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A B S T R A C T

It has been documented that 3, 3′, 4, 4′, 5-pentachlorobiphenyl (PCB126) elicits diverse detrimental effects on
human health including metabolic syndrome and non-alcoholic fatty-liver disease (NAFLD), through a wide
array of non-carcinogenic mechanisms, which require further detailed investigations. The circadian clock system
consists of central clock machinery (located in the suprachiasmatic nucleus in the hypothalamus) and the per-
ipheral clocks (located in nearly all peripheral tissues). Peripheral clocks in the liver play fundamental roles in
maintaining liver homeostasis, including the regulation of energy metabolism and the expression of enzymes
that fine-tune the absorption and metabolism of xenobiotics. However, the molecular basis of whether PCB126
disrupts liver homeostasis (e.g., glucose and lipid metabolism) by dysregulating the circadian clock system is still
unknown. Thus, we performed a set of comprehensive analyses of glucose and lipid metabolism in the liver
tissues from low-dose PCB126-treated mice. Our results demonstrated that PCB126 diminished glucose and
cholesterol levels in serum and elevated glucose and cholesterol levels in the liver. Moreover, PCB126 com-
promised PGC1α and PDHE1α, which are the driving force for mitochondrial biogenesis and entry of pyruvate
into the tricarboxylic acid (TCA) cycle, respectively, and resulted in the accumulation of glucose, glycogen and
pyruvate in the liver after PCB126 exposure. Additionally, PCB126 blocked hepatic cholesterol metabolism and
export pathways, leading to an elevated localization of hepatic cholesterol. Mechanistic investigations illustrated
that PCB126 greatly altered the expression profile of core clock genes and their target rhythm genes involved in
orchestrating glucose and cholesterol metabolism. Together, our results demonstrated that a close correlation
between PCB126-disturbed glucose and lipid metabolism and disordered physiological oscillation of circadian
genes.

1. Introduction

Polychlorinated biphenyls (PCBs) represent a large family of per-
sistent environmental pollutants (POPs) that have pleiotropic detri-
mental effects on human health, including hepatotoxicity, skin toxicity,
neurotoxicity, immunotoxicity, reproductive toxicity, teratogenicity,
endocrine disorders and carcinogenesis (G. and S., 2009; Liu et al.,
2010). PCBs have been documented to consistently accumulate in the
liver, associated with abnormal liver functions and diseases (Ludewig
and Robertson, 2013). Moreover, PCBs also have been verified to be a
significant factor in provoking chronic metabolic diseases, such as
metabolic syndrome and non-alcoholic fatty-liver disease (NAFLD),

posing a significant threat to public health (Ruzzin, 2012; Ruzzin et al.,
2010; Taylor et al., 2012). Of the PCB family, 3, 3′, 4, 4′, 5-penta-
chlorobiphenyl (PCB126) has been reported to disturb peroxisomal
fatty acid oxidation and ketogenesis associated with dysfunctional
glucose and lipid metabolism (Gadupudi et al., 2018; Gadupudi et al.,
2016; Zhang et al., 2012). Considering the adverse outcome pathways
underlying PCB-induced disruption of energy metabolism, diverse me-
chanisms have been proposed, including aryl hydrocarbon receptor
(AhR) signaling (Gadupudi et al., 2016; Wahlang et al., 2014), oxida-
tive stress signaling (Mauger et al., 2016) and endocrine disrupting
signaling (Kirkley and Sargis, 2014); however, there are no conclusive
findings, especially for PCB exposure under low-dose settings (Liu,
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2011; Liu et al., 2010). Given the current discrepancies and knowledge
gaps regarding the mechanisms responsible for PCB-induced impair-
ments of energy metabolism, a broader investigation for plausible
molecular targets is needed.

Increasing evidence indicates that nearly all metabolic pathways are
governed by the circadian clock machinery, including gluconeogenesis
and cholesterol metabolism (Bailey et al., 2014). However, circadian
desynchrony leads to metabolic disorders, such as hepatic steatosis,
obesity and diabetes (Bass and Takahashi, 2010; Tahara and Shibata,
2016b). In mammals, the circadian clock rhythm is controlled by a
transcriptional auto-regulatory feedback loop. The expression levels of
the core clock genes, including aryl hydrocarbon receptor nuclear
translocator-like (Bmal1) and circadian locomotor output cycles kaput
(Clock) and their target genes Period (Per) and Cryptochrome (Cry),
increase until to a certain threshold and then synergistically repress the
transcriptional activity of the Bmal1 heterodimer, resulting in inhibi-
tion on their own transcription (Takahashi et al., 2008). Previous stu-
dies demonstrated that mice with dominant-negative mutations in Clock
gene (ClockΔ19/Δ19) displayed reduced circulating insulin and elevated
circulating cholesterol, glucose, leptin and triglyceride (TG) levels (Bass
and Takahashi, 2010; Marcheva et al., 2010). The competing nuclear
hormone receptors, such as peroxisome proliferator activated receptor
alpha (PPARα), peroxisome proliferative activated receptor-gamma
coactivator 1 alpha (PGC1α), nuclear receptor subfamily 1 group D
(Rev-erb) and RAR-related orphan receptor (ROR) families, have also
been shown to modulate Bmal1 expression to sustain rhythm stability
and robustness (Bailey et al., 2014; Zhang and Kay, 2010). Emerging
evidence has indicated significant perturbations of circadian rhythm by
xenobiotics (Canaple et al., 2006; Tahara and Shibata, 2016a), in-
cluding environmental pollutants, such as dioxin (Prokkola and
Nikinmaa, 2018). Nonetheless, the plausible influence of PCBs on the
circadian clock is not fully understood.

