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Bisphenol A (BPA), a ubiquitous environmental endocrine disruptor, is considered an obesogen.
However, its role in the hypothalamic control of energy balance remains largely unexplored.
Because disruption of the circadian clock is tightly associated with metabolic consequences, we
explored how BPA affects the components of the molecular circadian clock in the feeding-related
neurons of the hypothalamus. In immortalized POMC and NPY/AgRP-expressing hypothalamic cell
lines and primary culture, we describe how BPA significantly alters mRNA expression of circadian
clock genes Bmal1, Per2, and Rev-Erba. Furthermore, we use newly generated Bmal7-knockout (KO)
hypothalamic cell lines to link the BPA-induced neuropeptide dysregulation to the molecular clock.
Specifically, BPA increased Npy, Agrp, and Pomc mRNA expression in wild type hypothalamic cells,
whereas the increase in Npy, but not Agrp or Pomc, was abolished in cell lines lacking BMAL1. In line
with this increase, BPA led to increased BMAL1 binding to the Npy promotor, potentially increasing
Npy transcription. In conclusion, we show that BPA-mediated dysregulation of the circadian mo-
lecular clock is linked to the deleterious effects of BPA on neuropeptide expression. Furthermore,
we describe hypothalamic Bmal71-KO cell lines to study the role of BMAL1 in hypothalamic responses
to metabolic, hormonal, and environmental factors. (Endocrinology 160: 181-192, 2019)

ppropriate control of energy homeostasis depends

on a properly regulated circadian system (1). The
suprachiasmatic nucleus (SCN) is the body’s central
clock system and lesions in this region lead to disruptions
in the rhythm of food intake (2). Changes in the timing of
feeding have been linked to weight gain in both animal
models (3) and epidemiological studies (4, 5). The SCN,
entrained by light, is responsible for maintaining the
rhythm of clocks in all other regions, including the ar-
cuate nucleus (ARC) of the hypothalamus, an area
critical for the regulation of energy balance (6). Factors
including a high-fat diet can disrupt the circadian clock in
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this region, uncoupling it from the SCN (1, 7). Other
obesity-promoting factors, such as environmental chemicals
(8), acting at the level of the hypothalamus, may also disrupt
this synchrony.

Bisphenol A (BPA) is an environmental endocrine
disrupting chemical detected in 90% to 95% of urine
samples (9, 10). BPA is considered an obesogen, a class of
exogenous factors that dysregulate lipid homeostasis
and energy balance, predisposing people to weight gain
(8). In humans, urinary BPA concentrations are posi-
tively correlated with increased body mass index scores
and comorbidities, such as insulin resistance and type 2
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Abbreviations: AgRP, agouti-related peptide; ARC, arcuate nucleus; Bmal1, brain and
muscle ARNT-like 1; BPA, bisphenol A; ChIP, chromatin immunoprecipitation; CSFBS,
charcoal:dextran-stripped fetal bovine serum; ETOH, ethyl alcohol; FBS, fetal bovine
serum; KO, knockout; NPY, neuropeptide Y; POMC, pro-opiomelanocortin; PPARy,
peroxisome proliferator activated receptor-y; PS, penicillin/streptomycin; qRT-PCR,
quantitative RT-PCR; Rev-Erb, reverse erythroblastosis virus; SCN, suprachiasmatic nu-
cleus; TBS-T, tris-buffered saline with tween-20; WT, wild-type.
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diabetes (9, 11-13). Several reports indicate that prenatal
BPA exposure in rodents leads to increased feeding and
weight gain in offspring (14). Likewise, adult male and
female C57BL/6] mice exposed to BPA for 2 or 4 weeks
display increased body weight (15, 16).

The impact of BPA on the brain, especially in the
hypothalamus, is only beginning to be explored. Within
the ARC, the orexigenic, neuropeptide Y (NPY)/agouti-
related peptide (AgRP) and the anorexigenic, pro-
opiomelanocortin (POMC) neurons integrate hormonal
and metabolic signals to regulate food intake and en-
ergy expenditure (17). The few studies investigating the
effect of BPA in the ARC have been with either prenatal
or perinatal exposure (18-20). Indeed, perinatal BPA
exposure upregulates the levels of AgRP and down-
regulates POMC protein levels in neural progenitor cells
of newborn mice (18), illustrating the potential orexi-
genic effects of BPA in the neonatal hypothalamus. We
have found that acute exposure of adult and embryonic
hypothalamic neurons to BPA upregulates the expres-
sion of Npy, Agrp, and Pomc (21) mRNA, suggesting an
overall dysregulation of the hypothalamic control of
energy balance at the level of transcription. Whether this
dysregulation is linked to circadian rhythm disruption,
often tightly associated with metabolic consequences, is
unknown.

