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ABSTRACT

3,30,4,40,5-pentachlorobiphenyl (PCB126), a dioxin-like PCB, elicits toxicity through a wide array of noncarcinogenic effects,
including metabolic syndrome, wasting, and nonalcoholic fatty-liver disease. Previously, we reported decreases in the
transcription of several enzymes involved in gluconeogenesis, before the early onset of lipid accumulation. Hence, this
study was aimed at understanding the impact of resultant decreases gluconeogenic enzymes on growth, weight, and
metabolism in the liver, upon extended exposure. Male Sprague Dawley rats (75–100 g), fed a defined AIN-93G diet, were
injected (ip) with single dose of soy oil (5 ml/kg body weight; n ¼ 14) or PCB126 (5 mmol/kg; n ¼ 15), 28 days, prior euthanasia.
A subset of rats from each group were fasted for 12 h (vehicle [n ¼ 6] and PCB126 [n ¼ 4]). Rats only showed significant
weight loss between days 14 and 28 (p < .05) and some mortality (p ¼ .0413). As in our previous studies, the expression levels
of enzymes involved in gluconeogenesis (Pepck-c, G6Pase, Sds, Pc, and Ldh-A) and glycogenolysis (Pygl) were strongly
downregulated. The decreased expression of these enzymes in PCB126-treated rats after a 12 h fast decreased hepatic
glucose production from glycogen and gluconeogenic substrates, exacerbating the hypoglycemia. Additionally, PCB126
caused hepatic steatosis and decreased the expression of the transcription factor Ppara and its targets, necessary for fatty-
acid oxidation. The observed metabolic disruption across multiple branches of fasting metabolism resulted from inhibition
in the activation of enzyme AMPK and transcription factor CREB signaling, necessary for “sensing” energy-deprivation and
the induction of enzymes that respond to the PCB126 triggered fuel crisis in liver.

Key words: polychlorinated biphenyls; carbohydrate metabolism; lipid metabolism; intermediary metabolism; liver; meta-
bolic disruption.

Polychlorinated biphenyls (PCBs) are broadly classified as
dioxin-like and nondioxin-like congeners based on their mecha-
nistic similarities in toxicity to 2, 3, 7, 8-tetrachlorodibenzo-p-
dioxin, by activating the aryl hydrocarbon receptor (AhR)
(Ahlborg and Hanberg, 1994). PCB126 (3,30,4, 40,5-pentachlorobi-
phenyl), a potent AhR agonist and a dioxin-like toxicant with a
toxic equivalency factor (TEF) of 0.1 was recently upgraded to
Group 1 Human Carcinogen by the International Agency for
Research on Cancer (Lauby-Secretan et al., 2013, 2016). Upon li-
gand binding and activation by PCB126, the cytosolic nuclear

transcription factor AhR, translocates into the nucleus and
induces changes in expression of genes and proteins that even-
tually cause toxicity (Bandiera et al., 1982; Okey, 2007). PCB126
exposure mainly occurs through food, however other minor
routes of exposure through air and water have also been de-
scribed (Ampleman et al., 2015). PCB126 is resistant to metabolic
elimination and bio-accumulates in tissues such as liver and
adipose.

Exposure and bioaccumulation of persistent organic pollu-
tants (POPs), including dioxin-like PCBs is proving to be
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significant risk factor for chronic metabolic diseases that pose a
great threat to public health (Ruzzin, 2012; Ruzzin et al., 2010;
Thayer et al., 2012). Considering new evidence that environmen-
tal exposure to POPs is associated with a broader range of meta-
bolic diseases other than obesity, the definition of “obesogen” is
now expanded to “metabolism disrupting chemical” (Grun and
Blumberg, 2009; Heindel et al., 2015). This facilitates the classifi-
cation of chemicals that exclusively target liver metabolism and
cause liver lipid abnormalities, such as fatty liver or various
forms of steatohepatitis (eg, nonalcoholic vs alcoholic) (Heindel
et al., 2017; Kaiser et al., 2012; Wahlang et al., 2013). The body bur-
den of dioxin-like PCBs such as PCB126 is significantly associ-
ated with nonalcoholic fatty-liver disease (NAFLD) along with a
combined risk for obesity, diabetes, and hypertension (Cave
et al., 2010; Donat-Vargas et al., 2014; Everett et al., 2007, 2011;
Gauthier et al., 2014; Perkins et al., 2016; Silverstone et al., 2012).

Besides the role of liver in detoxification of xenobiotics, the
liver is the principal tissue/site for glucose and lipid homeosta-
sis and responds to various hormones to maintain energy ho-
meostasis during both post- and preprandial metabolism.
During the fed state, the liver responds to insulin by synthesiz-
ing glycogen (glycogenesis) as a reserve for glucose and increas-
ing lipogenesis (Granner, 2015; O’Brien and Granner, 1996). In
contrast, fasting induces glycogenolysis, gluconeogenesis and
fatty-acid oxidation, in response to glucagon. Although glyco-
gen acts as early substrate for glucose production during early
fasting (glycogenolysis), lactate, pyruvate, glycerol, and certain
amino acids are substrates for endogenous hepatic glucose pro-
duction (HGP) during longer hours of fasting (gluconeogenesis)
(Owen et al., 2002; Pilkis and Granner, 1992). Furthermore, liver
also meets energy requirements through b-oxidation of fatty
acids during fasting. The fasting physiology of liver is orches-
trated by the activation of multiple transcription factors and
their coactivators that control the specific and timely transcrip-
tion of functional enzymes necessary for fasting metabolism
(Rui, 2014). Toxicant induced perturbations of these tightly regu-
lated transcriptional programs in the liver likely results in meta-
bolic dyshomeostasis that leads to NAFLD and consequential
metabolic syndrome (Cave et al., 2016; Heindel et al., 2017). The
most studied genes induced by dioxin-like chemicals are the cy-
tochrome P-450 monooxygenases, which respond rapidly to the
presence of pollutants (Dalton et al., 2002; Puga et al., 2009;
Swanson, 2002). However, the significance of changes in the ex-
pression of several other genes and their role in the observed
toxicity is less understood (Boverhof et al., 2006; Forgacs et al.,
2013; Lo et al., 2011; Ovando et al., 2010; Safe et al., 1998). Despite
clear pathological outcomes with compromised liver function, a
significant knowledge gap exists in the understanding of the
key events in mechanisms of steatosis (Kaiser et al., 2012).

