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Abstract

The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor involved in the
regulation of biological responses to more planar aromatic hydrocarbons, like TCDD. We
previously described the sequence of events following exposure of male rats to a dioxin-like
polychlorinated biphenyl (PCB) congener, 3,3’,4,4’,5-pentachlorobiphenyl (PCB126), that binds
avidly to the AhR and causes various types of toxicity including metabolic syndrome, fatty liver,
and disruption of energy homeostasis. The purpose of this study was, to investigate the role

of AhR to mediate those toxic manifestations following sub-acute exposure to PCB126 and to
examine possible sex differences in effects. For this goal, we created an AhR knockout (AhR-KO)
model using CRISPR/Cas9. Comparison was made to the wild type (WT) male and female
Holtzman Sprague Dawley rats. Rats were injected with a single IP dose of corn oil vehicle or 5
umol/kg PCB126 in corn oil and necropsied after 28 days. PCB126 caused significant weight loss,
reduced relative thymus weights, and increased relative liver weights in WT male and female rats,
but not in AhR-KO rats. Similarly, significant pathologic changes were visible which included
necrosis and regeneration in female rats, micro- and macro-vesicular hepatocellular vacuolation
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in males, and a paucity of glycogen in livers of both sexes in WT rats only. Hypoglycemia

and lower IGF1, and reduced serum non-esterified fatty acids (NEFAs) was found in serum of
both sexes of WT rats, low serum cholesterol levels only in the females, and no changes in
AhR-KO rats. The expression of genes encoding enzymes related to xenobiotic metabolism (e.g.
CYPI1A1I), gluconeogenesis, glycogenalysis, and fatty acid oxidation were unaffected in the AhR-
KO rats following PCB126 exposure as opposed to WT rats where expression was significantly
upregulated (PPARa, females only) or downregulated suggesting a disrupted energy homeostasis.
Interestingly, Acox2, Hmgcs, G6Pase and Pc were affected in both sexes, the gluconeogenesis and
glucose transporter genes Pckl, Glut2, Sds, and Crem only in male WT-PCB rats. These results
show the essential role of the AhR in glycogenolysis, gluconeogenesis, and fatty acid oxidation,
i.e. in the regulation of energy production and homeostasis, but also demonstrate a significant
difference in the effects of PCB126 in males verses females, suggesting higher vulnerability of
glucose homeostasis in males and more changes in fatty acid/lipid homeostasis in females. These
differences in effects, which may apply to more/all AhR agonists, should be further analyzed to
identify health risks to specific groups of highly exposed human populations.
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Introduction

Polychlorinated biphenyls (PCBs) are toxic industrial chemicals of global environmental
health concern due to their detrimental effects on human health, including liver diseases,
obesity, diabetes, cardiovascular diseases, hypertension, and other metabolic disorders (Cave
et al. 2010; Crinnion 2011; Donat-Vargas et al. 2014; Park et al. 2016; Silverstone et

al. 2012; Taylor et al. 2013). PCBs also affect the female reproductive system to cause
reproductive and developmental toxicity in humans and animals (Bae et al. 1999; Fein

et al. 1984; Loch-Caruso 2002). The production and sale of these Group 1 carcinogens
was banned in the late 1970’s, but PCBs persist in some closed systems uses, and

in the environment due to their high chemical and thermodynamic stability, and they
bioaccumulate in fatty tissues due to their lipophilicity and resistance to biodegradation
(Cancer 2014; Grimm et al. 2015; Lauby-Secretan et al. 2013; Matthews and Dedrick
1984). Ongoing routes of exposure to PCBs are through ingestion, inhalation, and dermal/
occupational exposure (Ampleman et al. 2015; Winneke et al. 1998).

Among the 209 different PCB congeners, 3, 3", 4, 4", 5-pentachlorobiphenyl (PCB126) is
the most potent dioxin-like toxicant. PCB126 was only a minor component of commercial
PCB mixtures (Frame et al. 1996), but much of the toxicity of PCB exposure is due to

this congener (Hansen 1999; lwata et al. 2004). Human exposure to PCB126 mainly comes
from food, specifically fish, but also from game, meats, and plants (Chambers et al. 2012;
EFSA Panel on Contaminants in the Food Chain et al. 2018; Hong and Bush 1990; Kumar
et al. 2016; Mendola et al. 1997; Nakatani and Yamano 2017; San Martin et al. 2016;
Wang et al. 2018; Warenik-Bany et al. 2016; Weber et al. 2018). PCB126 avidly binds
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to and activates the aryl hydrocarbon receptor (AhR). AhR is a transcription factor which

is expressed in thymus, spleen, liver, heart, kidney, ovary and some cells in the immune
system (Harrill et al. 2013; Sorg 2014). AhR is in an inactive state outside of the nucleus
where it is bound to a multiprotein complex of binding partners consisting of HSP90,

AIP, and p23 (Beischlag et al. 2008; Hankinson 1995; Sorg 2014). Binding of ligands like
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) or dioxin-like compounds like PCB126, causes
the complex to transfer to the nucleus where it dimerizes with AhR nuclear translocator
(ARNT) and connects to dioxin/xenobiotic response elements (DRES/XRES) in the upstream
promoters of AhR-regulated genes (Baba et al. 2001; Denison et al. 2011) leading to the
expression of various genes, like aryl hydrocarbon receptor repressor (Ahrr) and xenobiotic
metabolizing enzymes (CYP1AL, CYP1A2, CYP1B1) (DeVito et al. 1994; Korkalainen

et al. 2004). After dissociating from the DREs, AhR is transported to the cytoplasm and
degraded via the ubiquitin-proteasome pathway (Ma and Baldwin 2002; Pollenz 2002;
Roberts and Whitelaw 1999). There are a wide variety of man-made and naturally occurring
ligands which can activate AhR signaling (Denison et al. 2011; Nguyen and Bradfield
2008). The toxicity of TCDD is mediated through the AhR (Fernandez-Salguero et al. 1996;
Gonzalez and Fernandez-Salguero 1998; Harrill et al. 2013) and similarly the toxicity of
PCB126 may mostly or exclusively be mediated through the AhR by this canonical pathway
(Sorg 2014).