In this study, we used PCB126 as a representative PCB family
member to investigate its effects on energy homeostasis. We aimed to
elucidate the molecular mechanisms responsible for PCB126-induced
disruption of glucose and lipid metabolism, and assessed alterations in
the circadian rhythm due to low-dose PCB126 exposure. Our combined
results demonstrated that PCB126 caused hepatic glucose and choles-
terol accumulation possibly by impairing the physiological circadian
rhythm.

2. Materials and methods

2.1. Animals and PCB126 exposure

All of the animal protocols were approved in accordance with the
Guidelines of the Animal Ethics Committee at the Research Center for
Eco-Environmental Sciences, Chinese Academy of Sciences. Male
BALB/c mice (7–8weeks old; approximately 20 g body weight) were
purchased from the Vital River Laboratories (Beijing, China) and were
grouped randomly. The mice were housed (n=5/cage) in a standard
animal facility under a 12-h light/dark cycle, where the light was
turned on at (zeitgeber time zero) ZT0 and turn off at ZT12, according
to previously established protocol (Adamovich et al., 2014). PCB126
was obtained from the AccuStandard Inc. (New Haven, CT, U.S.A.) and
dissolved in corn oil. For the higher-dose exposure, mice were ad-
ministrated with PCB126 (at 2.45mg/Kg body weight) twice—once on
week 0 and once on week 2 via intraperitoneal (I.P.) injection. For the
lower-dose exposure, mice were treated with a single I.P. injection of
PCB126 (at 0.1 or 0.5mg/Kg body weight), whereas control mice re-
ceived corn oil only (vehicle control). After 4 weeks, blood and liver
samples were collected every 4 h over a 24-h period, starting at ZT0.
The body weight of mice was monitored every week. The food uptake of
the mice was also routinely monitored every week and for a 24-h
period.

2.2. Histological examination

Liver specimens were immediately collected after the animals were
sacrificed. The specimens were then fixed in 10% PBS-buffered for-
malin, embedded in paraffin, and then sectioned. Sections were stained
with hematoxylin and eosin (H&E), following the standard protocol (Xu
et al., 2016). Additional sections were also stained with Oil Red O to
measure the lipid content, and with Periodic acid-Schiff (PAS) to
measure glycogen mass (Matsumoto et al., 2007; Qian et al., 2015). The
intensity of Oil Red O and PAS staining was quantified with ImageJ
software (NIH, http://rsbweb.nih.gov/ij/).

2.3. Blood biochemistry assays

The levels of aspartate aminotransferase (AST), alanine transami-
nase (ALT) and malondialdehyde (MDA) in the mouse serum were de-
termined with commercial kits following the instructions from the
manufacturer (Nanjing Jiancheng Bioengineering Institute, Jiangsu,
China) (Weng et al., 2007).

2.4. Analysis of the metabolic kinetics of glucose and lipid in serum and
liver

The levels of glucose, pyruvate, lactate, TG and total cholesterol
(TC) in mouse serum and liver specimens were determined with com-
mercial kits from Nanjing Jiancheng Bioengineering Institute, China
(Song et al., 2013). Specifically, hepatic TC was determined with a kit
from the Applygen Technologies Inc. (Beijing, China) (Tong et al.,
2014).

2.5. Glucose tolerance and insulin tolerance tests

Glucose tolerance test (GTT) and insulin tolerance test (ITT) were
carried out, as previously described (He et al., 2016). Briefly, after
fasting either overnight or 5 h, GTT and ITT were conducted, respec-
tively. Glucose levels were measured from tail blood before and 15, 30,
60, or 120min after I.P. injection of either 1 g/kg body weight glucose
or 0.75 U/kg body weight insulin (Novolin, Bagsvaerd, Denmark), re-
spectively, using the ONETOUCH UltraEasy blood glucose monitoring
system (LifeScan, Shanghai, China).

2.6. RNA expression analysis by real-time quantitative PCR (RT-qPCR)

RNA extraction and quantification of mRNA were performed by RT-
qPCR, as previously described (Chen et al., 2017). Gapdh was used as
the internal control. All of the primer sequences for PCR analysis are
presented in Table S1.