The expression of the feeding neuropeptides follows a
rhythm throughout the day. Pomic gene expression itself
exhibits circadian rhythmicity in vitro and in vivo,
showing a peak 4 hours after dark phase (ZT 16) and a
trough during the day (ZT 4-7) (22). Agrp peaks in vivo
in the transition between the light and dark phases,
whereas Npy has a diurnal rhythm, peaking once in the
dark phase and once in the light phase (23). However, in
an isolated population of hypothalamic neurons in vitro,
only Npy, not Agrp, had rhythmicity (24).

These rhythms are controlled by the molecular clock, a
series of transcriptional-translational feedback loops
involving circadian clock genes. The clock genes circa-
dian locomotor output cycles kaput (Clock) and brain
and muscle ARNT-like 1 (Bmall) produce the proteins
CLOCK and BMALI1. These transcription factors het-
erodimerize and bind to E-box promotor elements to
upregulate the expression of period (Per1-3) and cryp-
tochrome (Cry1-2). Subsequently, PER and CRY pro-
teins form heterodimers that interact with the BMAL1:
CLOCK complex to repress their own transcription. The
clock genes cycle in opposite phases and define daily
variations in physiological function, which shapes the
circadian rhythm (1). The BMAL1:CLOCK heterodimer
also activates the transcription of other clock genes, such as
reverse erythroblastosis virus (Rev-Erb) a and B, which
repress Bmall gene expression (25). Approximately 10% of
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the genome is controlled by these transcription factors,
which regulate daily patterns of expression (26, 27). The
molecular clock is tightly linked to the control of energy
balance as both Clock mutant and Per2 mutant mice de-
velop obesity (28, 29). Furthermore, the saturated fatty
acid palmitate, which is elevated in obese states (30), alters
circadian clock genes alongside altered hypothalamic neu-
ropeptide expression (31).

Given that circadian dysregulation often underlies
metabolic perturbations (1, 32) and that BPA leads to
weight gain (15, 16), dysregulates hypothalamic neuro-
peptide expression, and causes metabolic perturbations
(33), we hypothesized that BPA alters the expression of
clock genes in hypothalamic NPY/AgRP and POMC
neurons. We also hypothesized that changes in neuro-
peptide gene expression depend on the molecular clock
because it is these transcription factors that drive met-
abolic homeostasis and have led to metabolic conse-
quences when mutated (28, 29). Here, we show that BPA
dysregulates gene expression of Bmall, Per2, and Rev-
Erba in immortalized hypothalamic POMC and NPY/
AgRP-expressing neurons. We also describe the gener-
ation and characterization of hypothalamic cell lines
lacking functional BMAL1 protein and, by using these,
show that BMALL1 is necessary for changes in Npy ex-
pression. These lines provide tools to examine the role of
BMALT1 in a variety of hypothalamic responses to both
exogenous and endogenous factors, including chemicals,
fatty acids, and hormones.

Methods

Cell culture and reagents

Mouse hypothalamic neurons were immortalized as de-
scribed previously to generate the POMC-expressing mHypoE-
43/5 (34) and mHypoA-POMC/GFP-2 (35) cell lines and the
NPY/AgRP-expressing mHypoE-41 (34) and mHypoA-59 (36)
cell lines. Neurons were grown in DMEM (MilliporeSigma,
Oakville, ON, Canada) containing 4500 mg/L glucose, sup-
plemented with 2% fetal bovine serum (FBS; Gibco, Burlington,
ON, Canada) and 1% penicillin/streptomycin (PS; Gibco) and
maintained in 5% CO, at 37°C.