The liver is not only a major site for detoxification of xenobiotics but also for glucose

and lipid metabolism to maintain energy homeostasis during feeding/fasting conditions

and in production and storage of glucose in different physiological states (Sherwin 1980).
During excess glucose levels in the body, the liver synthesizes glycogen (glycogenesis) as

a storage form of glucose and increases lipogenesis as response to insulin. When the body
needs glucose during fasting or starvation, glycogen is broken down to produce glucose
(glycogenolysis) in early fasting. The liver can also produce glucose from lactate, pyruvate,
and some amino acids (gluconeogenesis) during prolonged starvation. To maintain energy
homeostasis, the body also meets energy requirements through fatty acid oxidation in the
liver (Lippi et al. 1994; Pilkis and Granner 1992; Zhang et al. 2014). Activation of multiple
transcription factors and their coactivators within the liver maintain the transcription of
enzymes critical to balance energy homeostasis during feeding and fasting conditions (Rui
2014). Downregulation of genes regulating glucose homeostasis and fatty acid oxidation by
toxicants like PCB126 can lead to impairments in hepatic energy metabolism resulting in
hypoglycemia (low serum glucose levels). In addition, PCB126 causes fatty liver and various
types of liver diseases (Gadupudi et al. 2018; Gadupudi et al. 2016b; Gadupudi et al. 2016c;
Shen et al. 2019; Wahlang et al. 2017), which may further endanger energy homeostasis.
Although effects of PCB126 on liver toxicity and impairment of energy metabolism are
known, there is a significant knowledge gap in our understanding of the mechanism of
action of PCB126 induced liver toxicity.

As PCB126 is a dioxin-like PCB, we hypothesized that the liver toxicity and disturbance
of energy homeostasis by PCB126 is mostly but possibly not completely mediated through
the AhR. We also hypothesized that sex differences exist. To test our hypothesis, we used
an AhR knock out (AhR-KO) rat model and compared wild type (WT) and AhR-KO and
male and female rats with and without exposure for 28 days after a single ip dose of

Toxicology. Author manuscript; available in PMC 2023 January 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Etietal.

2.

Page 4

PCB126 (5 umol/kg body weight) (Gadupudi et al. 2018). We report here that all measured
changes in gene expression involved in energy metabolism/homeostasis were dependent on a
functioning AhR, but that several differences between effects in male and female exist.

Materials and Methods

2.1. Chemicals

3,37, 4,4, 5-pentachlorobiphenyl (PCB126) was produced by the Suzuki coupling method.
The purity of PCB126 was >99% as determined by gas chromatography-mass spectrometry
(Joshi et al. 2011). Authentication of PCB126 was achieved through stringent guidelines,
which were established by the lowa Superfund Research Program (Li et al. 2018). The
synthesis, characterization, and purity of PCB126 were previously described (Gadupudi et
al. 2018). To prepare the dose of PCB126 and vehicle injections, stripped corn oil (Acros,
New Jersey, USA; CAS: 8001-30-7 lot#: A0234007) was used.

2.2. Animal studies

All protocols and procedures were approved by the Institutional Animal Care and Use
Committee of the University of Kansas Medical Center. The AhR knock out (AhR-KO)
rat model was generated using CRISPR/Cas9-mediated disruption of the AhR basic helix
loop helix DNA binding domain. These AhR mutant rats are available at the Rat Resource
& Research Center (RRRC# 831; strain name SD-Ahrem1Soar; University of Missouri,
Columbia, MO; www.rrrc.us). AhR-KO and wild type (WT) male and female Holtzman
Sprague Dawley rats used in this study were ~ 4-weeks of age and had body weights
ranging from 70-130 g at the start of the experiment. All rats were fed a standard rodent
diet (Teklad No. 8604, Envigo, Indianapolis, IN) and had access to feed and water at
libitum. Each rat was singly housed in a controlled environment (14:10 h light-dark cycle).
For this experiment litters were produced by breeding an AhR heterozygote male x AhR
heterozygous female. Littermates were then distributed to different groups and assigned to
control or treatment groups at random.

Both wild type (WT, n=28) and AhR-KO (n=25) male and female rats were injected with
a single IP dose of corn oil/vehicle (5 ml/kg body weight) or PCB126 in corn oil (5
pumol/kg body weight; 1.63 mg/kg). A single IP administration at this dosage was used
previously in several studies (Gadupudi et al. 2018; Gadupudi et al. 2016a; Gadupudi et al.
2016c¢) showing increase in liver triglycerides and induction of CYP enzymes in the liver
of Sprague-Dawley rats. The dose was sufficient to produce an effect, but minimal enough
to avoid a high mortality rate. Considering human exposure, it is known that PCB126
contributes the most toxicity equivalence (TEQ) among the dioxin-like PCBs (DL-PCBs),
PCDDs and PCDFs (PCDD/DFs), accounting for over 50% of the TEQ from human food
intake (EFSA Panel on Contaminants in the Food Chain et al. 2018). Therefore, although
PCB126 is a minor component of PCBs measured in environmental matrices, it is a major
contributor to PCB toxicity. Although most of the human exposure to PCB126 happens
through the diet, IP injection was chosen for this study. PCB126 is a toxic compound.
Handling it for mixing with diet increases the risk of exposure for researcher/personnel,
animal cages and environment. It is also more problematic to achieve the exact dose of
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PCB126 for each animal through feed or by gavage. IP injection is a very safe and exact
exposure method that also allowed us to compare results with previous experiments and
was therefore chosen for this study. Overall, this study had a total of 8 groups, 4 groups
for each sex, one each for male and female rats for WT-vehicle (Male, n=7; Female, n=7),
WT-PCB126 (Male, n=3; Female, n=5), AhR-KO-vehicle (Male, n=7; Female, n=5), and
AhR-KO-PCB126 (Male, n=7; Female, n=6) (Supplementary Fig-1). At the beginning of
the study, the total number of rats was 53, but 6 rats died (male, n=4; female, n=2) in