2.7. Western blot analysis

Liver specimens (around 50mg for each sample) were homogenized
in PBS and then lysed in RIPA lysis buffer (Applygen, Beijing, China)
supplemented with the protease inhibitor cocktail (Roche, Basel,
Switzerland). Total protein concentrations were quantitated via the
BCA method (Solarbio Science & Technology, Beijing, China). Equal
amounts of proteins were subjected to SDS-PAGE, followed by Western
blotting. The primary antibodies (Abs) were as follows: anti-PGC1α Ab
(1:500 dilution, Proteintech, U.S.A), anti-PDHE1α Ab (1:1000 dilution,
Proteintech, U.S.A), anti-Cyp7a1 Ab (1:500 dilution, Bioss, China), anti-
ABCA1 Ab (1:500 dilution, Novus, U.S.A), anti-ABCG1 Ab (1:500 di-
lution, Proteintech, U.S.A) and anti-β-actin Ab (1:1000 dilution,
Proteintech, U.S.A). A goat anti-mouse HRP-conjugated IgG (1:4000
dilution, Proteintech, U.S.A) and goat anti-rabbit HRP-conjugated IgG
(1:4000 dilution, Proteintech, U.S.A) were used as the secondary Abs.
Western blotting signals were developed using a Bio-Rad ChemiDoc
XRS chemiluminescence system (Bio-Rad Inc., CA, U.S.A). The signal
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intensities were quantified with software ImageJ. The bands of target
proteins were normalized to that of the loading control β-actin.

2.8. Statistical analysis

Our experimental data were statistically analyzed using an in-
dependent t-test or one-way ANOVA test with the software SPSS
Statistics 22.0. All data are presented as mean ± standard deviation.
Statistical significance was defined as P < 0.05 (*) or P < 0.001 (#).

3. Results and discussion

3.1. Disordered glucose and lipid metabolism in high-dose PCB126-treated
mice

Previous studies have suggested that the systemic burden of PCB
exposure is significantly associated with obesity, diabetes, hypertension
and NAFLD (Donat-Vargas et al., 2014; Everett et al., 2011; Gauthier
et al., 2014; Silverstone et al., 2012). First, in order to determine if
PCB126 exposure was able to disturb the energy metabolism in mice,
we deliberately administrated a higher dose (at 2.45mg/Kg body
weight) for in vivo analysis, as previously described (Wahlang et al.,
2017). As shown in Fig. S1A, the body weight of the mice was slightly
altered, with 7% decrease in body weight at the final time point after
4 weeks of PCB126 exposure (P < 0.05). Additionally, no significant
variations were found in the food uptake of PCB126-treated mice over
the time course relative to the untreated control (Fig. S1B). However,
the ratio of liver weight/body weight significantly increased by 34% in
PCB126-treated mice (Fig. S1C, P < 0.001), and serum ALT levels
were significantly elevated by 11 times, compared to vehicle control
mice (Fig. S1D, P < 0.05), suggesting potential injuries in the liver. We
therefore scrutinized the histology of the livers after PCB126 exposure.
Histological analysis demonstrated remarkable alterations in the ar-
chitecture of the livers in PCB126-treated mice, as evidenced by dis-
ordered lobules, infiltration of inflammatory cells (green arrows) and
massive location of lipid droplets in hepatocytes (black arrows), in
comparison to untreated mice (Fig. S1E). In corroborating the lipid
accumulation, we further visualized severe lipid accumulation in the
livers from PCB126-treated mice, as characterized by Oil Red O staining
of the liver sections (dark red color, Fig. S1F). According to the histo-
pathological steatosis and inflammation severity scales (Kleiner et al.,
2005), the histological fat score and inflammation score in the high-
dose PCB126-exposed group belonged to S3 and G1 grade, respectively.
These data indicated remarkable liver injuries and disordered liver
metabolism in PCB126-exposed mice at a relatively high dose.

Under the setting of lipid accumulation, glucose and lipid metabo-
lism were thereafter assessed in these mice. As shown in Fig. S2A, the
blood glucose concentration after fasting was reduced by 32% in
PCB126-treated mice, compared to untreated mice (P < 0.05), in-
dicative of ineffective glucose metabolism. To this end, we performed
GTT and ITT in order to figure out the phenotypes of disordered glucose
metabolism. Fig. S2B shows a significant decline in the blood glucose
content at almost all time points in PCB126-treated mice relative to
untreated mice (P < 0.05). Additionally, ITT results also highlighted a
marked drop in the blood glucose concentration in PCB126-treated
mice compared to untreated control (Fig. S2C, P < 0.05). Thus, these
data uncovered a detectable decrease in blood glucose, even though
both the glucose tolerance and insulin tolerance were not impaired
after injection of glucose and insulin in PCB126-treated mice.
Thereafter, systemic and hepatic lipid homeostasis were determined, as
characterized by serum TG and TC, and hepatic TG and TC. As shown in
Fig. S2D and S2E, PCB126 exposure resulted in 31% and 55% decline in
serum TG and TC content, respectively, compared to untreated control.
The hepatic TG and TC were also elevated 6-fold and 2.6-fold, respec-
tively, in treated mice relative to untreated mice (Fig. S2F and S2G,
P < 0.05). Thus, our data demonstrated that there was a pronounced

mobilization and resultant accumulation of glucose and lipid in the
liver from peripheral compartments including blood in PCB126-treated
mice at a relatively high dose.