Several animal studies using rodent models reported hypo-
glycemia, wasting disorders, altered lipid profiles and ectopic
lipid deposition in the liver (fatty liver) upon repeated exposure
to multiple doses of dioxin-like chemicals (NTP, 2006; Seefeld
and Peterson, 1984; Viluksela et al., 1998; Weber et al., 1995).
However, in our previous studies to understand the roles of oxi-
dative stress and micronutrient alteration in causing fatty-liver
induction, rats injected with a single dose of PCB126 (5 lmol/kg)
did not show any changes in growth, feed consumption or gen-
eral overall health compared with the control animals after 14
days (Gadupudi et al., 2016a,b; Klaren et al., 2015; Lai et al., 2011,
2013). In a separate study specifically aimed at understanding
the time-course of PCB126-induced liver steatosis using the
same dose and time, we reported early transcriptional downre-
gulation of several enzymes necessary for gluconeogenesis and

fatty-acid oxidation with no changes in bodyweight or feed con-
sumption (Gadupudi et al., 2016a). Since gluconeogenesis and
fatty-acid oxidation are fasting-relevant biological processes, in
the current study we asked the question(s) of whether this dose
of PCB126 and decrease in the transcription of gluconeogenic
and fatty-acid oxidation enzymes would (1) impact the normal
growth of the animal and also impact (2) intermediate metabo-
lism during fasting. To this end, we have injected male rats,
with single dose of PCB126 (5 lmol/kg) and monitored their
growth over 4 weeks of exposure. To test the effects of fasting, a
subset of these PCB126 exposed and control animals were re-
stricted from feeding for 12 h, prior to euthanasia.

MATERIALS AND METHODS

Animal studies. All experiments were conducted with the ap-
proval from Institutional Animal Care and Use Committee of
the University of Iowa. Male Sprague Dawley (SD) rats weighing
75–100 g at an age of 4–5 weeks were fed a defined AIN-93G diet
purchased from Envigo (Indianapolis, Indiana) and acclimatized
to the powdered diet and animal housing for 1 week. Each ani-
mal was individually housed in wire hanging cages to monitor
feed consumption and food wastage randomly assigned, with
free access to feed and water and in a controlled environment
of 22�C in a 12-h light-dark cycle. The PCB126 used in the injec-
tions was prepared by an improved Suzuki-coupling method,
obtained from the Synthesis Core, University of Iowa Superfund
Research Program (Lehmler and Robertson, 2001). Detailed syn-
thesis and characterization information about this compound
can be found in the supplementary materials (Supplementary
Figs. 9 and 10). Soy oil, used to prepare the PCB126 and vehicle
injections, was purchased from Envigo and was the same oil
used to formulate the diet. Animals received a single ip injec-
tion of soy oil (5 ml/kg body weight; n ¼ 14) or PCB126 at a dose
5 mmol/kg (1.63 mg/kg body weight; n ¼ 15) body weight after
1 week of acclimatization (Supplementary Figure 1). This dose
of PCB126 was used previously in several studies with no ob-
servable effects on growth or overt toxicity (Gadupudi et al.,
2016a; Lai et al., 2011, 2013; Robertson et al., 2007). The weights
of the animals and feed consumed were monitored every alter-
nate day until the end of the study. Four weeks after injection
and 12 h prior to euthanasia, feed was withdrawn from a sub-
group of the PCB126-injected (n ¼ 4) and the vehicle-only-
injected rats (n ¼ 6) for an overnight fast (Supplementary
Figure 1). All the animals in both “fed” and “fasted” groups were
euthanized in the following morning, using carbon-dioxide as-
phyxiation followed by thoracotomy. After euthanasia, whole
blood was obtained from the heart and processed as described
below. The livers were harvested and flash frozen in liquid ni-
trogen and stored at –80�C until further analysis. For histopath-
ological analysis, slices of liver tissue were formalin-fixed in
cassettes for preparing paraffin blocks or frozen over liquid ni-
trogen after embedding in optimal cutting temperature com-
pound for frozen sections.

Blood collection and serum analysis. Whole blood samples from the
hearts were collected into S-Monovette tubes designed for har-
vesting serum, after euthanasia. The blood was allowed to clot
in the tubes and the serum fractions were separated by centrifu-
gation at 1500 g for 10 min at 4�C. The serum samples were ali-
quoted and frozen at �80�C until further analysis. The
measurements of serum glucose and other parameters were
measured by Comparative Clinical Pathology Services LLC
(CPath, Missouri).
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Histology and special stains. Sections of liver were fixed in 10%
neutral buffered formalin, embedded in paraffin, sectioned and
routinely processed. Sections were stained with hematoxylin
and eosin (H&E). Additional sections were also stained with pe-
riodic acid-Schiff (PAS) for measuring changes in glycogen
(Sheehan and Hrapchak, 1987). All the sections were examined
for necrosis, inflammation and additional histopathology; diag-
nosed and scored by a board certified veterinary pathologist.

Lipid staining and quantification. Sections prepared from frozen
Optimal cutting temperature blocks of liver snippets were used
for Oil-red-O (ORO) staining (Luna, 1992). Briefly, liver sections
of 5-mm thickness were mounted on slides and allowed to air
dry for 1–2 h. The sections were then fixed in 10% formalin and
washed with tap water. The slides were dried and stained with
(0.5% w/v) ORO in isopropanol for 15–30 min. Slides were
washed and subsequently processed for hematoxylin counter
staining. All the stained sections were examined by a board cer-
tified veterinary pathologist.

Glycogen and glucose measurements. Flash frozen rat liver tissue
(approximately 50 mg) was homogenized (15 s intervals, 3 times)
in ice-cold phosphate buffered saline (PBS) and sonicated with a
probe sonicator on ice for further lysis (5 s intervals, 3 times). The
samples were then centrifuged at 10 000 � g for 20 min at 4�C. In
total 50 ml of supernatant was aliquoted and stored at �80�C to
determine the protein concentrations. The remaining superna-
tant was boiled for 10 min at 70�C in a water bath to inactivate
enzymes and subsequently stored at �80�C until further use.

For quantification, the frozen samples were thawed and di-
luted with 1� PBS (1:25). In total 30 ml of each sample was added
to a clear bottom microtiter plate in duplicate along with either
70 ml of diluted amyloglucosidase (Sigma, St. Louis, Missouri;
A1602) solution in sodium citrate buffer (0.15% v/v) or sodium
citrate buffer alone to determine glycogen and glucose concen-
trations, respectively. In total 30 ml of both glucose (Sigma, St.
Louis, Missouri; GAGO-20) and glycogen standards (Cayman
Chemicals, Ann Arbor, Michigan; 700481) in the concentration
range of 0–0.16 mg/ml prepared in 1� PBS were also incubated
in separate wells. The samples and standards were incubated
for 30 min at 47�C to facilitate the cleavage of glycogen polymers
into glucose units by amyloglucosidase. Consequently, 100 ml
of glucose oxidase (GO) reagent (Sigma, St. Louis, Missouri;
GAGO-20), purchased from Sigma-Aldrich, was added to all
samples and standards and incubated at 37�C for 1 h; 100 ml of
12 N sulfuric acid was then added to each well to terminate the
reaction and the absorbance was measured at 540 nm using a
plate reader (Tecan Inc, North Carolina). Free hepatic glucose
levels in liver samples were calculated using a glucose standard
curve. Total hepatic glucose, representing free glucose in addi-
tion to glucose generated by the hydrolysis of glycogen, was de-
termined using the amyloglucosidase-treated samples. Hepatic
glycogen levels were calculated by subtracting the absorbance
of the free glucose from the absorbance of the total glucose fol-
lowing glycogen hydrolysis. Both glycogen and glucose concen-
trations, determined from their respective standard curves,
were normalized to total protein quantified by Bradford assay
(Biorad, California).