the WT-PCB126 groups during the study. The body weights of all rats were monitored
regularly. After the 28-day PCB126 exposure, all rats were sacrificed using carbon-dioxide
asphyxiation followed by thoracotomy. Liver and other organs were collected, weighed, and
processed for further analysis as described below. Additional details of the experimental
design may be found in our previous paper (Klenov et al. 2021; Williams et al. 2020).

2.3. Blood Collection and Analysis

After euthanasia, whole blood was collected through cardiac puncture into non-
anticoagulant coated tubes. Blood was allowed to clot at room temperature. The clot was
removed by centrifugation at 1500 x g for 10 min. Serum was aliquoted and frozen at
—80°C for further analysis. Serum glucose levels were measured by Comparative Clinical
Pathology Services LLC (CPath, Columbia, MO). Serum non-esterified fatty acids (NEFA)
and cholesterol were measured by IDEXX BioAnalytics, Westbrook, Maine. All animals
were sampled for outcome assessment.

2.4. Histological examination of liver

Male and female rat livers were collected postmortem and either fixed in 10% neutral
buffered formalin for approximately 3 days or frozen in OCT. Fixed tissues were routinely
processed, embedded and sectioned at 4 um thickness followed by hematoxylin and eosin
(H&E) staining, and periodic acid-Schiff (PAS) staining to identify glycogen. Frozen
sections were cut at 5 pm thickness and stained with Oil-Red-O to identify lipid in liver
sections. All animals were sampled for outcome assessment. Slides were examined by a
board-certified veterinary pathologist.

2.5. Analysis of gene expression

Total RNAs were isolated from rat hepatic tissue (10-20mg) using the RNeasy Plus Mini
kit from Qiagen Inc. Absorbance of isolated RNA was determined at 260 and 280 nm.
Purity ratios (A260/A280 and A260/230) of RNA samples were between 1.8 and 2.0.
Complementary DNAs (cDNAs) were synthesized from total RNAs with a high-capacity
cDNA reverse transcription kit from Applied Biosystems Inc. Real Time quantitative

PCR measurements were performed using a SYBR Green Master Mix kit supplied by
Applied Biosystems Inc. Primers sequences are provided in Supplementary Table-1 and
were synthesized by Integrated DNA Technologies Inc. (Coralville, lowa). The program for
the amplification reaction started at 95°C for 10 min followed by 40 cycles of 2 step PCR
cycle at 95°C for 15 s and 60°C for 1 min using an Eppendorf RealPlex2 Mastercycler
(Hamburg, Germany). Each sample was run in duplicate. The reference gene hypoxanthine-
guanine phosphoribosyl transferase 1 (Hprtl) was used to normalize transcript levels. For
measuring expression of different genes, 18 samples for males (n=5 for AhR-\khicle, n=5
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for AhR-PCB126, n=5 for WT-Vehicle, and n=3 for WT=PCB) and 19 samples for females
(n=4 for AhR-Vehicle, n=5 for AhR-PCB126, n=5 for WT-Vkhicle, and n=5 for WT=PCB)
were used. These animals were chosen randomly for each group. There was no bias in
sample selection. The mean of the WT-vehicle group was used to normalize transcript
expression in both male and female samples. The standard curve based method was used to
quantify the relative transcript levels (Larionov et al. 2005).

2.6. Statistical analysis

Values were reported as mean + SE. Statistical differences between WT and AhR-KO male
and female rats with various treatment groups were determined using two-way ANOVA
followed by Tukey-Kramer post hoc test. There was no eliminated outlier in sample
distribution. Pvalues less than 0.05 were reported as statistically significant. GraphPad
Prism software was used for the preparation of all graphs and statistical analyses.

3. Results and Discussion

3.1

The goal of this study was to examine the effects of PCB126 on energy homeostasis, and to
elucidate the role of the AhR with special emphasis on potential sex differences.

PCB126 affects rat’s survival, growth, and organ weights 28 days after exposure

Previous studies have shown that in male SD rats PCB126 significantly reduced body
weights compared to controls (Gadupudi et al. 2018; Gadupudi et al. 2016b; Gadupudi et
al. 2016c; Lai et al. 2010). In this study with Holzman-SD rats, average body weights were
significantly reduced by 33% and 27%, respectively, in WT male and female rats exposed
to PCB126. In contrast, there were no significant differences in body weights between the
AhR-KO control and PCB126-treated groups in either sex (Supplementary Fig-2A, B). WT-
PCB126 rats showed a reduction in weight gain, resulting in a significant growth retardation
over time (Supplementary Fig-2C, D). On the18™ day following PCB126 injection, the first
death of a WT rat was observed and a total of 6 WT rats (4 male rats and 2 female rats)
exposed to PCB126 died before the end of study. However, no death or growth retardation
was observed in AhR-KO rats. This indicates that the AhR was essential for this toxicity and
that both sexes were affected similarly.

