effects on body composition

Overall, inulin fed mice of both groups gained less body weight from the beginning of the
study and cellulose fed mice exposed to PCBs gained significantly greater weight than PCB-
exposed mice fed inulin (5.92 g vs 4.07 g; p=0.010). (Suppl. Figure 1A). EchoMRI
measurements of body composition revealed that PCB exposure resulted in wasting as
determined by reductions in percent body fat in cellulose fed mice, but this was not observed
in inulin fed mice (Suppl. Figure 1B). Importantly, there were no differences in food intake
between all the groups (Suppl. Figure 1C).

Inulin reduces PCB-induced hepatic steatosis

When examining liver composition, we observed that PCB 126 exposure significantly
increased liver weight in cellulose fed mice, which was attenuated with inulin consumption
(Figure 1A). Overall, inulin-fed mice exhibited lower liver weights compared to cellulose
fed mice and a significant overall effect of PCB exposure on increasing liver weights was
apparent. \ehicle exposed mice within the control cellulose diet exhibited apparent
macrovesicular fat accumulation due to the high cholesterol diet and this fatty infiltration
was drastically abolished due to inulin feeding. As observed previously, PCB 126 exposure
resulted in microvesicular fatty change, which was also less abundant in inulin fed mice as
determined by a clinical pathologist (Figure 1B).

Inulin attenuates PCB-induced hepatic inflammation and alters markers of xenobiotic

metabolism

PCB 126 exposure drastically increased (~10 fold) hepatic expression of tumor necrosis
factor alpha ( 7nfa) which was completely attenuated by inulin consumption (Figure 1C).
Furthermore, PCB 126 increased expression of an additional marker of inflammation,
Lipopolysaccharide binding protein (L4p) in cellulose but not inulin-fed mice. Additionally,
Inulin fed mice irrespective of treatment exhibited reduced levels of pro-inflammatory toll
like receptor 4 (7/r4). Furthermore, exposed inulin fed mice exhibited lower levels of
multidrug resistance protein (Mrp2) compared to exposed cellulose-fed mice (Figure 1C).
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Inulin protects against PCB 126 disruption of glucose tolerance.

To assess the effects of pollutant exposure and inulin consumption on glucose tolerance, an
intraperitoneal glucose tolerance test (IPGTT) was conducted at weeks 5 and weeks 8. At
week 5, PCB 126-exposure increased fasting blood glucose levels (~1.16 fold in cellulose
fed mice and such an increase was not observed in inulin-fed mice (Figure 2A). Overall,
mice fed inulin displayed increased glucose sensitivity (p<0.0001). Furthermore, cellulose
fed mice exposed to PCBs displayed significantly decrease glucose sensitivity (i.e., a greater
area under the curve (AUC)) compared to PCB exposed mice fed inulin. At week 8 (6 weeks
after the first PCB 126 dose), no significant differences in fasting blood glucose were
observed, but the effects of PCB exposure and inulin feeding on AUC observed at week 5
remained similar (Figure 2B). No differences in circulating insulin, GLP-1, or c-peptide
levels at the end of the study were observed (data not shown).

Inulin and PCBs differentially alter hepatic markers of glucose metabolism.

To elucidate the effects of PCB exposure and inulin consumption on glucose metabolism,
hepatic expression of key glycolytic and/or gluconeogenic enzymes was examined (Figure
3). PCB exposure significantly reduced expression of pyruvate kinase (Pk/r) in cellulose fed
mice, while the reduction in exposed inulin fed mice was not significant. Additionally, an
overall reductive effect of PCB exposure on glucokinase (Gck) and phosphoenolpyruvate
carboxykinase (PckI) expression was observed, regardless of diet. However, an overall
effect of inulin consumption on increasing PckZ expression was observed. Furthermore,
glucose 6-phosphatase (G6pc) expression was significantly increased in inulin fed mice,
regardless of exposure.