Gene expression analysis. Total RNA from each of the rat liver
samples were extracted using the RNeasy extraction kit from
Qiagen Inc (Valencia, California). Briefly, 20–30 mg of liver tissue
was homogenized and RNA was extracted as described in the
manufacturer’s protocol. Absorbance of the isolated RNA was

determined spectrophotometrically at 260 and 280 nm. RNA
samples with purity ratios (A260/A280) between 1.8 and 2.0
were used for generating complementary DNA (cDNA) employ-
ing a high-capacity cDNA reverse transcription kit from Applied
Biosystems Inc. (Foster City, California), as described. The real-
time quantitative PCR analysis was performed at an optimized
cDNA template concentration of 50 ng, using an SYBR Green
Master Mix kit supplied by Applied Biosystems Inc. The primers
used to measure the transcript levels of various genes are listed
in Supplementary Table 1 and were synthesized by Integrated
DNA Technologies Inc. (Coralville, Iowa). Each sample was ana-
lyzed in duplicate. The amplification reaction was carried out
with an Eppendorf RealPlex2 Mastercycler (Hamburg, Germany)
using a program that 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.
Subsequently, a melting curve analysis was also performed, to
check for any primer dimers. The transcript levels of all the
quantified genes were normalized to the transcript levels of the
reference gene hypoxanthine-guanine phosphoribosyl transfer-
ase (Hprt1) and relative expression was calculated and repre-
sented on the Y-axis. The expression level of each gene in a
given sample was normalized to the mean of the biological con-
trol group of each study (oil vehicle, 5 ml/kg). The final transcript
levels were quantified relative to the normalized transcript levels
of the control group, using the Pfaffl method (Pfaffl, 2001).

Protein isolation and semiquantitative analysis. Liver snippets
(approximatley 50 mg) were homogenized in lysis buffer (500 ml)
containing phosphatase and protease inhibitors. The homoge-
nates were sonicated for 2 min (in rounds of 10 s sonication/20
sec rest cycle) and incubated on ice for 30 min. Supernatants
were collected after centrifugation at 10 000 rpm for 20 min
at 4�C and stored at �20�C. Total protein was quantified by
the Bradford assay as described by manufacturer (Biorad,
California). Proteins were resolved by denaturing 10% SDS-
polyacrylamide gel electrophoresis and transferred by wet blot-
ting onto PVDF membranes (Millipore, Massachusetts). The
membranes were blocked with 5% nonfat milk or 5% BSA in 25
mm Tris-HCl (pH 7.4), 150 mm NaCl and 0.1% Tween-20 (TBST) at
room temperature for 1 h, and incubated with primary antibody
overnight (1:1000) at 4�C and then with secondary antibody di-
luted in nonfat milk or BSA (1:3000) at room temperature for 1 h,
as recommended by the supplier. The secondary antibodies con-
jugated with horseradish peroxidase were used to visualize the
blots with a chemiluminescence Supersignal West Pico and
West Femto kit (ThermoFisher Scientific, Massaschusssets) and
observed on a LI-COR Odyssey chemiluminescent imager. For
stripping of the antibodies bound to the blot, the blots were incu-
bated with Restore western blot stripping buffer (Thermo
Scientific, Massachusetts) for 30 min at 55�C with agitation and
then washed liberally for 5 times with TBST. The membranes
were probed with the primary antibodies to the following: Rabbit
monoclonal antibodies against 50 AMP-activated protein kinase
(AMPK) phosphorylated at T172 (2535; Cell Signaling Technology,
Massachussets), Total AMPK (2532; Cell Signaling Technology,
Massachussets, and generously provided by Dr Dale Abel), cAMP
response element-binding protein (CREB) phosphorylated at
S133 (9198; Cell Signaling Technology, Massachusetts), CREB
(9197; Cell Signaling Technology, Massachussets), goat poly-
clonal antibody against PEPCK-C (gift of Dr. Daryl J. Granner), rab-
bit polyclonal antibody against the b-actin (ab8227; Abcam,
Massachusetts). The specificity of CREB phosphorylation (pCREB)
and CREB antibodies was validated by probing for the protein lev-
els of CREB and pCREB in unstimulated (�ve control) and
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stimulated (þve control) neuronal cell extracts from SK-N-MC
cells (Cell Signaling Technology, Massachussets), untreated or
treated with Forskolin (30 mM), IBMX (0.5 mM) for 30 min to en-
hance CREB phosphorylation. Similarly, the specificities of anti-
bodies against total AMPK and the T172 specific phosphorylated
form of AMPK were validated by probing for protein levels of
pAMPK and AMPK in serum starved (þve control) and unstarved
(�ve control) muscle cell extracts from C2C12 cells (Cell Signaling
Technology, Massachussets). Pictures of the immunoblots of the
various proteins were quantified for band intensities using
ImageJ analysis and normalized to the loading control b-actin.

Statistics. The survival curves were generated using Kaplan and
Meier method and compared with both log-rank and Gehan-
Wilcoxon tests. The differences across the control and various
treatment groups were analyzed using a 2-way ANOVA followed
by Tukey-Kramer post hoc test. The outliers in the sample distri-
bution were determined using Grubs test and eliminated, if ap-
plicable. Only results with significant differences (p < .05) were
reported. All the error bars represent SEM. All the plots of
graphs and statistical analyses were performed using GraphPad
Prism software (GraphPad Software, Inc, California).

RESULTS

Effects of PCB126 on Survival, Growth, and Feed Consumption
The PCB126 (5 mmol/kg) and vehicle-injected rats were moni-
tored for general growth and health by measuring their feed con-
sumption and body weight gain. Consistent with our previous
studies, the rats did not show any immediate changes or acute
symptoms in the initial 2 weeks after PCB126 injection (Gadupudi
et al., 2016a). However, the animals began to show significant (p <
.05) and persistent weight loss between 14 and 28 days, at the end
of the study (Figure 1A). Coincident with changes in weight loss
at 14 day-postinjection, total feed consumption decreased and
became statistically significant (p < .05) at 18 days of exposure
(Figure 1B), and remained so until the end of the study. The sub-
stantial changes in weight and feed consumption after PCB126
exposure, led to decreased feed efficiency [Total weight gain (g)/
Total feed consumed (g)] from 16 days to the end (Figure 1C).
Increasing time of PCB126 exposure, prolonged weight loss, de-
creased feed consumption, and efficiency, led ultimately to the
mortality of some rats (Figure 1D). There were 4 deaths before
the end of the study, with the first incidence of death at 23 days.
The survival curve of PCB126 exposed animals was significantly
(p ¼ .0413) different to the control group (Figure 1D).