3.2. Disrupted glucose and lipid metabolism, but no detectable liver toxicity
in mice exposed to lower-dose PCB126

The PCB126-induced phenotypes in liver-centered energy metabo-
lism inspired us to investigate the underlying molecular mechanisms.
The dietary intake of PCBs are approximately 30 pg WHO-TEQ/day
(Total WHO-TEQ values were calculated using toxic equivalency factors
(TEFs) proposed by WHO for dioxin-like PCBs, polychlorinated di-
benzodioxins and polychlorinated dibenzofurans (Eljarrat et al., 2005))
in China, Korea and Belgium (Moon and Ok, 2006), 20 pg WHO-TEQ/
day in Spain (Bocio and Domingo, 2005) and 7.37 pg WHO-TEQ/day in
the US (Schecter et al., 2001). Analogous to other POPs, PCBs have the
outstanding feature of bioaccumulation and persistence, leading to
constant accumulation of PCBs in various organs in human beings,
especially in fat-rich organs, such as liver. Moreover, studies have re-
ported that PCB levels measured in the subcutaneous adipose tissue in
mice that were exposed to 36mg/Kg/week PCBs for 20 weeks were
within the same order of magnitude (Arrebola et al., 2012; Gray et al.,
2013), suggestive of remarkable accumulative feature. Thus, the en-
vironmental health and safety (EHS) of PCBs is still a great concern to
human beings. In order to better reflect the realistic EHS risks, we
switched to exposing animals to low doses of PCB126 (at 0.1 and
0.5 mg/Kg body weight), in parallel to previous EHS studies (Gadupudi
et al., 2016; Kopec et al., 2008; Lai et al., 2010). In order to verify the
low-dose exposure for PCB126 here, a comparison was performed to
previous studies (Table S2). Fig. 1A illustrates the schematic of a single
PCB126 administration in mice for 4 weeks. No overt gross toxicity was
observed in these mice, including activities and diet. As shown in
Fig. 1B, the ratio of liver weight/body weight increased in PCB126-
treated mice, especially in mice after PCB126 exposure at 0.5 mg/Kg
body weight, with 27% increase relative to untreated mice (P < 0.05).
In stark contrast to the remarkable hepatotoxicity observed at the
higher dose (Fig. S1), no significant elevation of serum AST, ALT or
MDA levels was found in mice exposed to PCB126 at 0.1 and 0.5 mg/Kg
body weight (Fig. 1C–E). In support of these data, much milder injuries
were visualized in PCB126-treated mice under lower doses, with slight
cellular swelling of hepatocytes in the livers of mice treated with
PCB126 at 0.5 mg/Kg body weight (black arrows) (Fig. 1F). And almost
no significant morphological alterations were found in the livers from
mice exposed to PCB126 at 0.1mg/Kg body weight (Fig. 1F). However,
Oil Red O staining manifested an elevation of lipid accumulation in
mice after PCB126 exposure at 0.1 mg/Kg body weight, and to a much
greater extent, in mice exposed to 0.5 mg/Kg body weight (Fig. 1G; the
yellow arrows indicate the lipid accumulation in dark red color).
Quantified data showed that PCB126 exposure incurred a 5-fold and
104-fold increase in the intensities of the Oil Red O staining of the 0.1
and 0.5mg/Kg body weight groups, respectively, compared to the un-
treated control (Fig. S3). Thus, these results demonstrated that low
doses of PCB126 exposure caused lipid accumulation in the liver, de-
spite milder phenotypes than those observed in mice exposed to higher-
dose of PCB126.

We further investigated the glucose and lipid changes in mice ex-
posed to PCB126 at 0.1 and 0.5 mg/Kg body weight. As shown in
Fig. 2A, the fasting blood glucose content was reduced upon PCB126
exposure, especially at 0.5 mg/Kg body weight, with approximately
30% reduction, compared to untreated mice (P < 0.05), consistent
with 48% elevation in hepatic glucose content (Fig. 2B, P< 0.05). The
serum TC level was significantly diminished by 47% in 0.5mg/Kg body
weight PCB126-treated group, compared to untreated group (Fig. 2C,
P< 0.001), associated with 2.8- and 1.6-fold increase in hepatic TG and
TC levels relative to the control, respectively (Fig. 2D and E,
P< 0.001). Of note, these parameters were slightly altered in mice
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after PCB126 treatment at 0.1mg/Kg body weight relative to mice
exposed to PCB126 at 0.5 mg/Kg body weight (Fig. 2A–F). Taken to-
gether, even at lower doses and with no significant hepatotoxicity,
PCB126 still caused dysregulation of energy metabolism in mice. As
such, we used PCB126 exposure at 0.1 mg/Kg body weight for the
following investigations on circadian rhythm.