Inulin feeding decreases atherosclerotic lesion formation

We quantified atherosclerotic lesion areas within the aortic roots using Oil Red-O staining
and determined that overall, inulin fed mice displayed significantly decreased lesion
formation compared with cellulose fed mice (p=0.012) (Figure 4A). Also, it was determined
that PCB treated mice fed inulin displayed significantly decreased lesion formation than
PCB treated mice fed the control cellulose diet (Mean Cellulose+PCB; 1.75x10° + 6.93x104
um2, Mean Inulin+PCB; 1.19 x10° + 4.68x104 um2, p<0.05; Figure 4B—C). An overall
effect of PCB exposure was not observed.

Inulin feeding does not modulate circulating levels of PCB 126

In an attempt to possibly explain the observed protection due to inulin throughout this study,
we hypothesized that fiber intake may decrease circulating levels of the lipophilic PCB 126.
Therefore, using GC-MS/MS we quantitated PCB 126 in plasma and livers at the conclusion
of the study. It was determined that 8% inulin feeding had no impact on circulating PCB 126
concentrations (Mean Cellulose+PCB; 3.98 pg/uL; Mean Inulin+ PCB; 4.13 pg/uL, p=0.90)
(Figure 5A). Unexpectedly however, Inulin consumption increased hepatic levels of PCB
126 (Mean Cellulose+PCB; 2020.09 pg/mg tissue + 338.47 pg/mg tissue; Mean Inulin
+PCB; 3008.99 pg/mg tissue + 870.26 pg/mg tissue, p=0.045) (Figure 5A). In an attempt to
explain the increased PCB 126 levels within the liver we quantified albumin levels by
ELISA,; albumin is known to bind persistent organic pollutants such as PCBs. We
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determined that overall, inulin significantly increases hepatic albumin levels (Figure 5B).
Post-hoc analysis determined that mice fed inulin and exposed to PCB 126 exhibited ~2-fold
increase in albumin protein compared with exposed mice fed cellulose as the fiber source.
Finally, we correlated hepatic PCB 126 concentrations with hepatic albumin and observed a
nearly significant modest association (r2= 0.37; p=0.062) (Figure 5C).

Inulin and PCB 126 exert differential effects on gut microbial populations

Upon examination of gut microbial populations via 16S rRNA sequencing, we observed
several significant main effects and interactions between pollutant exposure and inulin
consumption. At the phylum level, mice fed inulin had lower levels of Verrucomicrobia than
cellulose fed mice, irrespective of exposure (1.53 fold-difference, p<0.0001) (Table 1).
Furthermore, a significant increase (40.5-fold difference, p<0.0001) in Actinobacteria was
observed due to inulin feeding. Additionally, a significant increase in Bacteroidetes was
apparent in vehicle treated inulin fed mice compared to vehicle treated cellulose fed mice
(2.73-fold difference, p<0.0001). There were no significant effects of pollutant exposure on
the Firmicutes to Bacteroidetes ratio, however a significant diet effect was observed in which
inulin fed mice had a lower ratio than cellulose fed mice (Suppl. Figure 2A). Alpha diversity,
as calculated using the Shannon Diversity Index, revealed a significant exposure effect with
PCB exposed mice having a reduced diversity compared to non-exposed mice, but this was
not altered by inulin feeding (Suppl. Figure 2B).

At the genera level, a significant increase in Coprococcus in cellulose fed mice exposed to
PCB 126 was found (3.06-fold difference, p=0.0088), which was attenuated by inulin
feeding (Table 1). PCB exposed mice fed the cellulose diet also exhibited a trend towards
reductions in Allobaculum which was significantly increased by inulin feeding.
Furthermore, inulin exposure significantly increased the abundance of Bifidobacterium (56-
fold difference, p<0.0001) and Lactobacillus (16.9-fold difference, p<0.0001) and reduced
the abundance of Ruminococcus (1.79-fold difference; p<0.0001). Inulin fed mice also
exhibited lower levels of Akkermansia, irrespective of pollutant exposure (1.53-fold
difference, p<0.0001).