Neurons were split into 60-mm tissue culture plates 24 hours
before the experiment. For experiments involving the mHypoE-
43/5 and mHypoA-POMC/GFP-2 cells, neurons were cultured
to 75% confluency and serum-starved in DMEM modified
phenol red—free serum-free medium (Hyclone, Fisher Scientific,
Markham, ON, Canada) for 12 hours before treatments, fol-
lowed by 20 pM forskolin (MilliporeSigma) for 30 minutes,
as a standard method used to synchronize neurons in culture.
For experiments involving the mHypoE-41 and mHypoA-59
cells, growth medium was replaced with treatment medium
24 hours after plating. BPA (MilliporeSigma) was dissolved in
100% ethyl alcohol (ETOH) to a concentration of 200 mM and
diluted 1:1 in sterile H,O to a concentration of 100 mM. A total
of 100 mM BPA or vehicle was then diluted 1:1000 in DMEM
modified phenol red-free medium, supplemented with 1%
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charcoal:dextran-stripped FBS (CSFBS; Gemini Bio Products,
Burlington, ON, Canada) and 1% PS (Gibco), giving a final
concentration of 100 uM BPA or 0.05% ETOH. All experi-
ments were started at the same time of day (~0900 hours), and
because medium was changed to treatment medium at time of
treatment, all reported treatment times correspond to time since
medium change.

For primary culture experiments, cells from the hypothalami of
8-week-old male or female CD-1 mice (Charles River Laborato-
ries, Senneville, QC, Canada) were dispersed by trituration. Cells
were cultured in six-well plates in neurobasal A medium (Gibco),
supplemented with 10% FBS, 5% horse serum (Gibco), 1% PS
(Gibco), 1 X B27 serum-free supplement (Gibco), and 1 X
GlutaMAX supplement (Gibco) for 7 to 9 days. Each well received
10 ng/p.L ciliary neurotrophic factor (R&D Biosystems, Oakville,
ON, Canada) once per day to induce proliferation. After 7 to
9 days, cells were treated with vehicle (0.05% ETOH) or 100 pM
BPA for 8 hours in DMEM modified phenol red—free medium,
supplemented with 1% CSFBS (Gemini Bio Products) and 1% PS
(Gibco). All animal procedures were conducted in accordance with
the regulations of the Canadian Council on Animal Care and
approved by the University of Toronto’s animal care committee.

Preparation of mHypoA-Bmal1-WT and
mHypoA-Bmal1-KO cell lines

Bmall heterozygous mice (stock no. 009100; The Jackson
Laboratory, Bar Harbor, ME) were purchased and bred by Dr.
Patricia Brubaker’s laboratory to obtain Bmal1-knockout (KO)
mice and wild-type (WT) littermates. The hypothalami of two
Bmal1-KO mice and two WT littermates were then obtained
from Dr. Brubaker and neurons were immortalized as pre-
viously described (36). Briefly, the hypothalami of an 8- to 9-
week-old female Bmall-KO mouse, male Bmall-KO mouse,
female littermate control, and male littermate control were
separately isolated and dispersed into primary culture. Primary
cultures were treated with 10 ng/pL ciliary neurotrophic
factor for 5 to 7 days to induce neuronal proliferation, fol-
lowed by viral transformation of a plasmid containing the
SV40 T-antigen and a neomycin resistance cassette to induce
immortalization. Immortalized cells were selected for with
100 wg/mL G418 (Geneticin, Gibco). This process generated
four cell lines representing a mixed population of hypotha-
lamic neurons: mHypoA-Bmal1-KO/F, mHypoA-Bmal1-KO/M,
mHypoA-Bmal1-WT/F, and mHypoA-Bmal1-WT/M. Cell lines
were screened for Bmall expression, circadian clock gene
expression, neuropeptide expression, and related markers
with real-time quantitative PCR. Cells were grown to 70% to
75% confluency in DMEM containing 4500 mg/L glucose
(MilliporeSigma), 2% FBS (Gibco), and 1% PS (Gibco) and
treated with vehicle (0.05% ETOH) or 100 n.M BPA in DMEM
modified phenol red—free medium (1% CSFBS, 1% PS) for 4 or
8 hours. Experiments in mHypoA-Bmal1-KO cell lines were
conducted in parallel with mHypoA-Bmall-WT cells for
comparison of effects. All animal procedures were conducted in
accordance with the regulations of the Canadian Council on
Animal Care and approved by the University of Toronto’s
animal care committee.