3.3. Impaired oscillation of the expression profiles of key circadian genes

As previously established, circadian rhythms fundamentally govern
systemic and liver-centered energy homeostasis (Zhang and Kay, 2010).
Mounting evidence substantiates the contribution of circadian reg-
ulatory machinery in fine-tuning glucose and lipid metabolism (Bass
and Takahashi, 2010; Panda, 2016; Stenvers et al., 2019). In this re-
spect, some PCBs, including PCB126, were observed to disrupt

circadian genes, including phosphoenolpyruvate carboxykinase 1
(Pck1) (Gadupudi et al., 2018; Gadupudi et al., 2016; Zhang et al.,
2012). However, the influence of PCB exposure on the circadian rhythm
machinery has not been stringently inspected. Therefore, we studied on
the alterations of circadian genes in response to PCB126 in order to
garner sufficient insights into PCB126-induced disordered energy me-
tabolism. As depicted in Fig. 3A, the core circadian clock machinery
comprises a series of transcriptional and translational feedback loops
that synchronize diverse metabolic processes through both direct and
indirect outputs, including versatile biological process, such as gluco-
neogenesis and oxidative metabolism (Bass and Takahashi, 2010;
Roesler et al., 1992; Schmutz et al., 2010; Zhang et al., 2010). The
expression oscillations of core clock genes (namely Bmal1, Clock, Cry1
and Per2) and clock controlled genes (CCGs), including PPARα, PGC1α,
Rev-erbα and Rev-erbβ (Bass and Takahashi, 2010) were determined

Fig. 1. Low-dose PCB126 exposure resulted in lipid accumulation.
(A) An illustration of PCB126 administration at 0.1 and 0.5 mg/Kg body weight. (B) Liver/body weight ratio (n=6), (C) serum AST, (D) ALT and (E) MDA levels in
untreated mice and PCB126-treated mice (at 0.1 and 0.5 mg/Kg body weight) for 4 weeks (n= 6). (F) H&E and (G) Oil Red O staining of liver sections (black arrows
point at cellular swelling; the yellow arrows indicate lipid accumulation; original magnification, ×200). An asterisk (*) denotes P < 0.05, and a pound sign (#)
indicates P < 0.001, compared to untreated control.
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over the time course at ZT0, ZT4, ZT8, ZT12, ZT16 and ZT20 by RT-
qPCR analysis. As shown in Fig. 3B, after 4-week exposure, the mRNA
levels of Bmal1, Clock, Cry1 and Per2 in the livers from the mice treated
with PCB126 (at 0.1 mg/Kg body weight) were significantly altered at
many time points (Fig. 3B, P<0.05). The expression of those important
CCGs, including PPARα, PGC1α, Rev-erbα and Rev-erbβ was also re-
markably altered by PCB126 exposure at certain time points; specifi-
cally, ZT20 for PPARα, ZT0 for Rev-erbβ, ZT4 and ZT16 for PGC1α and
ZT0 and ZT12 for Rev-erbα (Fig. 3C, P< 0.05). Collectively, these data
indicated that PCB126 markedly impaired the core clock machinery in
mice exposed to low-dose PCB126 exposure.

3.4. Marked expression changes of circadian genes involved in glucose and
lipid metabolism

We next endeavored to narrow down the downstream targets of the
circadian genes, which were supposedly responsible for disordered
glucose and lipid metabolism under low-dose PCB exposure. Rev-erbα
is implicated in regulating glucose homeostasis through its transcrip-
tional control of the expression of gluconeogenic enzymes in hepato-
cytes, including Pck1 and glucose-6-phosphatase (G6pase) (Yin et al.,
2007). Cry1 tends to form a complex with the glucocorticoid receptor
and subsequently inhibit the transcription of Pck1 (Lamia et al., 2011).
As shown in Fig. 4A, a loss of the rhythmic expression of Pck1 was
found in mice treated with PCB126 at almost all ZT points, compared to
untreated mice (P < 0.05). The oscillation of glucose-6-phosphate
transporter (G6 pt1), a vital subunit of G6Pase, was altered at ZT8, ZT12
and ZT16 in PCB126-treated mice relative to the untreated control
(Fig. 4A, P< 0.05). Moreover, we also detected a disrupted oscillation
of other important genes involved in hepatic glucose metabolism, such
as glucose transporter 2 (Glut2), pyruvate kinase (Pklr) and glucokinase
(Gck), as evidenced by improper increase or decrease of their expres-
sion at multiple ZT points (Fig. 4A, P<0.05).