Effects of PCB126 on Animal and Liver Weight After Fasting
To understand the effects of PCB126 on fasting metabolism, the
designated subgroups of both the PCB126- and vehicle-treated
rats exposed for 28 days were fasted for 12 h overnight before
euthanasia. The final animal weights before the fasting of ani-
mals were measured (Figure 2A). PCB126 treatment induced a
significant weight loss in all the animals compared with the
control; however, there were no significant weight differences
between the respective groups of control and PCB126-treated
rats before fasting (Figure 2A). After the 12 h fast, there was sig-
nificant weight loss (�3.5% of the total weight) in control ani-
mals (Figure 2B; black bars, a represents p < .05 with respect to
the fed-control group). Interestingly, PCB126-treated animals
that had reduced feed consumption also showed similar
decreases in their % body weight (�3.3% of the total weight)
upon overnight fasting (Figure 2B; gray bars, b represents p < .05

with respect to the fed PCB126 group). Hence, there were no sig-
nificant changes in body weight compared with control animals
in the fasted group (ns represents nonsignificant). In the fed
group of control animals there was normal increase in mean
body weight (1.1% of body weight/day). The fed group of
PCB126-treated animals, showed a slight decrease in the mean
body weight (�0.25% of body weight/day). PCB126 animals are
skewed towards weight loss, while the vehicle-treated animals
showed weight gain in their fed states.

Weights of livers from PCB126-treated rats with respect to
body weight were significantly increased (Figure 2C; gray bars, *
represents p < .05). There were significant relative liver weight
changes in PCB126-treated rats that were fasted. Although not
significant, the mean relative liver weight (Figure 2C; black bars)
and also wet liver weight (Supplementary Figure 6) of fasted
control animals showed a decrease (approximately 10% of fed-
control animals), possibly because of the depletion of glycogen
upon fasting. PCB126 is a potent AhR agonist and classically
induces the transcript levels of cytochrome P-450, family 1, sub-
family A, polypeptide 1 (Cyp1a1) along with other transcrip-
tional targets. PCB126 significantly induced the transcript levels
of Cyp1a1 (approximately 400-fold) in the PCB126-treated liver (p
< .05). The increased Cyp1a1 levels are a measure of PCB126-
induced AhR activity. There were no significant changes in
Cyp1a1 transcript levels after fasting (Figure 2D). Along with
liver weights, the thymus weights were also measured as a
marker of PCB126 induced toxicity. Consistent with our previous
findings of reduced thymus weights in PCB126 exposure after 14
days (Lai et al., 2010), the thymuses in this study were so invo-
luted they were difficult to excise and were significantly de-
creased in weight (Supplementary Figure 2).

PCB126 Induces Vacuolation and Other Pathological Changes in
Liver
Histological examinations of H&E stained liver sections showed
mixed micro-vesicular and macro-vesicular hepatocellular vac-
uolation diffusely (Figs. 3B and 3D), consistent with our previous
findings after 14 days of PCB126 exposure (Klaren et al., 2015;
Wang et al., 2016). These vacuolar changes upon PCB126 expo-
sure were consistent with previously documented hydropic de-
generation and lipid accumulation. In this study, extended
exposure to PCB126 for 28 days resulted in the finding of signifi-
cant other gross pathologies as well. The PCB126 rat livers
appeared diffusely distributed with multiple, small zones of he-
patocellular loss/necrosis which contained acellular lightly eo-
sinophilic material and rare necrotic cellular debris. Portal
zones had mild fibrosis intermixed with inflammatory cells, pri-
marily lymphocytes, and plasma cells and biliary hyperplasia in
liver sections from PCB126-treated rats. A similar inflammatory
infiltrate was present scattered randomly throughout some of
the liver sections. Also scattered randomly were individual ne-
crotic cells which had hypereosinophilic cytoplasm and
pyknotic nuclei. In terms of gross liver pathology confirmed by
H&E staining, there were no obvious differences across the fed
and fasted liver sections of PCB126-treated rats. The H&E liver
sections of control rats of fed (Figure 3A) and fasted (Figure 3C)
groups are also shown. The tissues were examined by a pathol-
ogist and representative images of each treatment group are
presented (Figure 3). Further, the necrosis and inflammation for
scored for severity by a pathologist. PCB126 exposed livers
showed significant increases in the mean scores of necrosis
(Supplementary Figure 7A) and inflammation. Livers from
PCB126-exposed rats showed significant increases in the mean
scores of necrosis (Supplementary Figure 7B) across the
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replicates (1-way ANOVA-Tukey; p < .05). Additional fasting for
12 h did not impact the necrosis or inflammation scores in the
livers of PCB126-treated rats (Supplementary Figure 7).

Exposure to PCB126 Decreases Serum and Hepatic Glucose Levels
Serum glucose levels of the rats treated with PCB126 were sig-
nificantly decreased in both fed and fasted animals (Figure 4A,
gray bars). There were no significant differences in fed and
fasted control animals (Figure 4a, black bars). This lack of

difference between fed and fasted groups of control animals af-
ter 12 h of fasting is expected, because of the induction of gluco-
neogenesis in the liver. Activation of gluconeogenic genes in the
liver during fasting increases HGP and hence maintains homeo-
static glucose levels in the blood. To understand liver glucose
production, hepatic glucose levels were colorimetrically deter-
mined as described. PCB126 exposure results in decreased he-
patic glucose levels in both fed and fasted states (Figure 4B, gray
bars; p < .05). The hepatic glucose levels in the fasted control

Figure 1. Effect of PCB126 on body weight gain, feed consumption, feed efficiency and survival. Body weight gain percentage (A), total feed consumed (B), total feed effi-

ciency (total body weight gain/total feed consumed) (C), and survival (D) in PCB126 (5 mmol/kg) exposed rats (red/gray line, n ¼ 12) were compared with vehicle (black

line, n ¼ 11). The survival curve was significantly different (Kaplan and Meier method; * represents p < .05).

Figure 2. Effect of PCB126 on body and liver weights after fasting. The final weights (A) and % change in animal weights/day were (B) in both fed and fasted groups are

shown (* ¼ p < .05; a ¼ p < .05 compared with fed-vehicle-treated animals; b ¼ p < .05 compared with fed-PCB126-treated animals). PCB126 treatment caused

Significant changes in relative liver weight (C) after PCB126 exposure were compared with the control rats (* ¼ p < .05). PCB126 induced the transcript levels of Cyp1a1

(2-way ANOVA-Tukey; * represents p < .05).
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rats were decreased compared with fed controls (Figure 4B,
black bars; p < .05). The decrease in hepatic glucose levels in
fasted group can be attributed to lack of glucose import during
feed withdrawal. Two-way ANOVA analysis of the treatment
groups shows a significant effect of both the PCB126 treatment
(row factor), fasting (column factor), and significant interaction
of PCB126 (p ¼ .0139) in further lowering the fasting state he-
patic glucose levels.