Discussion

Exposure to environmental pollutants, specifically dioxin-like pollutants, poses numerous
health threats to those exposed, including metabolic disruptions, hepatic lipid accumulation,
and gut dysbiosis. A common route of exposure to dioxin-like pollutants is through
contaminated foods and thus the gastrointestinal system is exposed to the highest amounts of
these pollutants. Utilizing a mouse model of cardiometabolic disease, our lab has previously
demonstrated that exposure to PCB 126 induces gut dysbiosis, increases systemic and
intestinal inflammation, accelerates atherosclerosis, and also induces metabolic dysfunction
(Petriello, 2018; Petriello et al., 2018). It is well understood that nutritional modulation of
pollutant toxicity is an effective means of reducing detrimental health effects of pollutant
exposure (Hennig et al., 2012). Therefore, in this study we sought to examine the role of
prebiotic nutritional intervention (i.e., a diet enriched with the fermentable fiber inulin) on
attenuating our previous observations of PCB-induced disruption of gut microbiota and
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cardiometabolic health. Our data demonstrate that inulin feeding can attenuate PCB-induced
disruption of gut microbiota, host metabolism, hepatic steatosis, and inflammation.

The gastrointestinal tract is a key organ that is tightly linked to various organ systems
including the liver, cardiovascular system, and sympathetic nervous system (Baskin et al.,
2014; Moos et al., 2016; Tripathi et al., 2018). The gut microbiota, defined as the trillions of
bacteria residing within the gastrointestinal tract can be strongly influenced by dietary and
environmental factors and may play a role in the detrimental health effects observed with
PCB exposure, as well as during nutritional interventions. For example, mice fed inulin had
a lower Firmicutes/Bacteroidetes ratio, irrespective of exposure. This may suggest a
“healthier” microbial composition in our inulin mice, since the Firmicutes/Bacteroidetes
ratio is increased in chronic inflammatory diseases and metabolic syndrome.

When looking at more specific microbial populations, interesting effects of both diet and
exposure were apparent. For this study, we utilized 16s rRNA gene sequencing to elucidate
the changed in microbial populations from the taxonomic level of phylum to the level of
genus. Attribution at the species level is not recognized as valid for accurate interpretations,
so we did not include this taxonomic level in our analysis (Johnson et al., 2019). When
examining microbial populations in this study, the levels of Akkermansial\errucomicrobia
observed in our study were notably elevated in all groups, compared to a typical murine
microbial signature (Lagkouvardos et al., 2016). This observation was previously noted by
our group, and we hypothesize that the high levels of cholesterol in this model are
influencing the growth of these bacteria (Petriello, 2018). Akkermansia muciniphila is
commonly recognized as a beneficial bacterium, consuming intestinal mucin and enhancing
barrier function (Derrien et al., 2004). However, researchers have noted that an
overabundance of A. muciniphila can actually exacerbate intestinal inflammation in mice
(Ganesh et al., 2013). Our observation of strikingly elevated levels of Akkermansial
Verrucomicrobia in this high cholesterol model is a very important finding that should be
pursued further to better elucidate the specific mechanisms driving the large bloom of these
bacteria.