Furthermore, Rev-erbα also dictates sterol regulatory element

binding transcription factor 1 (Srebp1c) activity in the liver, and
Srebp1c in turn modulates the expression of genes related to hepatic
cholesterol homeostasis, such as HMG-CoA reductase (HMGCR). It is
worth noting that HMGCR is the rate-limiting enzyme in cholesterol
synthesis (Delezie et al., 2012; Le Martelot et al., 2009a). A partial loss
of oscillating rhythms was found at the transcriptional level for Srebp1c
at almost all ZT points, except ZT8, and for HMGCR from ZT4 to ZT12
in mice exposed to PCB126 relative to the vehicle control (Fig. 4B,
P< 0.05). Long-chain-fatty-acid-coA ligase 1 (Acsl1), lipoprotein lipase
and carnitine palmitoyl transferase (Cpt1) and medium chain acyl-
coenzyme A dehydrogenase (Acadm) are vital enzymes in the fatty acid
β-oxidation pathway (Cermenati et al., 2015). Of them, Cpt1 is directly
regulated by PPARα for concerted lipid metabolism in the liver (Teboul
et al., 2008). Abnormal circadian oscillating expression of Acsl1, Cpt1
and Acadm was demonstrated at differential ZT points in the PCB126-
treated group relative to the vehicle control (Fig. 4B, P< 0.05), in-
dicating ineffective fatty acid β-oxidation. Additionally, genes under-
lying TG biosynthesis in the liver were also determined, including
glycerol-3-phosphate acyltransferase (Gpat), 1-acylglycerol-3-phos-
phate acyltransferase (Agpat), lipin, and diacylglycerol acyltransferase
(Dgat) (Adamovich et al., 2014). Overall, the circadian oscillation of the
mRNA expression patterns for Gpat2, Agpat2, lpin2 and Dgat2 was
dysregulated to varied degrees in PCB126-treated group relative to
untreated group (Fig. 4B, P< 0.05). Together, these combined results
indicated that clock-regulated downstream metabolic genes involved in
gluconeogenesis, cholesterol metabolism, fatty acid β-oxidation, and
glycerol-3-phosphate pathway were significantly dysregulated in mice
challenged with a low dose of PCB126, even without showing signs of
obvious hepatotoxicity.

Based on the current literature, xenobiotic chemical exposure can
significantly alter the expression of circadian clock genes (Chen et al.,
2010; Claudel et al., 2007; Currie et al., 2005; Garrett and Gasiewicz,
2006; Mukai and Tischkau, 2007). For example, 2,3,7,8-tetra-
chlorodibenzo-p-dioxin (TCDD) disrupted the circadian regulation by

Fig. 2. Disordered glucose and lipid metabolism in
mice after PCB126 exposure.
(A) Fasting blood glucose, (B) hepatic glucose, (C)
serum TC, (D) hepatic TG and (E) hepatic TC levels
in PCB126-treated mice (at 0.1 and 0.5 mg/Kg body
weight) for 4 weeks (n= 6). An asterisk (*) denotes
P < 0.05, and a pound sign (#) indicates
P < 0.001, compared to untreated mice.
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Fig. 3. Dysregulation of the rhythmic expression of core clock genes and CCGs in the livers from mice exposed to low-dose PCB126.
(A) A schematic depicting the regulation of the core clock genes. The rhythmic expression of (B) core clock genes including Bmal1, Clock, Cry1 and Per2 and (C) CCGs,
including PPARα, PGC1α, Rev-erbα and Rev-erbβ, in the livers of untreated mice and low-dose PCB126-treated mice for 4 weeks (n=6), as determined by RT-qPCR.
Gapdh was used as an internal control for normalization. An asterisk (*) denotes P < 0.05, and a pound sign (#) indicates P < 0.001, compared to untreated mice.
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downregulating Bmal1, Per1 and Per2 expression levels (Claudel et al.,
2007; Garrett and Gasiewicz, 2006), and mice exposed to carbon-tet-
rachloride showed abnormal expression profiles of Cry2, PPARα, and
ROR (Chen et al., 2010). In fact, the dysregulation of these genes re-
sulted in significant disorders in glucose and lipid metabolism (Bailey
et al., 2014; Bass and Takahashi, 2010; Panda, 2016; Tahara and
Shibata, 2016b). For instance, Bmal1 mutant mice revealed compro-
mised glucose tolerance associated with hypoglycemia (Lamia et al.,
2008). PCB126, a dioxin-like PCB analogue, is an AhR agonist that can
activate AhR-associated pathways. Based on previous reports (Garrett
and Gasiewicz, 2006; Mukai et al., 2008; Mukai and Tischkau, 2007), in
response to an AhR agonist, marked disorders were observed in the

circadian regulation network in mice. The exposure of TCDD, a re-
presentative AhR agonist, altered the expression of Per1, Per2, and
Bmal1 in diverse cells, suggesting a direct influence on the molecular
machinery for the regulations of circadian rhythm (Garrett and
Gasiewicz, 2006; Mukai et al., 2008). Therefore, we speculated that
PCB126 likely disturbed the circadian oscillating system through the
AhR-associated pathways, which altered the normal glucose and lipid
metabolism. In support of this speculation, we demonstrated a close
association between disordered glucose and lipid metabolism and ab-
normal expression profiles for those circadian genes in PCB126-treated
mice.