Dioxin and dioxin-like compounds like PCB126 cause thymic atrophy (decreased thymus
weights) by negatively impacting the proliferation of T-lymphocyte progenitor cells in

the thymus of rats and mice (Gadupudi et al. 2018; Gadupudi et al. 2016b; Lai et al.

2010; Laiosa et al. 2003; Shen et al. 2019). Our experiment demonstrates similar effects

of PCB126 on relative thymus weights of both male and female WT rats, which were

6-fold and almost 12-fold reduced, respectively, while AhR-KO rats showed no change in
thymus weights (Supplementary Fig-3A, B), indicating that the effects of PCB126 on thymic
atrophy is mediated by AhR and sex independent.

The liver is a major target organ of dioxin-like compounds. PCB126 caused hypertrophy and
enlarged hepatocytes in male SD rats after only 3 days of exposure (Wang et al. 2011) and
following 6 days of exposure in a high fat diet experiment (Gadupudi et al. 2016b). In this
study, relative liver weights were significantly higher in WT-PCB126 rats for both sexes,

Toxicology. Author manuscript; available in PMC 2023 January 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Etietal.

3.2.

Page 7

showing an increase of 15% and 23%, respectively (Supplementary Fig-3C, D). However,
PCB126 exposure did not affect relative liver weights in AhR-KO rats. In addition, PCB126
exposure was also a potent inducer of hepatic CYP1AL expression. Relative transcript levels
of CYPIAZin liver were almost 1000-fold increased in male and female WT-PCB126

rats. These results are consistent with previous reports in male rats (Gadupudi et al. 2018;
Gadupudi et al. 2016b; Lai et al. 2011; Sorg 2014; Zhang et al. 2012). CYP1A1 in AhR-
KO rats was very low and not induced by PCB126 (Supplementary Fig-4A, B). No sex
difference was visible for these effects.

Zn deficiency can cause growth retardation which is accompanied by an increase in spleen
weight, and we had previously observed a reduction of Zn levels in the livers of PCB126
exposed rats (Klaren et al. 2016; Kumari et al. 2019). However, there were no significant
changes in spleen weight for all groups of male and female rats exposed to vehicle or
PCB126 (data not shown), suggesting that Zn deficiency was not the cause of growth
retardation.

PCB126 induces liver vacuolation, necrosis, and regeneration

PCB126 not only increased liver weights, but also caused histopathologic changes in livers
of all 8 WT rats after 28 days exposure. Previous studies showed that PCB126 caused
necrosis, regeneration, micro and macro vesicular hepatocellular vacuolation, each indicative
of liver injury in male rats and mice (Gadupudi et al. 2016b; Gadupudi et al. 2016c;

Nayak et al. 1996; Wahlang et al. 2017). We observed multifocal and coalescing micro-

and macro-vesicular hepatocellular cytoplasmic vacuolation in all 3 surviving WT PCB126
exposed male rats. In WT female rats, PCB126 caused multifocal and coalescing micro-

and macro-vesicular hepatocellular cytoplasmic vacuolation in 5 of 5 rats. Also, in WT
female rats PCB126 affected the portal zones, including increased distribution of neutrophils
and hepatocellular mitotic figures (regeneration) and small to sometimes large zones of
hepatocellular necrosis in 2 of 5 rats. PCB126 exposed AhR-KO rats showed no significant
change in liver histology/pathology (Fig-1). These results indicate that PCB126 induced
liver toxicity is mediated by AhR activation and that sex-specific differences in pathology
exist.

3.3. PCB126 affects glucose and energy homeostasis

The blood glucose level is an important indicator of glucose homeostasis. Previous studies
showed that PCB126 causes hypoglycemia in rats and mice (Gadupudi et al. 2018;
Gadupudi et al. 2016b; Shen et al. 2019). Similarly, we found significantly decreased serum
glucose levels in WT-PCB126 exposed male and female rats, but PCB126 did not affect
blood glucose levels in AhR-KO rats (Fig-2A, B).

Hypoglycemia can occur in normal subjects with prolonged fasting, in diabetic patients
with insulin therapy or any hypoglycemic drugs, or during hepatic failure or in patients
with type 1 glycogen storage disease (De Herder 2004; Shehadeh et al. 1998; Suh et al.
2007). Severe and prolonged hypoglycemia can cause neuronal death and brain damage
(Auer 2004). To maintain fine control of blood glucose, the liver produces and stores
glucose, and also synthesizes endocrine factors like insulin-like growth factor 1 and 2
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(IGF1 and IGF2), and IGF binding proteins (IGFBPs) (Postic et al. 2004). IGF1 is a

key mediator of growth hormone actions for post-natal growth in animals and humans
(Laron 2001). IGF1 controls intermediary metabolism, glucose uptake, glycogen storage and
lipogenesis (Clemmons 2004b; Rotwein and Chia 2010) and regulates insulin sensitivity
(Clemmons 2004a). Considering the critical roles of IGF1 in regulating energy metabolism,
the expression of /GFI gene was measured in this study. Hepatic /GFI was significantly
downregulated in WT male and female rats treated with PCB126, but no significant changes
were seen in AhR-KO rat groups (Fig-2C, D). Therefore, our study shows that AhR-KO rats
are protected from the PCB126 induced hypoglycemia and insulin resistance, and that IGF1
may be the mechanism for these toxic effects in rats.

There are three main sources of blood glucose: i) diet, ii) glycogenolysis (breakdown of
liver glycogen during early fasting), and iii) gluconeogenesis (derivation from amino acids
during prolonged starvation). To maintain energy homeostasis, the body also meets energy
requirements through fatty acid oxidation in the liver (Lippi et al. 1994; Pilkis and Granner
1992; Zhang et al. 2014). The rats used in this study were not food restricted or fasted. To
understand why PCB126 exposed rats were hypoglycemic, we measured the expression of
genes encoding proteins critical to the regulation of gluconeogenesis, glycogenolysis, and
fatty acid oxidation.