The genus Allobaculum appears to be sensitive to dietary interventions. A significant diet
effect of inulin increasing the level of this genus, irrespective of exposure was observed. It
has been demonstrated that A//obaculum decreases under high fat feeding and that prebiotic
(oligofructose) feeding is able to increase the abundance of this genera (Everard et al.,
2014). This increase with prebiotic treatment has been reproduced several times in the
scientific literature (Everard et al., 2014; Tachon et al., 2013; Van Hul et al., 2018).
Importantly, the genus A/lobaculum has been associated with improved intestinal barrier
function and also resistance to the development of NAFLD (Le Roy et al., 2013).
Additionally, increases in Allobaculum have also been observed with metformin treatment, a
clinically effective drug used for the management of diabetes (Zhang et al., 2015).
Therefore, our findings of increased Allobaculum abundance in all groups fed inulin may be
associated with our findings of reduced hepatic steatosis/inflammation and improved
glucose tolerance and metabolism.
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In addition to the gastrointestinal tract, dioxin-like pollutants are known to exert various
effects throughout the body; one such effect being induction of significant loss of body
weight, known as wasting (Mandal, 2005). PCB exposure resulted in a significant reduction
in body fat percentage, while inulin-fed mice were protected from this effect. Interestingly,
throughout the study, inulin fed mice gained less weight than cellulose fed mice,
highlighting the potential adipose specific wasting induced by toxicant exposure only
observed in cellulose fed mice. Our group has previously observed this wasting effect upon
exposure to PCB 126 in a mouse model of non-alcoholic steatohepatitis (NASH) (Wahlang
et al., 2017b), indicating that liver injury may play a role in this wasting effect.

When examining systemic host health, the liver is of utmost importance. The liver is a vital
organ responsible for metabolism of both dietary constituents and pollutants and is the
second organ, following the gut, that comes in contact with polychlorinated biphenyls. In
individuals with gut dysbiosis and/or cardiovascular disease, it is common to observe liver
pathologies such as nonalcoholic steatohepatitis (NASH) or nonalcoholic fatty liver disease
(NAFLD) (Baskin et al., 2014; Tripathi et al., 2018). Importantly, it is well accepted that
exposure to persistent organic pollutants contributes to the pathogenesis of NASH and
NAFLD and thus has been recognized as its own entity, “toxicant induced steatohepatitis”
(TASH) (Wahlang et al., 2013). We have recently shown that exposure to PCB 126 can
drastically exacerbate NADLS-like liver and metabolic dysfunction induced by feeding a
methionine-choline deficient (MCD) diet, resulting in wasting, increased systemic
inflammatory markers, and presence of hepatic fibrosis (Wahlang et al., 2017b).

Hepatic macrovesicular fat accumulation is what is most commonly observed in obesity and
NASH/NAFLD and is characterized by lipid droplets that accumulate extrahepatocellularly.
Macrovesicular lipid accumulation was apparent in unexposed cellulose fed mice, consistent
with our previous studies and the progression of cardiometabolic disease that is induced
using the present mouse model. However, in cellulose fed mice exposed to PCB 126, a shift
from macrovesicular to microvesicular lipid accumulation was observed, indicating a
disruption in energy metabolism and/or lipid transport. Importantly inulin fed mice were
protected from both macrovesicular and microvesicular hepatic lipid accumulation. This
reduction in hepatic lipid accumulation with inulin feeding is consistent across numerous
studies (Chambers et al., 2018; Javadi et al., 2018; Mistry et al., 2018; Sugatani et al., 2006).
Importantly, in humans, it was observed that inulin and inulin-propionate ester
supplementation attenuate hepatic steatosis in patients with NAFLD (Chambers et al., 2018).
To our knowledge, the present study is the first to examine inulin supplementation on
dioxin-like pollutant exposure, but inulin feeding has been studied in context of other
xenobiotics. For example, it was demonstrated that inulin supplementation reduced hepatic
steatosis and xenobiotic-induced (i.e. phenobarbital) liver injury in rats fed a high fat, high
sucrose diet (Sugatani et al., 2006). One mechanism by which inulin may attenuate hepatic
steatosis is hypothesized to be through the production of short chain fatty acids, specifically
propionate (Sugatani et al., 2012).

Inflammation is a driver in many chronic diseases, especially that of hepatic inflammation.
The attenuation of PCB induced increases in expression of 7nfa and Lbp by inulin feeding
may be due to the reduction in hepatic lipid accumulation and/or microbial-driven
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interactions. Interestingly, in vehicle treated mice, inulin feeding resulted in a significantly
elevated expression of Lbp. We hypothesize that this finding may be due to elevated levels of
specific microbial taxa due to the drastic difference in fermentability of inulin compared to
cellulose. For example, Knapp et al., found that Lbp is essential to the innate immune
response to Eschericia coliin peritonitis (Knapp et al., 2003). Nevertheless, this unexpected
finding deserves further examination in subsequent studies.