Fig. 4. Dysregulation of the rhythmic expression of clock-regulated metabolic genes in the livers of low-dose PCB126-treated mice.
(A) Circadian mRNA expression profiles of glucose regulators (Pck1, G6 pt1, Glut2, Pklr and Gck) and (B) lipid regulators (Srebp1c, HMGCR, Acsl1, Cpt1, Acadm, Gpat2,
Agpat2, Lpin2 and Dgat2) in the livers of PCB126-treated mice, as determined by RT-qPCR (n=6). Gapdh was used as an internal control for normalization. An
asterisk (*) denotes P < 0.05, and a pound sign (#) indicates P < 0.001, compared to untreated mice.
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3.5. Repressed catabolic metabolism and elevated glycogen accumulation in
the liver of mice exposed to PCB126

We next endeavored to uncover the predominant adverse outcome
pathways that determined the occurrence of disordered glucose and
lipid metabolism. In an effort to elucidate the detailed changes in glu-
cose metabolism in the liver, we examined the anabolism and catabo-
lism of glucose. As shown in Fig. 5A, the glycogen content increased in
the liver of mice with PCB126 administration, especially at 0.5mg/Kg
body weight, as evidenced by the PAS staining (Fig. 5A, shown in
purple-magenta color). Quantified data showed large differences

between the PCB126-exposed and the untreated group (Fig. 5A, in the
right panel, P < 0.001). The hepatic pyruvate content increased
by> 2.7 fold in the livers of PCB126-exposed mice, especially in mice
treated with 0.5mg/Kg body weight, compared to the untreated control
(Fig. 5B, P<0.05). The hepatic lactate level was also elevated by 24%
in mice treated with PCB126 (at 0.5mg/Kg body weight) relative to
untreated mice (Fig. 5C, P<0.05). Considering these findings together
with the results described above on serum and hepatic glucose changes
(Fig. 2A and B), it would be reasonable to assume that both the aerobic
and anaerobic oxidation of glucose were greatly inhibited in the livers
of mice after PCB126 exposure and were associated with the elevated

Fig. 5. Glucose metabolism in PCB126-treated mice.
(A) PAS staining of liver sections from untreated and
PCB126-treated mice (at 0.1 and 0.5 mg/Kg body
weight) for 4 weeks. Quantified data are shown in
the right panel (n=3–4). Glycogen is the magenta
color, as indicated by arrows (original magnification,
×200). (B) Hepatic pyruvate, (C) hepatic lactate and
(D) the protein levels of PGC1α and PDHE1α in the
livers from untreated and PCB126-treated mice (at
0.1 and 0.5 mg/Kg body weight) for 4 weeks (n=6).
Quantified data of Western blots are shown in the
right panel (n=4). (E) A schematic illustrating the
alterations in glucose metabolic pathways under
low-dose PCB exposure. An asterisk (*) denotes
P < 0.05, and a pound sign (#) indicates
P < 0.001, compared to untreated mice.

X. Shen, et al. Environment International 128 (2019) 146–157

153



hepatic glucose content and reinforced glycogen synthesis.
Given the importance of PGC1α in modulating energy homeostasis,

as well as its role as the central regulator of mitochondrial energy
transduction (Chen et al., 2014), the disordered oscillation of PGC1α
expression in PCB126-exposed mice encouraged us to evaluate its
protein levels in these mice. As shown in Fig. 5D, PGC1α protein mass
was greatly suppressed in liver specimens from PCB126-treated mice,
particularly in mice treated with 0.5mg/Kg body weight of PCB126.
The quantified data showed> 60% reduction in PGC1α protein mass
(the right panel in Fig. 5D, P< 0.05). Pyruvate dehydrogenase
(PDHE1α), a downstream enzyme of PGC1α, essentially controls the
entry of glucose-derived carbon into the tricarboxylic acid (TCA) cycle
(Dutchak et al., 2018; Lin et al., 2017). In parallel to the decrease in
PGC1α, the protein level of PDHE1α was largely repressed by>60% in
the livers from PCB126-treated mice (at 0.5mg/Kg body weight) in
comparison to that in the livers from the vehicle control mice (Fig. 5D,
P<0.05), reflective of the suppression on aerobic oxidation through
the blockade of the TCA cycle. Thus, these data collectively demon-
strated that PCB126 exposure even at low doses, resulted in carbohy-
drate accumulation by restraining the catabolic metabolism pathways
in the liver, coupled with enhanced glycogen production (Fig. 5E).