RNA isolation and quantitative RT-PCR

The PureLink RNA isolation kit (Thermo Fisher Scientific,
Burlington, ON, Canada) was used according to manufacturer
instructions with an on-column DNAse step (PureLink DNAse
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set) to isolate total RNA. RNA was quantified with the
NanoDrop 2000c¢ spectrophotometer (Thermo Fisher Scien-
tific); 500 ng to 1 wg of cDNA was synthesized with the
SuperScript™ VILO™ ¢DNA Synthesis Kit (Thermo Fisher
Scientific) or the High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Thermo Fischer Scientific). Finally,
12.5 ng of ¢cDNA was amplified with gene-specific primers
(Table 1) and Platinum SYBR Green qPCR SuperMix-UDG
with ROX by quantitative RT-PCR (qRT-PCR) on an Applied
Biosystems Prism 7900HT machine with the following
cycling conditions: 2 minutes at 50°C, 2 minutes at 95°C, and
40 cycles of 15 seconds at 95°C and 1 minute at 60°C, followed
by melt curve analysis (15 seconds at 95°C, 15 seconds at 60°C,
15 seconds at 95°C). Data were analyzed with the standard
curve method for experiments involving the mHypoE-43/5,
mHypoA-POMC/GFP-2, mHypoE-41, and mHypoA-59 cell
lines and with the AACT method for primary culture and
mHypoA-Bmal1-KO and mHypoA-Bmall-WT cell line ex-
periments. All genes were normalized to the reference gene, 60S
ribosomal protein L7 (Rpl7).

In silico analysis

Sequences of the 2500 bp region upstream of the tran-
scriptional start site of Npy, Agrp, and Pomc were obtained.
The start site of each gene was determined with NCBI GenBank
(genome assembly GRCm38.p4, annotation release 106): Npy
start chromosome 6, 49822710; Agrp start chromosome 8,
105566695 (reverse strand); and Pomic start chromosome 12,
3954945. BMAL1:CLOCK binding sites (5'CACGTG 3/,

Table 1. Primer Sequences for gRT-PCR
Gene Amplicon
Name Primer Sequence (5' — 3') Size
Bmall F: GGG AGG CCC ACA GTC AGATT 78
R: GTA CCA AAG AAG CCA ATT CAT CAA
Per2 F: TCA TCA TTG GGA GGC ACA AA 135
R: GCA TCA GTA GCC GGT GGA TT
Rev-Erba F: TGG AAG ACA GCA GCC GAG TG 114
R: CAT AGT GGA AGC CTC AGG CCA
Npy F: CAG AAA ACG CCC CCA GAA 77
R: AAA AGT CGG GAG AAC AAG TTT CAT T
Agrp F: CGG AGG TCG TAG ATC CAC AGA 69
R: AGG ACT CGT GCA GCC TTA CAC
Pomc F: CCC GCC CAA GGA CAA GCG TT 112
R: CTG GCC CTT CTT GTG CGC GT
Clock F: CAC CGA CAA AGA TCC CTA CTG AT 151
R: TGA GAC ATC GCT GGC TGT GT
Cryl F: AGA GCT CGG CTT TGA TAC AGA 120
R: CGT TCA AAG TTT GCC ACC CA
Nfxb1 F: GGA TGA CAG AGG CGT GTATTA G 114
R: CCT TCT CTC TGT CTG TGA GTT G
6 F: GTG GCT AAG GAC CAA GAC CA 85
R: GGT TTG CCG AGT AGA CCT CA
Esr1 F: GAG TGC CAG GCT TTG GGG ACT T 102
R: CCA TGG AGC GCC AGA CGA GA
Esr2 F: ATC TGT CCA GCC ACG AAT CAG TGT 114
R: TCT CCT GGA TCC ACA CTT GAC CAT
Esrry F: ACT GTT GCA GTT GGA AAG GC 95
R: TGG AGG GTT CCG TCT TGA TGA
Ppary F: GGT GAC TTT ATG GAG CCT AAG 110
R: CGG TCT CCA CTG AGA ATA ATG
Rpl7 F: TCG CAG AGT TGA AGG TGA AG 114
R: GCC TGT ACT CCT TGT GAT AGT G
Npy ChlIP F: TGT GCC TTC CTC CTT ATC AGA 103

R: GCC ACA AAC ACT GAG CTG TC

Abbreviations: F, forward; R, reverse.
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5'CACGNG3, §CACGTT3, 5'CATG(T/C)G3, or CANNTG3')
were manually identified. Because of an updated genome an-
notation, relative positions of binding sites slightly differ from
those that were published previously for Npy and Agrp (24). For
instance, site 5’CATGTG3' at —1226 in the Npy promotor in
Fick et al. 2010 (24) is listed here as —1207.