3.3.1. PCB126 reduces liver glycogen and disrupts glycogenolysis—Glycogen
is a primary storage form of glucose in the liver. Glycogen is broken down during fasting

to liberate glucose in a process called glycogenolysis (Radziuk and Pye 2001). Low

serum glucose levels in PCB126 exposed rats may reflect reduced liver glycogen levels

or disruption in the glycogenolysis pathway. Pyg/encodes glycogen phosphorylase, the

rate limiting enzyme for glycogenolysis. The transcript levels of Pyg/were significantly
downregulated in PCB126-exposed WT male and female rats but unchanged in AhR-KO
groups (Fig-3B, C). Thus, the effect of PCB126 on Pygl required the presence of a
functional AhR. The presence of glycogen was measured in liver by PAS staining. A
relative paucity of PAS staining (low glycogen) was observed in centrilobular hepatocytes in
WT-PCB126 groups compared to controls. However, PCB126-exposed and control AhR-KO
rats did not show any significant differences in liver PAS staining (Fig-3A). Diminished Pyg/
expression and depleted glycogen following PCB126 exposure of WT male rats were also
observed in our previous study (Gadupudi et al. 2018). These results indicate that PCB126
induced a reduction of hepatic glycogen storage and glycogenolysis which is mediated by
AhR and sex independent. This suggests that WT rats were either unable to store glycogen
and/or were forced to deplete this energy source during the 28 days of the exposure, either
way depriving the rats of this important source of glucose.

3.3.2. PCB126 diminishes the expression of genes related to
gluconeogenesis—During starvation and/or after a meal with high protein, high fat, and
low carbohydrate content, gluconeogenesis, the synthesis of glucose from gluconeogenic
amino acids, pyruvate, propionate, or glycerol, is the major source of glucose (Exton

1972; Hanson and Owen 2013). TCDD produced a fasting or starvation-like state in

which food intake and gluconeogenesis were both decreased (Stahl et al. 1993; Yoon et
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al. 2001) and in a previous study we observed changes in expression of genes related to
gluconeogenesis in both fed and fasted animals (Gadupudi et al. 2018). Thus, impaired
gluconeogenesis could represent another target for PCB126 impact on energy homeostasis.
The rate limiting enzyme of gluconeogenesis is phosphoenol pyruvate carboxykinase
(PEPCK-C). Relative transcript levels of hepatic Pepck-c/Pckl were significantly reduced
in male WT-PCB126 exposed rats but not in male AhR-KO rats. Surprisingly, PCB126
exposure did not affect hepatic Pepck-c/Pck1 expression in female WT or AhR-KO rats
(Fig-4A, B). Another important enzyme for gluconeogenesis is glucose-6-phosphatase
(G6Pase). Relative transcript levels of G6Pase were significantly downregulated in male
and female WT-PCB126 exposed rats but not in PCB126 exposed AhR-KO rats (Fig-4C, D).
Inhibition of gluconeogenesis, specifically in male rats, and the lack of generated glucose
from glycogen stores in the liver can be expected to reduce the glucose level in liver cells.
In addition, or as a consequence, relative transcript levels of glucose transporter 2 (GLUTZ)
which helps to transport glucose from liver to blood was significantly downregulated in
male WT PCB126-exposed rats, but not in female WT PCB126-exposed rats or in PCB126
exposed AhR-KO rats (Fig-4E, F).

Pyruvate carboxylase (Pc), serine dehydratase (Sds), and lactate dehydratase A (LdhA) are
anaplerotic enzymes that replenish TCA cycle intermediates for gluconeogenesis in the
liver. Sds and LdhA use serine and lactate, respectively, as metabolic precursors for the
TCA cycle, while Pc uses pyruvate (gluconeogenic amino acids) (Gadupudi et al. 2018;
Kornberg 1966; Owen et al. 2002). Relative transcript level of Pcwas significantly reduced
in WT-PCB126 exposed male and female rats, but not in AhR-KO rats after PCB126
exposure. In WT male rats, PCB126 significantly downregulated the expression of Sds,
while no significant changes were observed in WT female rats and AhR-KO rats. Lah-A
transcript levels did not differ significantly in any group (Fig-5A-F).

The expression of gluconeogenic genes is triggered by glucagon and glucocorticoids during
starvation. Cyclic AMP (cAMP) response element binding (CREB) protein stimulates
gluconeogenic PEPCK gene transcription and also plays an important role in activating
gluconeogenesis in liver (Liu et al. 1991). If the CREB gene is disrupted or a dominant-
negative CREB inhibitor is overexpressed, the expression of gluconeogenic enzymes is
diminished resulting in hypoglycemia (Herzig et al. 2001). CREB activity is regulated by
the nuclear receptor coactivators PGC-1, CREM, and ICER which interact with CREB to
produce stable transcription complexes which activate or repress the transcription of genes
related to gluconeogenesis (Herzig et al. 2001). In our experiment, relative transcript levels
for Creb1 (Fig-6A, B) and of /cer (Fig-6C, D), which is a corepressor, were not significantly
affected by PCB126 exposure in WT and AhR-KO rats. However, relative transcript levels
of coactivators, Pgcla and Crem were decreased in WT male rats after PCB126 exposure,
but not in female rats or AhR-KO rats exposed to PCB126 (Fig-6E-H). These results

are consistent with PCB126 exposure negatively affecting hepatic gluconeogenesis through
modulation of CREBL1 transcriptional coactivators in male rats to reduce gluconeogenesis
in an AhR-dependent way while again females seemed less affected. Thus, PCB126
significantly decreased transcript levels for some genes critical to gluconeogenesis in WT
rats, but not in AhR-KO rats (Fig-7). Several sex differences were observed. Although, the
precise mechanisms responsible for the sex differences are not known, elevated circulating
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estrogen levels in females and/or interactions between AhR and estrogen receptor (ER)
(Ahmed et al. 2009; Klinge et al. 2000; Pighon et al. 2011) may be contributing factors.
The other effects of PCB126 exposure on gene expression are consistent with our previous
studies, which used only male WT rats (Gadupudi et al. 2018; Gadupudi et al. 2016a).