3.6. Disordered hepatic cholesterol was associated with impaired
metabolism in the liver after low-dose PCB126 exposure

Our results showed disordered lipid levels in serum and liver, in
addition to compromised lipid metabolism-related circadian genes, as
described above. As a result, we also investigated cholesterol metabo-
lism. To achieve this goal, we examined hepatic oxidation and export of
cholesterol in PCB126-exposed mice. As shown in Fig. 6A, the protein
level of cytochrome P450 family 7 subfamily a polypeptide 1 (Cyp7a1),
which is the first and rate-limiting enzyme in converting cholesterol to
bile acid (Zhang et al., 2018) and its expression is transcriptionally
regulated by Rev-erbα (Duez et al., 2008; Le Martelot et al., 2009b; Ma
et al., 2009; Zhang et al., 2018), was decreased in the livers from
PCB126-treated mice, in particular in the 0.5 mg/Kg body weight group
relative to the vehicle control (P < 0.001). This result highlighted in-
effective cholesterol oxidation in PCB126-exposed mice. Western blot
analysis demonstrated a reduction in ATP binding cassette subfamily A
member 1 (ABCA1) and ATP binding cassette subfamily G member 1
(ABCG1), which are both responsible for the export of cholesterol out of
hepatocytes (Yvan-Charvet et al., 2010), in PCB126-administrated
mice, particularly in the 0.5mg/Kg body weight group (Fig. 6A,
P< 0.05). This result demonstrated significant retention of cholesterol

Fig. 6. Cholesterol metabolic changes in
mice responding to low-dose PCB126 ex-
posure.
(A) Protein levels of Cyp7a1, ABCA1 and
ABCG1 in livers from untreated and
PCB126-treated mice (at 0.1 and 0.5 mg/Kg
body weight) for 4 weeks, as determined by
Western blotting. Quantified data are
shown in the lower panel (n= 4). β-actin
was used as the loading control. (B) Hepatic
LDL-cholesterol in untreated and PCB126-
treated mice (at 0.1 and 0.5 mg/Kg body
weight) for 4 weeks (n=6). (C) A sche-
matic delineating the alterations in the
cholesterol metabolic pathways in the livers
of mice exposed to PCB126. An asterisk (*)
denotes P < 0.05, and a pound sign (#)
indicates P < 0.001, compared to un-
treated mice.
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in the liver due to PCB126 exposure. In support of our findings, Pan
et al. (2013) reported lower protein levels of ABCA1 and ABCG1 in
Clock-deficient cells and defined the regulation of Clock on the circadian
expression of ABCA1 (Pan et al., 2013). As a consequence of these
changes, the LDL-cholesterol level was remarkably increased in the li-
vers of mice with PCB126 treatment (Fig. 6B, P<0.05). Collectively,
PCB126 resulted in disordered hepatic cholesterol associated with im-
paired oxidation in the liver of mice exposed to PCB126, even at low-
dose exposure (Fig. 6C), being attributable to the disordered expression
of circadian rhythm genes in modulating cholesterol metabolism.

Similar phenotypes, including loss of body weight, decreases in
serum glucose and TG concentrations, increases in hepatic TG and
cholesterol contents, infiltration of inflammatory cells and steatosis
development, have occurred in mice after exposure to other AhR li-
gands, like TCDD (Chapman and Schiller, 1985; Duval et al., 2017;
Fletcher et al., 2005; Forgacs et al., 2012). In addition, both TCDD and
PCB126 disrupted the circadian regulation by downregulating Bmal1
and Per2 expression levels (Claudel et al., 2007; Garrett and Gasiewicz,
2006). Nevertheless, there are still discrepancies when comparing to
the TCDD-elicited effects on glucose, glycogen, cholesterol and TG
(Diani-Moore et al., 2010; Nault et al., 2016). Furthermore, Forgacs
et al. reported that distinct gene expression profiles in metabolites, such
as hepatic cholesterol, differ in various species, such as mouse and rat,
after exposure to TCDD (Forgacs et al., 2012), indicating that differ-
ential gene expression contributes to species-specific responses and
differences to TCDD.

4. Conclusions

Despite tremendous efforts, there is little information regarding the
glucose and lipid metabolism pathways after low-dose PCB exposure. In
this study, we found reduced glucose and cholesterol levels in serum
and increased glucose and cholesterol levels in the liver of mice under
low-dose PCB126 exposure. Reduced PGC1α and PDHE1α levels were
associated with an accumulation of glucose, glycogen and pyruvate in
the liver due to suppression of the catabolic metabolism pathways after
PCB126 exposure. Furthermore, PCB126 provoked hepatic cholesterol
localization, associated with the blockade of hepatic cholesterol meta-
bolism and export pathways. Importantly, we uncovered that PCB126
greatly impaired the expression of core circadian genes and their target

genes responsible for the regulation of glucose and cholesterol meta-
bolism. Together, as illustrated in Fig. 7, our combined data showed
that low-dose PCB126 exposure compromised liver glucose and lipid
metabolism presumably by disrupting the physiological oscillation of
circadian genes without causing significant hepatotoxicity. The results
from this study underscore the EHS risks of PCBs and PCB-like en-
vironmental pollutants.
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