PCB126 Decreases the Transcript Levels of Genes Necessary for
Gluconeogenesis
Liver plays a critical role in maintaining homeostatic glucose
levels by regulating glucose storage and glucose production dur-
ing fed and starved states, respectively. Because of the de-
creased hepatic free glucose levels and hypoglycemia observed
in this study and our previous shorter term studies, the tran-
scripts of gluconeogenic genes were quantified (Gadupudi et al.,
2016a). Consistent with our previous observations, we observed
a significant decrease in the transcript levels of Pepck-c (* repre-
sents p < .05) also referred to as Pck1 in livers of PCB126 treated-
fed rats (Figure 5A). Upon fasting, the PCB126-treated rats,
contrary to our expectations, displayed a transient rise the tran-
script levels (Figure 5A), despite decreased hepatic glucose lev-
els (Figure 4B). G6Pase is another important enzyme known for
its role in gluconeogenesis. Similar to Pepck-c, the transcript

levels of G6pase were found to be decreased by PCB126 in the fed
state compared with their levels in fasting rats (Figure 5B).
Although Pepck-c and G6pase are important enzymes of cata-
plerotic reactions during HGP, several anaplerotic enzymes
such as Pc, Sds and Ldh-A are involved in replenishment of TCA
cycle intermediates for gluconeogenesis (Kornberg, 1966; Owen
et al., 2002; Su et al., 1990). Pc, Sds, and LdhA use pyruvate, gluco-
neogenic amino acid serine, and lactate, respectively, as meta-
bolic precursors for generating TCA cycle intermediates. Similar
to our findings with transcript levels of Pepck-c and G6pase, the
transcript levels of Sds, Pc, and LdhA were found to be decreased
more so in the fed state than fasted state after PCB126 exposure
(*represents p < .05). The transcript levels of Glut2/Slc2a2 was
quantified as predictor of glucose export during gluconeogenesis
and were found to be decreased (Figure 5F) upon PCB126 exposure
(Thorens, 1996; Thorens and Mueckler, 2010). Overall, the tran-
script levels of several genes necessary for gluconeogenesis are
decreased in the liver, after exposure to PCB126. Although there is
an increase in the transcripts of some of the gluconeogenic
enzymes after fasting the PCB126-treated animals for 12 h, no sig-
nificant replenishment in the serum glucose (Figure 4A) or he-
patic glucose levels (Figure 4B) was observed.

PCB126 Diminishes the Phosphorylation of Hepatic CREB and Its
Targets
Energy requirement during fasting prompts the transcription of
several gluconeogenic genes, which were found to be decreased
as shown earlier. Several gluconeogenic enzymes, including the
rate-limiting enzyme PEPCK-C, are regulated and transcribed by
activation of a transcription factor CREB. Protein levels of
PEPCK-C were hence measured semi-quantitatively using an
immunoblot (n ¼ 4, Supplementary Figs. 3 and 8C). PCB126 treat-
ment reduced the total protein levels of PEPCK-C in the livers of
fed rats (Figure 6A; Supplementary Figure 8C). It is interesting to
see an increase in the PEPCK-C levels in the control-fasted rats,
compared with the fed controls (Figure 6A; Supplementary
Figure 8C). This marks the sensitivity in the expression of
PEPCK-C in response to fasting (Supplementary Figure 8C; p <

.1). The levels of PEPCK-C in the PCB126-treated-fasted rats were
slightly induced upon fasting, compared with PCB126-treated
fed rats. This is consistent with the mRNA expression data of
various gluconeogenic genes (Figure 5).

The activation of CREB1, which transcribes Pepck-c and other
genes, is marked by the phosphorylation of a serine-133 residue
(pCREB1 [S133]). Hence, the protein levels of pCREB were semi-
quantitatively measured (Figure 6B and Supplementary Figure
8B). Similar to its target PEPCK-C, the levels of pCREB were

Figure 3. Liver pathology (H&E staining). PCB126 treatment caused vacuolation

in rat livers (B and D) compared with the vehicle-treated rats (A and C). The pa-

thology after PCB126 exposure was similar in both fed and fasted animals.

Arrows pointing to areas of hepatic necrosis caused by tissue clearing dotted

arrows point to hepatocellular vacuolation, arrowheads pointing out

inflammation.

Figure 4. Effect of PCB126 on serum and hepatic glucose levels. Glucose levels in serum (A) and liver extracts (B) of PCB126-treated (5 mmol/kg) rats (gray bars, n ¼ 4–7

animals/group) were compared with the vehicle control (black bars, n ¼ 6–8 animals/group). Two-way ANOVA analysis of PCB126 treatment � fasting showed a signifi-

cant interaction (p ¼ .0139) (2-way ANOVA-Tukey; * represents p < .05 and a represents p < .05 compared with fed- and vehicle-treated animals).
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diminished by PCB126 in the fed rat livers compared with the
fed controls. Upon fasting, the PCB126-treated rats demon-
strated a transient increase compared with fed-PCB126-treated
rats. pCREB levels in fasted controls were normal (Figure 6B, top
panel). The protein (Figure 6B, middle panel) or transcript levels
(Figure 6C) of total CREB1 were not altered. All the immunoblots
were performed in replicates (n ¼ 4, Supplementary Figure 4)
and normalized to b-actin levels (Figs. 6A and 6B, bottom panel).
The ratio of the band intensities (n ¼ 4) of pCREB/total CREB
were quantified (Supplementary Figure 8B). Exposure to PCB126
suppressed the activated levels of pCREB, compared with their
vehicle-treated-fasted livers (Supplementary Figure 8B).

CREB1-mediated regulation of fasting and fed metabolism is
coregulated by transcriptional coactivators, such as PGC1a,
CREM and ICER. These coactivators interact with CREB1 to form
stable transcription complexes that assist or repress the

transcription of gluconeogenic genes. While PGC1a and CREM
are coactivators, ICER is corepressor. All these coactivators/
corepressors are synthesized under the transcriptional regula-
tory loops of CREB1 in response to fed/fasted or hormonal stim-
uli. The down regulation in the transcripts of the functional
coactivators Pgc1a, Crem, and Icer in both and fed/fasted states
of PCB126-treated rats (Figs. 6D–F) further marks the reduced ac-
tivation of CREB1.

PCB126 Interrupts Glycogenolysis
Glycogen is an important source of energy stored at high con-
centrations in hepatocytes. During fasting, glucose is derived
from glycogen by glycogenolysis. To understand the effects of
PCB126 on fasting, glycogen content in the liver was analyzed
by qualitatively staining for glycogen with PAS stain. In the fed
control animals adequate levels of glycogen were apparent, as

Figure 5. PCB126 and the transcript levels of genes involved in gluconeogenesis. The transcript levels of (A) Phosphoenol pyruvate carboxykinase-1 (soluble Pepck-c),

(B) glucose-6-phosphotase (G6Pase), (C) serine dehydratase (Sds), (D) pyruvate carboxylase (Pc), (E) lactate dehydrogenase (Ldh-A) involved in gluconeogenesis and the

(F) glucose transporter (Glut2) necessary for glucose export in the liver were quantified (2-way ANOVA-Tukey; * represents p < .05).