Western blotting

Female and male mHypoA-Bmall-KO and mHypoA-
Bmal1l-WT cell lines were grown to 90% to 95% confluency.
Protein was harvested with 1X lysis buffer (Cell Signaling
Technology Inc., New England Biolabs, Whitby, ON, Canada),
supplemented with 1 mM phenylmethylsulfonyl fluoride, 1%
protease inhibitor cocktail, and 1% phosphatase inhibitor
cocktail 2 (MilliporeSigma) and quantified with the BCA
protein assay kit (Thermo Fischer Scientific); 25 pg of total
protein was separated on 10% SDS-polyacrylamide gels and
transferred onto polyvinylidene difluoride membranes (Bio-
Rad Laboratories Ltd., Mississauga, ON, Canada). Mem-
branes were blocked in 5% skim (nonfat) milk powder
dissolved in tris-buffered saline with tween-20 (TBS-T) for
1 hour, before incubation in primary antibody overnight at 4°C.
Primary antibodies BMAL1 [D2L7G; Cell Signaling Technology;
catalog no. 14020 (37)] and a-tubulin [Cell Signaling Technology;
catalog no. 2144 (38)] were diluted 1:1000 in 5% w/v bovine
serum albumin in TBS-T. Membranes were then washed with
TBS-T, incubated in secondary horseradish peroxidase-linked
anti-rabbit antibody [1:7500; Cell Signaling Technology; catalog
no. 7074 (39)] for 1 hour, washed with TBS-T, and imaged with
the Signal Fire ECL Reagent (Cell Signaling Technology) on the
Kodak Image Station 2000R. Membranes were stripped with
Restore Plus (Thermo Fisher Scientific) Western blot stripping
buffer according to the manufacturer’s instructions before probing
for a-tubulin.

Chromatin immunoprecipitation
mHypoA-Bmal1-WT/F cells were grown to 80% to 85%
confluence in 10-cm tissue culture dishes and treated with
vehicle (0.05% ETOH) or 100 uM BPA for 4 hours as de-
scribed earlier. Additional dishes of cells were treated with
vehicle for immunoprecipitation with positive (histone H3) and
negative control (normal rabbit IgG) antibodies. Chromatin
immunoprecipitation (ChIP) was performed with the Sim-
pleChIP Enzymatic Chromatin IP kit with magnetic beads (Cell
Signaling Technology, Inc.) according to the manufacturer’s
instructions. A total of 2 ug of BMAL1 antibody [D2L7G; Cell
Signaling Technology (37)] was used for the immunoprecipi-
tation. This was the same antibody used to verify the presence
or absence of BMAL1 protein in the cell lines. Purified DNA
was analyzed via quantitative PCR on an Applied Biosystem
Prism 7900HT machine with cycling conditions as described
earlier. Each sample was assayed in duplicate with 2 wL of DNA
in a 20-pL reaction with primers specific for the Npy promotor
(<1267 to —1165 relative to the transcriptional start site)
(Table 1) or the Rpl30 promotor (for positive control H3
provided with the kit). The primer for the Npy promotor was
designed previously and the region validated to bind BMAL1
(24). Mean cycle of threshold of each immunoprecipitation
sample and its respective 2% input sample were used to
calculate the amount of DNA pulled down according to the
following equation: percentage input = 2% x 21C(T) 2% input sample -
C IP samplel R elative binding was calculated by taking the average
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of the percentage inputs of both vehicle and treated groups per
experimental replicate and dividing each value by the respective
average.