The specific mechanism of how AhR mediates the suppression of genes related to
gluconeogenesis after PCB126 exposure is still not clear. However, Diani-Moore et al
explained that TIPARP (TCDD-inducible poly (ADP-ribose) polymerase, PARP7), an AhR
target gene, can mediate the toxicity of TCDD by suppressing hepatic gluconeogenesis and
expression of gluconeogenic genes like PEPCK and G6Pase. TiPARP also affects PGCla
acetylation, decreasing the levels of Pgcla which is a coactivator of PEPCK and G6Pase
(Diani-Moore et al. 2010; Diani-Moore et al. 2013). In this study, the role of TiPARP was
not measured. However, as PCB126 is a DL-PCB, TiPARP may have a central role in AhR
mediated impaired liver gluconeogenesis by PCB126. To understand the mechanisms related
to TiPARP and AhR for PCB126-induced impaired hepatic gluconeogenesis, further analysis
is needed.

3.3.3. PCB126 exposure reduces fatty acid oxidation, including low serum
non-esterified fatty acids (NEFAs) and cholesterol—A dose of 5 umol/kg PCB126
reduced weight after 7 days exposure with a normal diet (Wang et al. 2011) or within

28 days on defined AIN-93G diet (Gadupudi et al. 2018). However, exposure to a similar
PCB126 dose showed no significant effects on body weights when the animals received

a modified AIN-93G diet containing 10% total fat content (Gadupudi et al. 2016a;
Gadupudi et al. 2016c). These studies suggest that PCB126 adverse effect on weight

may be ameliorated with dietary fats. Fatty acid oxidation affects energy metabolism

during fasting or excessive exercise. The oxidation of fatty acids occurs in various cell
compartments, in mitochondria, peroxisomes and endoplasmic reticulum. Peroxisomal p-
oxidation is a significant source of metabolic energy (Moreno-Fernandez et al. 2018; Talley
and Mohiuddin 2020). Peroxisome-proliferator activated receptor-a. (Ppara) is a ligand-
activated transcription factor that regulates genes controlling B-oxidation in peroxisomes and
mitochondria (Pawlak et al. 2015). Transcript levels of Ppara were significantly upregulated
in WT-PCB126-exposed female rats, and not affected in males and AhR-KO rats (Fig-8A,
B). Ppara has an androgen response element in the promoter region which enhances gene
expression in males that may play a role in this sex dimorphic effect (Park and Choi 2017).
Alternatively, the upregulation of Ppara may be a compensatory effect. Our finding is in
contrast to studies with mice, where Ppara was reported to be downregulated in females but
not males (Wahlang et al. 2019), or upregulated in males (females were not examined) at
the end of the circadian dark phase (Shen et al. 2019). Thus species, circadian time, dose,
and sex may all be involved in Ppara regulation and need further examination. The rate
limiting enzyme of peroxisomal B-oxidation is acyl CoA-oxidase 1 (Acox1). AcoxI and
Hmgcs2 are transcriptional targets of Ppara. The transcript level of AcoxZ and Hmgcs2
were significantly reduced in WT male and female rats exposed to PCB126, but not in
AhR-KO rats (Fig-8C, D, E, F). In our earlier work we investigated several PCBs and PBBs,
including PCB126, in male rats. This coplanar PCB, more than the other PCBs and PBBs,
lowered the activities of catalase, FAO (Acox1) and peroxisomal p-oxidation, while also
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lowering the total CYP4A isozyme expression (Robertson et al. 2007). While the Acox1

is known to be regulated by PPARa, the expression of HmgcsZ2 can be regulated by other
nuclear receptors, LXRa, CARand PXR, in order to maintain the homeostasis in liver
metabolism (Lépez-Veldzquez et al. 2012). In addition, Hmgcs2is known to have regulatory
roles in ketogenesis (Wang et al. 2019).

In this study, PCB126 exposure resulted in significantly reduced serum NEFAs in WT male
and female rats but not in AhR-KO rats (Fig-9A, B) and also reduced serum cholesterol

in female WT rats (Fig-9C, D), but not in male or AhR-KO rats. Low serum NEFAs and
cholesterol are linked to reduced fatty acid oxidation and altered lipid metabolism in the
liver (Groop et al. 1991; Hexeberg et al. 1994) . Based on the results in this study;, it is
evident that the AhR plays a clear role in PCB126 mediated decreased levels of NEFAs
and cholesterol, however, it is unclear if these are direct effects of AhR on the regulation
of genes involved in lipid/cholesterol metabolism or indirect effects that result from its
interaction with other nuclear receptors in the liver. The rate-limiting step in cholesterol
biosynthesis is the enzyme 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR)
which reduces HMG-CA to mevalonate. Whether reduced serum cholesterol is a result of
lowered cholesterol synthesis, lowered transport, or greater cholesterol utilization is still
unknown and needs further analysis. Cholesterol is the starting point of steroid synthesis in
the adrenal glands and PCB126 was shown to significantly change adrenal steroidogenesis
(Li and Wang 2005). Adrenal steroids have a strong influence on lipid metabolism, glucose
tolerance, and obesity and it can be hypothesized that this mechanism may have an indirect
effect on energy homeostasis in the liver. Considering the acute effects of PCB126 on
glycogenolysis and gluconeogenesis that resulted in reduced glucose levels and survival,
the changes in lipid and cholesterol metabolism may also be compensatory mechanisms

to overcome the energy deprived states. This would also explain the lack of significantly
altered hepatic lipid accumulation in this study (data not shown).