Figure 6. Effect of PCB126 on phosphorylation of CREB1 and the transcriptional coactivators involved in gluconeogenesis. The protein levels of pCREB on serine (S133)

(B; top panel), the total protein levels of CREB1 (B; middle panel) and its transcript levels (C) measured. b-actin was used as the loading control (B; bottom panel).

Forskolin stimulated and unstimulated SK-N-MC neuronal cell extracts were used as positive and negative control for validating the pCREB antibody. The protein levels

of PEPCK-C, the transcriptional target regulated by CREB were also measured (A). The transcriptional coactivators of CREB1, Pgc1a (D), Crem (E), Icer (F), auto-regulated

transcriptional targets of CREB1 phosphorylation were also quantified (* represents p < .05).
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shown by the purple-magenta color of the stain (Figure 7A, top-
left). In the fasted control animals, no glycogen levels were
detected as indicated by the absence of any staining with PAS
(Figure 7a, bottom-left). In the fed PCB126-treated animals,
patches of PAS staining were observed (Figure 7A, top-right),
demonstrating the presence of polymerized glycogen. The
fasted PCB126-treated animals did not show any glycogen stain
as well (Figure 7a, bottom-right). For a quantitative analysis, the
glycogen levels were measured by indirect colorimetry
(Figure 7B) as described in the methods section. The quantita-
tive measurements were consistent with the findings of PAS
staining. Despite low levels of glucose in serum after PCB126 ex-
posure, it is interesting to find glycogen in the respective rat liv-
ers (Figure 7B), even more so than the fasted-control rat livers.
To corroborate the observed decrease in glycogenolysis, the
transcript levels of glycogen phosphorylase (Pygl), the rate-
limiting enzyme involved in glycogenolysis were measured.
PCB126 exposure significantly decreased the transcript levels of
Pygl in both fed and fasted states (Figure 7C), thereby suggesting
its role in the impaired glycogenolysis.

PCB126 Decreases the Transcripts of Genes Involved in Fatty-Acid
Oxidation and Inhibits the Activation AMPK
PCB126 is well-known to induce hepatic steatosis through accu-
mulation of lipid-filled vacuoles in hepatocytes. In this 28 days
exposure study, ORO staining was performed to depict lipid ac-
cumulation. In the fed-control animals, little or no staining of
ORO was observed. In the fasted state control animals, tiny,
punctate lipid droplets were found in the periportal hepato-
cytes, but not in hepatocytes in other zones (Figure 8, bottom-
left panel). This is indicative of the peripheral lipid mobilization
into the liver for fatty-acid oxidation during fasting. This is
known to be transient and changes with fed/fasted states. In
PCB126-treated animals, the lipid droplets are variable sized
and distributed throughout the liver, but are most abundant
and large in the portal zones of the hepatic lobule (Figure 8A,
top-right and bottom-right panels). With predominant steatosis,
the changes in lipid accumulation across fed and fasted states
were indistinguishable. We and others previously observed the
effects of PCB126 on the protein levels of PPARa, regarded as a
master regulator of b-oxidation (Gadupudi et al., 2016a;
Robertson et al., 2007). In this prolonged exposure study, we ob-
served the levels of Ppara transcripts to be lowered by PCB126 in
the fed state, but were induced upon fasting. Some of the tran-
scriptional targets of Ppara, such as Acox1 and Hmgcs2, also
showed similar results (Figs. 8C–E). However, some of the well-
known transcriptional targets of Ppara, such as Cpt1a, Cyp4a2
were found to be unaltered or increased by PCB126 treatment
(data not shown). These changes suggest that effects on Ppara
may be consequential and subjective to fed or fasted states.
Taking into consideration the diminished CREB activation dur-
ing gluconeogenesis, as well as lowered glycogenolysis and
fatty-acid oxidation; the levels of AMPK as a unified target for
the consequent pathologies were measured semi-quantitatively
using immunoblot (Supplementary Figure 8A). Although the fed
controls had less phosphorylation of AMPK, the fasted control
livers showed marked activation of AMPK through phosphoryla-
tion at the threonine position (pAMPK [T172]). The PCB126 treat-
ment significantly decreased the pAMPK levels in both fed and
fasted livers. Not only were pAMPK levels reduced (Figure 8B,
top panel), but total AMPK levels (Figure 8B, middle panel) were
also decreased, compared with the levels of loading control b-
actin (Figure 8B, bottom panel). The changes in the pAMPK or
AMPK levels were performed in replicate (n ¼ 4, Supplementary

Figure 5) and the relative ratio of pAMPK/AMPK were quantified
(Supplementary Figure 8A). PCB126 decreased the pAMPK levels
compared with their levels in normal fasted livers
(Supplementary Figure 8A)

Decreased Activation of AMPK by PCB126 Dysregulates the
Ameliorating Functions of Adiponectin and Fgf21
Adiponectin is a hormone secreted by adipose tissue that plays
an important role in regulating liver glucose production and
fatty-acid oxidation. Adiponectin is known to increase b-oxida-
tion and glucose production by the activation of AMPK through
adiponectin receptors in the liver and hence to protect from
metabolic derangements. PCB126 treatment results in a signifi-
cant increase in the serum concentration of adiponectin, in or-
der to protect from PCB126-induced steatosis and hypoglycemia
(Figure 9A). Although not significant, there is a slight decrease
in the transcript levels of liver adiponectin receptor (adipor2) in
the PCB126-treated rat liver extracts (Figure 9C). In order to
stimulate adiponectin secretion, the liver secretes Fgf21 as a
“stress signal” that communicates with adipose tissue during
nutrient deprivation and fasting. Concomitant with PCB126-
induced metabolic stress in the liver, there is significant induc-
tion in the transcript levels of Fgf21 (Figure 9B). Despite the in-
creased expression of adiponectin and fgf21, the decrease in the
activation of AMPK by PCB126 dysregulates their ameliorating
action on metabolic homeostasis in liver.

DISCUSSION

Previous studies showed acute exposures to a single dose of
PCB126 (14 days) caused significant decreases in serum glucose
levels without any alterations in feed consumption or body
weight (Gadupudi et al., 2016a; Klaren et al., 2015; Lai et al. 2010).
Several enzymes involved in gluconeogenesis were found to be
down regulated despite PCB126-induced hypoglycemia
(Gadupudi et al., 2016a,b; Petriello et al., 2016). We and others
also reported that PCB126-mediated decrease in the phosphory-
lation of CREB, may lead to reduced transcription of fasting
enzymes such as PEPCK-C in the liver (Gadupudi et al., 2016b;
Zhang et al., 2012). Based on inhibitory effects of PCB126 on the
fasting metabolism, this study was performed to evaluate
effects of PCB126 on HGP and steatosis, following a sub-acute
exposure for 28 days.