Statistical analysis

Data were analyzed for statistical significance with
GraphPad Prism 6.0 software (GraphPad Software Inc.,
San Diego, CA). Groups were compared by ¢ test, one-way
ANOVA, or two-way ANOVA, followed by the Bonferroni or
Tukey multiple comparison test, where appropriate. Differ-
ences were considered statistically significant when P < 0.05.
All data are presented as mean *= SEM, and statistical signif-
icance is denoted by *P < 0.05, **P < 0.01, ***P < 0.001,
##**P < 0.0001.

Results

Circadian clock gene expression is altered in
response to BPA exposure

We have previously seen that exposure to the obe-
sogenic endocrine disrupting chemical BPA upregulates
Pomc expression in the mHypoE-43/5 and mHypoA-
POMC/GFP-2 cell lines (21) and Npy and Agrp ex-
pression in the mHypoE-41 and mHypoA-59 cell lines
(data not shown). Because disruption of the hypotha-
lamic circadian system is associated with changes in
energy regulation (7, 31), we investigated whether BPA
alters the expression of three central clock genes in cell
lines where neuropeptide expression is dysregulated. A
total of 100 uM BPA increased Bmall expression at
4 hours in both mHypoA-POMC/GFP-2 [F(4, 24 )ineraction =
9.097, P = 0.0001; F(4, 24)im. = 12.26, P = 0.0001;
F(1, 24)eatment = 0.2295, P = 0.6362] and mHypoE-43/5
cell lines [F(4, 29)interaction = J3.131, P = 0.0030;
F(4, 29)tme = 8.620, P = 0.0001; F(1, 29)trcatment =
4.867, P = 0.0355] and from 2 to 8 or 16 hours in
mHypoE-41 [F(4, 22)ineraction = 37.40, P < 0.0001;
F(4, 22)gme = 50.29, P < 0.0001; F(1, 24)seatment =
138.4, P < 0.0001] and mHypoA-59 [F(4, 30);neraction =
10.99, P < 0.0001; F(4, 30)¢me = 3.270, P < 0.0244;
F(1, 30)reatment = 95.83, P < 0.0001] cell lines, re-
spectively (Fig. 1A-1D). Furthermore, Bmall mRNA
levels were decreased at 24 hours in the mHypoA-
POMC/GFP-2 cell line (Fig. 1B). BPA downregulated
Per2 expression at 24 hours in both POMC-expressing
cell lines and at 16 and 24 hours [mHypoA-POMC/
GFP-2: F(4, 24)inceraction = 11.08, P < 0.0001; F(4,
24)ime = 28.84, P < 0.0001; F(1, 24)teatment = 3-417,
P = 0.0769; mHypoE-43/5: F(4, 27)interaction = 8.079,
P = 0.0002; F(4, 27)ime = 37.22, P < 0.0001; F(1,
27)ireatmene = 20.51, P = 0.0001] in NPY/AgRP-
expressing lines [mHypoA-59: F(4, 30)interaction =
6.959, P = 0.0004; F(4, 30)sme = 3.309, P = 0.0233; F(1,
30)ireatment = 12.14, P = 0.0015; mHypoE-41: F(4,
22)interaction = 12.92, P < 0.0001; F(4, 22)ime = 6.569,
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Figure 1. BPA dysregulates circadian gene expression in
hypothalamic POMC and NPY/AgRP-expressing neurons. POMC-
expressing (A) mHypoE-43/5 and (B) mHypoA-POMC/GFP-2 cells
lines and NPY/AgRP-expressing (C) mHypoE-41 and (D) mHypoA-59
cell lines were treated with 100 wM BPA or vehicle (0.05% ETOH)
for 1 or 2, 4, 8, 16, and 24 hours and mRNA expression of Bmal1,
Per2, and Rev-Erba was measured by qRT-PCR (n = 3 to 4). (E)
Hypothalamic primary cultures from CD-1 male and female mice
were also treated with 100 wM BPA for 8 hours and mRNA
expression measured (n = 4). Data are expressed as mean * SEM,
with open circles and bars representing vehicle (0.05% ETOH) and
shaded circles and bars representing 100 wM BPA treatment.
Statistical significance was determined with a (A-D) two-way
ANOVA, followed by the Bonferroni post hoc test or (E) a multiple
t test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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P =0.0012; F(1, 22)ircatment = 6.627, P = 0.0173]. Rev-
Erba expression was significantly increased at early
time points (1 to 4 hours) in mHypoE-43/5 [F(4,
29)interaction = 3.343, P = 0.0024; F(4, 29)ime = 8.074,
P = 0.0002; F(1, 29)ueatment = 2.619, P = 0.1164],
mHypoE-41 [F(4, 26 )inceraction = 33.23, P < 0.0001; F(4,
26)time = 21.84, P < 0.0001; F(1, 26)catment = 63.27,
P < 0.0001], and mHypoA-59 [F(4, 30)inccraction =
77.86, P < 0.0001; F(4, 30)ime = 97.55, P < 0.0001;
F(1, 30)ireatment = 40.00, P < 0.0001] cells, and sig-
nificantly decreased at later time points in the mHypoA-
POMC/GFP-2 [F(4, 22)inceraction = 4.218, P = 0.0110;
F(4, 22)ime = 3.441, P = 0.0250; F(1, 22)ircatment =
3.214, P = 0.0868], and mHypoA-59 lines (24 and
8 hours, respectively) (Fig. 1A-1D). POMC-expressing
cell lines were synchronized with forskolin, therefore
exhibiting a rhythm in Bmall, Per2, and Rev-Erba
basal expression (Fig. 1A and 1B). This is not seen in
the unsynchronized NPY/AgRP-expressing cells (Fig. 1C
and 1D). Although slight differences exist in the timing
and magnitude of response to BPA between each cell line,
there is an overall increase in Bmall, a decrease in Per2,
and an upregulation in Rev-Erbea, illustrating a dysre-
gulation in the normal expression of these circadian
rhythm-associated genes. These effects are replicated in
primary culture from CD-1 mice, where 8 hours of BPA
treatment upregulated Bmall and Rev-Erba in both
male-derived (Bmall, tg = 5.901, P = 0.00105; Rev-Erba,
te =5.788, P =0.00116), and female-derived (Bmall, t4 =
7.106, P = 0.000390; Rev-Erba, ts = 5.350, P = 0.00175)
cultures and downregulated Per2 (ts = 3.032, P = 0.0230)
in female-derived cultures (Fig. 1E).