Due to the liver being the central hub of metabolic processes, it is well understood that
hepatic inflammation and lipid accumulation can alter overall metabolism, especially
glucose metabolism (Hazlehurst et al., 2016; Keramida et al., 2016). In the present study,
PCB exposure in cellulose fed mice resulted in glucose intolerance at both weeks 5 and 8 of
the study, as evidenced by an increased area under the curve. Importantly, inulin feeding was
able to attenuate these disruptions in glucose tolerance. PCB impairment in glucose
tolerance has also been documented by others (Baker et al., 2013; Jensen et al., 2014). To
better understand the mechanisms behind these improvements in glucose tolerance observed
with inulin feeding, gene expression of hepatic enzymes involved in glycolysis and
gluconeogenesis were quantified. Examining the rate limiting enzymes of glycolysis
revealed that PCB exposure significantly reduced pyruvate kinase (Pk/r) and
phosphofructokinase (Prkl) gene expression in mice fed cellulose, but not in mice fed inulin.
There was also an insignificant decrease in glucokinase (Gck) expression in cellulose fed
mice, which was not present in inulin fed mice. To our knowledge, these PCB-induced
alterations in hepatic glycolytic enzymes have not been reported previously and could play a
role in an inability to properly metabolize glucose. We hypothesize that these alterations
were attenuated in inulin fed mice due to our observed improvements in hepatic lipid
accumulation and inflammation, as these factors have been demonstrated to contribute to
metabolic dysfunction (Hazlehurst et al., 2016; Keramida et al., 2016).

Conclusion

Overall, the data presented demonstrate that consumption of the prebiotic inulin is capable
of attenuating PCB 126-induced disruption of gut microbial population, host metabolism
and inflammation. It does not appear that inulin was effective at decreasing the body burden
of PCB 126, thus the observed protection may be related to the production of protective
metabolites, decreases in atherogenic lipoproteins and cholesterol, or other unknown
mechanisms that can be examined in future studies. We hypothesize that through alterations
in gut microbial populations and microbial metabolite production, that inulin is able to
reduce cardiometabolic disease risk. Future studies will need to examine if the formation of
short chain fatty acids or other microbiota-dependent metabolites are critical mediators of
our observed protection by dietary inulin against PCB-mediated hepatotoxicity.
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Inulin attenuated PCB 126 induced liver lipid accumulation and
inflammation.

Inulin decreased atherosclerotic lesion formation accelerated by PCB 126.

Inulin normalized PCB 126 disturbed gut microbiota.
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Figure 1. Inulin consumption reduces PCB-induced hepatic lipid accumulation.
Male La/r’~ mice were fed an atherogenic diet containing 8% cellulose or 8% inulin for 12

weeks and exposed to PCB 126 (1umol/kg) or vehicle at weeks 2 and 4. A. Liver weight/
body weight ratio. PCB exposure increased liver weight in cellulose fed mice, which was
attenuated by inulin feeding. B. Hematoxylin and eosin staining of hepatic tissue sections.
Increases in microvescicular fat accumulation was evident in PCB exposed mice fed
cellulose, which appeared to be attenuated by inulin consumption. Inulin feeding also had an
overall effect of reducing macrovesicular fat accumulation. . C. mRNA quantification of
hepatic markers of inflammation and xenobiotic detoxification. PCB exposure increased
expression of tumor necrosis factor alpha (Tnfa)) and lipopolysaccharide binding protein
(Lbp), which was attenuated by inulin consumption. Toll like receptor 4 (Tlr4) and
multidrug resistance protein (Mrp2) expression was lower in exposed inulin fed mice
compared to exposed cellulose fed mice. Data are presented as mean + S.E.M (n=10 per
group). Statistical significance is denoted by * (p<0.05).
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Figure 2. Inulin attenuates PCB-disruption in glucose tolerance.
Male La/r~ mice were fed an atherogenic diet containing 8% cellulose or 8% inulin for 12