Exposure to PCB126 for the extended time period of 28 days
resulted in decreased body weight gain that developed into
weight loss (Figure 1A). The cause of weight loss seems to stem
from overall loss in organ weights, including bones, rather than
1 specific target organ (eg, adipose or skeletal muscle). Along
with effects of PCB126 on growth, the chemical-induced de-
crease in feed consumption (Figure 1B) and efficiency
(Figure 1C) could also contribute to the overall shrinkage in ani-
mal size. Despite the overall “wasting” observed in PCB126-ex-
posed animals (Figure 1A), the body weight loss caused by their
overnight fasting was not significantly different from the
control-fasted animals (Figure 2B). However, PCB126 treated-fed
animals continued to persistently lose weight without any fast-
ing (median % change in animal weight/day ¼ approximately
0.2%). PCB126 exposure resulted in significant increase of rela-
tive liver weights, because of lipid accumulation and hydropic
vacuolation. Noteworthy is the decrease in the liver weight (ap-
proximately 10% wet weight) of the control animals upon fast-
ing (Supplementary Figure 5), because of glycogen depletion
(Figure 7). The longer exposure to PCB126 in this study resulted
in the onset of inflammation and necrosis in the liver (Figure 3
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and Supplementary Figure 7). Consistent with our previous
studies on PCB126, there was predominant lipid vacuolation in
the periportal regions (Figure 8A).

Fasting metabolism in the liver maintains energy homeosta-
sis through the activation of its 3 arms, namely glycogenolysis,
gluconeogenesis, and b-oxidation (Figure 10) (Rui, 2014).
Although the former 2 arms use carbohydrates, certain gluco-
neogenic amino acids or glycerol as fuel sources, the later uses
lipids (Kalhan et al., 2001; Rui, 2014). Although there appears to
be no strict order in the activation of these pathways, it is a pre-
cept that glycogenolysis occurs before gluconeogenesis and
fatty-acid oxidation, during long hours of fasting. The key lies in
the timely and tightly regulated activation of nuclear receptors
that induce the transcription of enzymes involved in these
pathways (Heindel et al., 2017; Hong et al., 2014; Rui, 2014). We
and others previously identified alterations in the expression of

enzymes that regulate fasting metabolism upon exposure to
PCB126 and other dioxin-like compounds (Gadupudi et al.,
2016a; Hsia and Kreamer, 1985; Seefeld et al., 1984; Viluksela
et al., 1995, 1997, 1998; Weber et al., 1995). Thus, in the current
study we analyzed the pathological manifestations of PCB126
on these 3 arms of fasting.

Our previous time-course study with PCB126 showed a sig-
nificant decrease in blood glucose levels within 9 h of exposure
(Gadupudi et al., 2016a). With no changes in feed consumption
(contributor of blood glucose), the observed hypoglycemia was
attributed to decreased HGP caused by a decrease in the levels
of the rate-limiting enzyme, PEPCK-C (Gadupudi et al., 2016b).
Measurement of hepatic glucose levels in the current study
showed decreased hepatic free glucose levels in fed state that
further worsened upon fasting in PCB126-treated rats
(Figure 4A) (2-way ANOVA; interaction [p < .01]). Decreased HGP,

Figure 7. Effect of PCB126 exposure on glycogenolysis. The presence of glycogen in the liver sections was evaluated by PAS staining. The magenta color indicates the

presence of glycogen (A). The glycogen levels in liver extracts were measured colorimetrically (B). ˆrepresents glycogen concentrations calculated by subtracting free

glucose concentrations from the total glucose levels after glycogen hydrolysis in liver extracts (See methods). Transcript levels of Pygl, a rate-limiting enzyme involved

in glycogenolysis were quantified by qPCR (C). (2-way ANOVA-Tukey; * represents p < .05; a represents p < 0.05 compared with fed-vehicle-treated rats).

Figure 8. Effect of PCB126 exposure on lipid accumulation and the transcript levels of genes involved in b-oxidation, the expression of pAMPK. Liver sections were

stained for lipid droplets (red) with ORO. The accumulation of lipid droplets in periportal regions is stained red (A, right-top and bottom panels). Vehicle-treated-fed rat

livers did not stain for lipid (A, left-top panel), while the fasted animals (A, left-bottom) showed mild accumulation in periportal regions represented by punctate red

staining (dotted circle). The protein levels of the energy sensing enzyme AMPK (B, middle panel) and its phosphorylated form pAMPK (T172) (B, top panel) were mea-

sured by immunoblot. b-actin was used as the loading control (B, bottom panel). PCB126 exposure diminished the transcript levels and Ppara (C), and its target genes

Acox1 (D) and Hmgcs2 (E).
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thus corroborates the decreased serum glucose levels and hypo-
glycemia (Figure 4A). Consistent with the decreased HGP, the
transcript levels of the enzymes Pepck-c, G6Pase, Sds, Pc, and Ldh-
A, involved in gluconeogenesis were also found to be decreased
by PCB126. Functionally, the enzymes “translated” from these
genes are either anaplerotic or cataplerotic in generating the re-
action products that are precursor metabolites during glucose
production (Owen et al., 2002). The enzymes Sds, Pc, and LdhA
synthesize oxaloacetate by conversion of their substrates ser-
ine, pyruvate, and lactate, respectively, and contribute to ana-
plerotic flux of the TCA cycle (Kornberg, 1966; Owen et al., 2002;
Su et al., 1990). On the other hand, Pepck-c and G6pase direct the
metabolite flux of the TCA cycle towards glucose production
through cataplerosis (Burgess et al., 2004).

The decreased transcript levels of several enzymes in gluco-
neogenesis that are not under the direct transcriptional control
of AhR suggest the disruption of a common regulatory switch.
Hepatic nuclear transcription factor CREB is activated through
phosphorylation during fasting (pCREB1) (Herzig et al., 2001).
The activated pCREB facilitates the transcription of several
enzymes especially those involved in gluconeogenesis
(Gadupudi et al., 2016a; Mayr and Montminy, 2001; Robertson
et al., 2007). The activated pCREB also transcribes several coacti-
vator proteins such as PGC1a, that interact with CREB1 itself
and peroxisome proliferator activated receptors to aid the tran-
scription of enzymes involved in gluconeogenesis and fatty-
acid oxidation (Herzig et al., 2001, 2003). The activated pCREB,
along with functional genes such as Pepck-c, also transcribes
several of its isoforms such as CREM and ICER that play regula-
tory roles in either feedback activation/amplification or inhibi-
tion by binding to the promoters of target genes during fed/
fasted cycles of the liver (Everett et al., 2013; Servillo et al., 2002).
Although CREM isoform increases transcription of more genes

involved in fasting and cellular stress responses, ICER is a trun-
cated isoform that competes with original CREB and inhibits its
transcriptional response by competitively occupying the pro-
moters (Servillo et al., 2002). PCB126 exposure resulted in de-
creased phosphorylation of CREB in fed states, with a transient
rise in pCREB levels upon fasting (Figure 6B). However, the tran-
sient increase in pCREB levels in fasted group of PCB126-treated
rats did not aid in the replenishment of hepatic glucose levels.
Coincident with pCREB levels, the transcript levels of the
coactivator Pgc1a and the coregulatory factors of Crem and Icer

were also decreased (Figure 6). These inhibitory effects of
PCB126 on CREB and its battery of genes explain the decreased
gluconeogenesis.