Putative binding sites for BMAL1-CLOCK
heterodimers exist in the regulatory regions of
Npy, Agrp, and Pomc

Considering that BPA-induced alteration of Bmall
expression precedes, or occurs simultaneously with,
changes in Npy, Agrp, or Pomc, we questioned whether
BMAL1 may be a mechanistic link between BPA and
the changes seen in neuropeptide gene expression. To
address this question, we first determined potential
BMAL1:CLOCK heterodimer binding sites in the 2500-
bp 5’ regulatory regions of neuropeptide genes. BMALI1:
CLOCK heterodimer canonically binds to E-boxes
5'CACGTG3’ (40) in DNA; however, it can also bind to
other sequences including 5CACGNG3’, 5CACGTT?3/,
S'CATG(T/C)G3' (41), and S'CANNTG3' (42). Several
positions containing the 5’CANNTG3’ sequence are
illustrated in Fig. 2. Binding sites in the Npy and
Agrp promotor have been previously reported (24).
We identified four additional sites in the Npy and one
additional site in the Agrp promotor. These newly
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Figure 2. Potential BMALT:CLOCK binding sites in the Npy, Agrp, and Pomc promotors. Putative binding sites for BMAL1:CLOCK are
represented by gray ovals in the 2500-bp upstream (5) region of the transcriptional start site (TSS, +1) of the (A) Npy, (B) Agrp, and (C) Pomc
genes. The sequence of each binding site is written above the oval with the location relative to the TSS listed below. Where two or more sites
are close together, the area is expanded and detailed in the inserts. Lighter ovals represent sites identified previously by Fick et al. (24), and
darker ovals represent newly identified binding sites. All sequences are listed 5" to 3'.

identified sites were located between the —2500 bp
and —1500 bp regions of the promotors, except for the
S'CAAATGS site at —1217 in the Npy promotor. In
total, the regulatory region of Npy contained 10 sites,
Agrp contained 16 sites (Fig. 2B), and Pomic contained 9
(Fig. 2C). The presence of E-box elements in these reg-
ulatory regions suggests the potential action of BMAL1
as a transcriptional regulator of Npy, Agrp, and Pomc
gene expression.