weeks and exposed to PCB 126 (1umol/kg) or vehicle at weeks 2 and 4. A. Fasting blood
glucose and glucose tolerance testing at week 5. PCB exposure increased fasting blood
glucose levels in cellulose fed mice and not in inulin fed mice. Cellulose fed mice exposed
to PCBs displayed a greater area under the curve (AUC) compared to exposed inulin fed
mice. B. Fasting blood glucose and glucose tolerance testing at week 8. No differences were
observed in fasting blood glucose. The effects of PCBs and diet on AUC remained
significant at 8 weeks. Data are presented as mean + S.E.M (n=10 per group). Statistical
significance is denoted by * (p<0.05). For glucose curves, 1 indicates a significant difference
between “Cellulose + PCB” and “Inulin + PCB” and * indicates a significant difference
between “Cellulose + Vehicle” and “Cellulose + PCB”.
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Figure 3. PCB disruption of glucose metabolism is attenuated by inulin.
Male La/r’~ mice were fed an atherogenic diet containing 8% cellulose or 8% inulin for 12

weeks and exposed to PCB 126 (1umol/kg) or veh
collected at the conclusion of the study. mRNA un

icle at weeks 2 and 4. Liver samples were
its were determined using the relative

quantification method (AACT), normalized to control values. 18S was used as the

housekeeping gene for all hepatic gene expression

quantifications. PCB exposure reduced

expression of rate limiting glycolytic enzymes glucokinase/hexokinase (Gck) and pyruvate
kinase (Pk/r), which was not observed in inulin fed mice. Overall, inulin feeding increased
gluconeogenic enzyme expression including PEP carboxykinase (Pckl) and glucose-6-
phosphate (G6pc) irrespective of exposure. Data are presented as mean + S.E.M (n=10 per
group). Statistical significance is denoted by * (p<0.05).
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Figure 4. Inulin decreases aortic root lesion area in Ldlr deficient mice.
Male Ld/r’~ mice were fed a high cholesterol diet containing 8% cellulose or 8% inulin for

12 weeks and exposed to PCB 126 (1umol/kg) or vehicle at weeks 2 and 4. A) Extent of
atherosclerosis was determined by oil red-o staining of the aortic root. B and C)
Representative cross section of the aortic roots from cellulose+PCB (B) and inulin+PCB (C)
mice. Inulin significantly decreased lesion formation irrespective of treatment and mice fed
the diet enriched with inulin and exposed to PCB 126 exhibited significantly decreased
lesion formation compared to mice fed the control diet and exposed to PCB 126. (n=9-10
per group), Statistical significance is denoted by * (p<0.05).
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Figure 5. Inulin does not modulate circulating levels of PCB 126 but modulates hepatic levels of
PCB 126 and albumin.

Male Ld/r'~ mice were fed a high cholesterol diet containing 8% cellulose or 8% inulin for
12 weeks and exposed to PCB 126 (1umol/kg) or vehicle at weeks 2 and 4. A)
Concentrations of PCB 126 were determined by GC-MS/MS in plasma and liver at the
conclusion of the study. Inulin had no impact on circulating PCB 126 but increased hepatic
levels (n=5 per group; p=0.045). No PCB 126 was observed in vehicle treated mice. B)
Hepatic albumin concentrations (ng/mL/mg tissue) were quantified by ELISA. Overall,
inulin significantly increases hepatic albumin levels and mice fed inulin and exposed to PCB
126 exhibited ~2-fold increase in albumin protein compared with exposed mice fed cellulose
as the fiber source (n=4-5 per group). Statistical significance is denoted by * (p<0.05). C) A
nearly significant positive association between hepatic albumin and hepatic PCB 126 levels
were observed (p=0.062).
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