This study and a recently published report with high dose TCDD (Hoyeck et al. 2020)
suggest a significant sex difference in susceptibility to disturbed glucose homeostasis caused
by AhR agonists, affecting predominantly males while females in our study exhibited
reduced serum cholesterol levels and increased PPARalpha transcription. The probable
cause for these sex differences is the estrogen receptor (ER) and AhR-ER crosstalk.
Activation of AhR results in interferences of ER and AhR on binding at the promoter

and/or enhancer regions and in addition to the reduction in estradiol due to induced phase

I and Il metabolizing enzymes (reviewed in (Matthews and Gustafsson 2006; Tarnow et al.
2019). Persistent AHR agonists like TCDD and PCB126 have therefore an anti-estrogenic
effect. ER knock-out studies have shown this complex interaction between ER and AhR (see
reviews above). Our studies indicate that this interaction is even more complicated during
pregnancy (unpublished results). Overall, PCB126 and TCDD have significant toxic effects
in general and on the female reproductive system (Igbal et al. 2021; Klenov et al. 2021), but
male rats were more at risk to die of wasting. We hypothesize that the stronger dysregulation
of glucose homeostasis in males and possibly lower fat depots as temporary energy source
may be causative factors. This needs further experimental analysis.
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Since disturbed energy homeostasis and wasting were major effects of PCB126, diet and/or
nutritional status may influence this toxicity of AhR ligands. Our previous studies indicate
that a rodent diet with higher fat content may ameliorate somewhat the toxicity of PCB126
in rats (Gadupudi et al. 2018; Gadupudi et al. 2016a; Gadupudi et al. 2016c) and a similar
effect was reported for TCDD in mice (Matteo et al. 2021). The blood half-life of TCDD
was increased by a high-fat diet but only in obese mice, not in lean mice (Emond et al.
2018), and high doses of TCDD acted like an obesogen in mice on a high-fat diet but not
on a normal diet, with adverse consequences on the liver (Brulport et al. 2017; Duval et

al. 2017; Zhu et al. 2008). The dose of the AhR agonist and the toxic effect, wasting or
only disturbance of homeostasis, may also play a role. Even more confusing, a study with
PCB77 found disturbed glucose homeostasis in obese male but not female WT mice during
weight loss while in AhR deficient mice the females and not the males showed impaired
glucose tolerance during weight loss (Jackson et al. 2019). This interaction between dose,
AhR agonist, body weight, diet and nutritional status clearly need more research to identify
vulnerable populations.

4. Conclusions

Considering the ongoing exposure to PCB126 and other dioxin-like pollutants through

food consumption and occupational exposure, understanding the targets and mechanisms of
toxicity of PCB126 in humans and animals is paramount. Our study found that 28 days
exposure to PCB126 caused weight loss, affected organs, such as liver and thymus, reduced
serum glucose levels and lipids, altered expression of genes related to gluconeogenesis,
glycogenolysis and fatty acid oxidation to disrupt energy homeostasis (Fig-10), and

finally some rats died likely due to lack of energy sources. AhR activation was essential

for these toxicities. However, there are also clear sex differences, males showing more
disturbances in glucose/glycogen homeostasis while females had more changes in lipid/fatty
acid homeostasis, a probable cause for the different pathological changes in liver and the
higher toxicity in males. Considering the multitude of compounds that act as AhR ligands,
including man-made compounds like pesticides and polycyclic aromatic hydrocarbons, an
additive effect that might reach harmful levels should be considered. The findings of this
study may help to understand causes and mechanisms of disturbed energy homeostasis and
metabolic disorders and help to develop biomarkers of risk.
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Highlights:

PCB126 caused weight loss, hypoglycemia, lower IGF1, reduced NEFA
levels in rats

Sex-specific liver pathology and changes in gene expression were observed

PCB downregulated genes in glucose production pathways, particularly in
male rats

Genes of fatty acid oxidation and serum cholesterol were more affected in
females

Knocking out AhR completely prevented PCB126 alterations
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WT-Vehicle AhR KO-Vehicle AhR KO-PCB126
5 A iale® ¥ : R

Fig-1. PCB126 caused AhR- and sex-dependent pathologies in livers of WT rats (H&E Staining).
Microvesicular and macrovesicular hepatocellular cytoplasmic vacuolation in male WT rats

and hepatocellular necrosis and mitotic figures (regeneration) in female WT rats were
observed after PCB126 exposure. No significant histologic changes were identified in AhR
KO rats or WT rats treated with vehicle alone (n=5 to 7 per group; n=3 for male WT-
PCB126). (Thin arrows: microvesicular hepatocellular vacuolation; Thick arrows: periportal
inflammation; Arrowhead: mitotic figure)
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Fig-2. PCB126 significantly reduced serum glucose and the liver transcript level of Insulin-like
growth factor 1 (IGF-1) of WT male and female rats, not in AhR-KO rats.

Serum glucose level for male (A) and female rats (B), relative liver transcript level of /GF-1
in male (C) and female rats (D) reported as mean * SE. Statistical differences between WT
control and treatment groups, and AhR-KO control and treatment groups were analyzed by
Two-way ANOVA (*P<0.05; n=5 to 7 per group; n=3 for male WT-PCB126 for serum

glucose level; and n= 3 to 5 for gene expression).
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Fig-3: Low liver glycogen levels in WT-PCB126 rats and reduced glycogenolysis pathway gene.
PAS staining showed low glycogen in the liver of WT rats after PCB126 exposure (A).