In addition to its effects on gluconeogenesis, PCB126 expo-
sure also leads to lipid accumulation and disrupted glycogen
metabolism. We and others previously identified decreased
protein and transcript levels of PPARa along with decreased per-
oxisomal fatty-acid oxidation (Gadupudi et al., 2016a; Robertson
et al., 2007). PPARa is known to be the master regulator of b-
oxidation and controls the expression of enzymes for fatty-acid
oxidation in peroxisomes, mitochondria and endoplasmic retic-
ulum (microsomes) (Kersten, 2014; Kersten et al., 1999; Mandard
et al., 2004). Consequent to decreased PPARa levels, some of its
transcriptional targets such as Acox1 and Hmgcs2 are also de-
creased. However, its transcriptional targets Cpt1a and Cyp4a2

involved in mitochondrial and microsomal fatty-acid oxidation
are not decreased (not shown). Therefore, the exclusive effects
of PCB126 on PPARa mediated fatty-acid oxidation seem equivo-
cal. Besides, the complexity across multiple stimuli and subcel-
lular locations (organelles) that drive the activation of fatty-acid
oxidation may also lead to compensatory mechanisms (Reddy
and Rao, 2006).

Figure 9. PCB126 and the levels adiponectin and Fgf21. Exposure to PCB126 increases the protein levels of adiponectin in the serum (A) and the transcript levels of

Fgf21 (B) in the liver extracts. The transcript levels of adiponectin receptor (Adipor2) in liver were measured (C) (2-way ANOVA-Tukey; * represents p < .05).
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Given the observed effects of PCB126 across multiple path-
ways of fasting metabolism, a common target that generally
regulates fasting metabolism seems more plausible. Thus, the
levels of pAMPK were measured (Figure 8B). AMPK is a well-
known energy sensing protein-kinase that is activated by
increased Adenosine monophosphate (AMP)/Adenosine tri-
phosphate (ATP) or Adenosine diphosphate (ADP)/ATP ratios
caused by low energy states such as fasting (Figure 10) (Hardie
et al., 2012). Although not structurally alike AMP, several xenobi-
otic compounds including therapeutic drugs (eg, metformin),
antioxidant polyphenols (eg, resveratrol) and toxicants such as
vinyl chloride are implicated in altering AMPK activation
(Guardiola et al., 2016; Hardie et al., 2012; Viollet et al., 2012).
Activated pAMPK is well-known to switch-on the transcrip-
tional regulation of enzymes necessary for catabolic pathways,
such as b-oxidation of fatty acids, gluconeogenesis and glyco-
genolysis, while shutting-down the anabolic processes such as
lipogenesis and glycogenesis. AMPK activation in the liver dur-
ing fasting is known to increase fatty-acid oxidation and HGP
through direct or indirect transcriptional regulation of target
enzymes (Canto and Auwerx, 2010). In addition, hormones such
as FGF21 and adiponectin, secreted by liver and adipose tissues,
respectively, during energy crisis, bind to their target receptors
and improve metabolic homeostasis by downstream activation
of AMPK (Combs and Marliss, 2014; Hasenour et al., 2013;
Potthoff, 2017; Potthoff et al., 2009; Salminen et al., 2017).
Phosphorylated AMPK supports HGP by stimulating glycogenol-
ysis and CREB phosphorylation necessary for gluconeogenesis
through the aid of complex cell signaling coactivators, whose
roles are under investigation (Koo et al., 2005; Thomson et al.,
2008). Although the mechanisms are unclear, it has been pro-
posed that AMPK activation may play subsidiary roles in
PPARa-induced b-oxidation either by a direct interaction or
through indirect effects on its coactivators such as PGC1a

(Bronner et al., 2004; Canto and Auwerx, 2010; Vega et al., 2000).
Nevertheless, the overlapping roles of AMPK and PPARa are both
essential for fatty-acid oxidation. To this end, the inhibition of
pCREB and its target enzymes necessary for HGP observed in the
livers of PCB126-treated rats correspond to decreased levels of
total AMPK and activated pAMPK. The disruption in AMPK and
CREB activation by PCB126; thus leads to robust inhibition of glu-
coneogenesis and also partly affects fatty-acid oxidation.
Despite the protective induction of adiponectin and FGF21

during PCB126-induced hepatic stress, the inhibition of the
signaling-intermediate AMPK seems to resist their ameliorative
effects on liver function (Figure 9).

Pathological investigations in this study showed increased
lipid accumulation as well as mild fibrotic lesions in the peri-
portal zones of hepatic lobules. Periportal hepatocytes or zone 1
hepatocytes are known to express more gluconeogenic and
fatty-acid oxidation enzymes. Previous studies showed in-
creased expression and activity of AMPK and CREB mediated ex-
pression of PEPCK-C in the periportal hepatocytes during
fasting (Jungermann and Kietzmann, 1996; Park et al., 1993;
Witters et al., 1994). The proclivity of PCB126-induced peri-portal
lesions in this study further confirms the disruption of AMPK
and CREB in the inhibition of fasting metabolism in the liver.

While the pathological effects were mostly observed in the peri-
portal regions, the expression of AhR, and its transcriptional
target CYP1A1 are previously shown to be more active in peri-
venous regions (Braeuning et al., 2006; Lindros et al., 1998). The
contrasting localizations of the target receptor of PCB126, AhR,
in peri-venous regions and the observed peri-portal lesions of
fasting metabolism, warrants further understanding of the roles
of AhR-mediated toxicity across the functionally polarized hep-
atocytes in the liver.

In conclusion, these studies show that dioxin-like congener
PCB126 is a metabolic disruptor chemical, which disrupts energy
homeostasis by its inhibitory effects on intermediate cellular me-
tabolism. Exposure to PCB126 results in a fuel crisis caused by de-
creased HGP and the resultant hypoglycemia. PCB126 inhibits the
activation of AMPK and CREB proteins, necessary for the tran-
scriptional regulation of several functional enzymes necessary
for metabolism of gluconeogenic substrates, glycogen and fatty-
acids during fasting (Figure 10). Interestingly, we show here that
the observed fuel crisis stems from persistent inhibition of AMPK
and CREB under normal/base-line conditions, which leads to fail-
ure of energy sensing and robust induction of enzymes during
fasting or energy-deprivation.

SUPPLEMENTARY DATA

Supplementary data are available at Toxicological Sciences
online.

Figure 10. PCB126 inhibits the activation of AMPK-CREB signal transduction and disrupts liver metabolism. Exposure to PCB126 decreases the protein levels and the

phosphorylation of AMPK to further inhibit the gluconeogenesis, glycogenolysis and fatty-acid oxidation necessary for physiological homeostasis, during energy

depletion.
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