Liver transcript level of Glycogen Phosphorylase (Pyg/) in male (B) and female rats (C)
reported as mean * SE. Statistical differences between WT control and treatment groups,
and AhR-KO control and treatment groups were analyzed by Two-way ANOVA (*P<0.05;
n=5 to 7 per group; n=3 for male WT-PCB126 for histology; and n= 3 to 5 for gene
expression).
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Fig-4. PCB126 downregulated the transcript level of genes related to gluconeogenesis and
glucose transporter in male liver, less so in female liver.

Relative transcript level of Pck for male (A) and female rats (B), of G6Pase for male (C)
and female rats (D), of GLUTZ2for male (E) and female rats (F) reported as mean + SE.
Statistical differences between WT control and treatment groups, and AhR-KO control and
treatment groups were analyzed by Two-way ANOVA (*P<0.05; n= 3 to 5 for each group).
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Fig-5: Some liver gluconeogenesis gene transcript levels were reduced by PCB126 in WT rats.
Relative transcript level of Pcin male (A) and female (B), of Sd'sin male (C) and female

(D), and of Lah-Ain male (E) and female (F) rat livers reported as mean + SE. Statistical
differences between WT control and treatment groups, and AhR-KO control and treatment
groups were analyzed by Two-way ANOVA (*P<0.05; n= 3 to 5 for each group).
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Fig-6: Among tested coactivators of gluconeogenesis only Crem was downregulated by PCB126
and only in male rat livers.

Relative liver transcript level of Creb1 in male (A) and female rats (B), of /cerin male (C)
and female rats (D), of PgcI-a in male (E) and female rats (F), and of Crem in male (G)
and female rat (H) reported as mean + SE. Statistical differences between WT control and
treatment groups, and AhR-KO control and treatment groups were analyzed by Two-way
ANOVA (*P<0.05; n= 3 to 5 for each group).
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Fig-7. PCB126 mediated AhR activation caused decreased serum glucose levels and lower
transcript levels of genes involved in liver gluconeogenesis and glucose transport, particularly
in male rats.

Toxicology. Author manuscript; available in PMC 2023 January 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Etietal.

Relative Transcript level of Acox1 Relative Transcript level of Ppara

Relative Transcript level of Hmgcs2

A Male rats
1.5
mm Vehicle
PCB126
1.0 _l_
T
- i
0.0- T T
4\« QE{_O
N
(o4 Male rats
1.5
Hl Vehicle
T PCB 126
1.0-] I
*
0.5 -
0.0- T T
& ©
\;‘&
E Male rats
1.5+
Hm Vehicle
=1 PCB126
1.0
*
0.5- ﬁ
0.0- T T
WT AhR-KO

Relative Transcript level of Ppara

Relative Transcript level of Acox1

Relative Transcript level of Hmgcs2

Page 28

B Female rats

Hm Vehicle

*
5 '|' PCB 126
| i |

0-

& ©
v,ss-
D
Female rats
1.5 )
Hm Vehicle
=1 PCB126
1.0
*
0.5 ‘ \
0.0- T T
WT AhR-KO
F Female rats
1.5+
mm Vehicle
=1 PCB126
1.0
0.5+ *
0.0- ,| |
WT AhR-KO

Fig-8. PCB126 exposed WT rats had lower transcript levels of genes involved in B-oxidation but

female rats had increased PPARa. levels.

Relative transcript level of Ppara in male (A) and female rats (B), of AcoxZ in male (C)

and female rats (D), and of Hmgcs2in male (E) and female rats (F) reported as mean + SE.
Statistical differences between WT control and treatment groups, and AhR-KO control and
treatment groups were analyzed by Two-way ANOVA (*P<0.05; n= 3 to 5 for each group).

Toxicology. Author manuscript; available in PMC 2023 January 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Etietal.

Non-esterified Fatty Acids (mEq/L)

Serum Cholesterol (mg/dL)

A Male serum NEFA _ B
- |
1.5+ =
mm Vehice ' 157
=1 PCB126 E
1.0 . S 104
£
£
0.5 E 0.5+
=
g
"
0.0- T T 2 0.0-
WT AhR-KO S
z
C Male rats D
150- )
Hm Vehicle 3150
K=}
= PCB126 B
100- =
S 100
8
3
50~ S
o
E
0- T T 3
WT AhR-KO o 0=

Female serum NEFA

*
T
WT

AhR-KO

Female rats

*
T
WT

Il

AhR-KO

Page 29

Hm Vehicle
=1 PCB126

Hm Vehicle
= PCB126

Fig-9. PCB126 reduced serum non-esterified fatty acids (NEFAs) and cholesterol in WT rats, not

in AhR-KO rats.

Serum NEFAs level of male (A) and female rats (B), serum cholesterol level of male (C)
and female rats (D), reported as mean + SE. Statistical differences between WT control and
treatment groups, and AhR-KO control and treatment groups were analyzed by Two-way

ANOVA (*P<0.05; n= 3 to 7 for each group).
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Fig-10. PCB126 significantly imbalanced the energy homeostasis in rats, which depended on
AhR activation.

The scheme depicts the effects of PCB126 on gluconeogenesis, glycogenolysis, and fatty
acid oxidation in the liver resulting in an imbalance in energy homeostasis after 28 days
exposure that is mediated by AhR activation. Sex differences in gene regulation suggest
a larger role of 3-oxidation in female and gluconeogenesis in male rats (DNL-De Novo
Lipogenesis; TG- Triglyceride; NEFA- non-esterified fatty acid).
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