Characterization of mHypoA-Bmal1-KO cell lines
To elucidate the role of BMAL1 on BPA-induced
changes in neuropeptide expression, a neuronal model
lacking functional BMAL1 protein expression was
needed. Having previously encountered difficulty with
small interfering RNA knockdown of Bmall, our lab-
oratory generated immortalized hypothalamic cell lines
from female and male whole-body Bmall-KO mice,
alongside WT littermate controls. These cell lines are
nonclonal, exhibit neuronal morphology (Fig. 3B), and
express Npy, Agrp, and Pomc (Fig. 3C). The absence of
BMALI1 protein and mRNA was verified by Western blot
(Fig. 3A) and gRT-PCR (Fig. 3C). Although the KO
models lack Bmall expression, basal expression of other
genes in the circadian feedback loop (Clock, Per2, Cry, Rev-
Erba) were similar to WT cells (Fig. 3C). The expression of
inflammatory markers and receptors, including the estrogen
receptors, estrogen-related receptor-y, and peroxisome
proliferator—activated receptor-y, were verified with
qRT-PCR. Besides the lack of estrogen-related receptor-
v expression in the mHypoA-Bmall-KO/M cells, the

expression profiles of the cell lines are similar. These
receptors have been linked to the mechanism of BPA
action in peripheral tissues and neuronal models (21,
43), suggesting the cells are likely to respond to BPA
exposure.

The effect of BPA on Npy expression, but not Agrp
or Pomc, depends on Bmal1

Using the mHypoA-Bmall-KO and WT littermate
control cell lines, we investigated whether BMAL1 was
involved in BPA-mediated upregulation of the neuro-
peptide gene expression. The mHypoA-Bmall-KO/F
(Fig. 4A) and mHypoA-Bmall-KO/M (Fig. 4B) cell
lines were treated with 100 M BPA for 8 hours alongside
mHypoA-Bmall-WT/F controls. Agrp and Pomc ex-
pression were increased at 4 and 8 hours in both WT and
KO cell lines [Fig. 4A, ii 4 hours, F(1, 16)ieatment = 29.49,
P < 0.0001; 8 hours, F(1, 14)eatment = 39.73, P < 0.0001;
Fig. 4A, iii 4 hours, F(1, 16)eatment = 106.1, P < 0.0001;
8 hours, F(1, 16)eatment = 171.6, P < 0.0001; and Fig. 4B,
ii 4 hours, F(1, 20)ieatment = 250.4, P < 0.0001; 8 hours,
F(1, 8)urearment = 169.1, P < 0.0001; Fig. 4B, iii 4 hours,
F(1,20)reatment = 45.40, P < 0.0001; 8 hours, F(1, 8)eatment =
71.62, P < 0.0001)]. However, the increase in Npy ex-
pression seen in the mHypoA-Bmall-WT/F cell line at 8
hours was not present in male mHypoA-Bmall-KO/F
[Fig. 4A, i 8 hours, F(1, 16)ieracion = 10.30, P = 0.0055;
F(1, 16)celieype = 10.30, P = 0.0055; F(1, 22)eatment = 24.43,
P =0.0001] or mHypoA-Bmal1-KO/M [Fig. 4B, 4 hours, F(1,
20)interaction = 9-326, P = 0.00063; F(1, 20)eli.rype = 9.326, P =
0.00063; F(1, 20)yeatmen: = 14.72, P = 0.0001; 8 hours,
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Figure 3. Characterization of the mHypoA-Bmal1-WT and -KO cell models. mHypoA-Bmal1-
KO/F and mHypoA-Bmal1-KO/M cell lines do not express BMAL1T. (A) Expression or absence
of BMALT protein in the WT vs KO cell lines was verified with Western blotting with a
BMAL1 antibody and alpha-tubulin used as a loading control. (B) Cell lines were imaged with
an Olympus CKX41 microscope (10X lens objective) with the Tucsen 10.0 MP 1S1000 USB
camera and exhibit neuronal morphology. (C) Summary of circadian, neuropeptide,
inflammatory marker and steroid receptor mRNA expression in hypothalamus tissue,
mHypoA-Bmal1-WT/F, mHypoA-Bmal1-WT/M, mHypoA-Bmal1-KO/F, and mHypoA-Bmal1-KO/
M cell lines. RNA was isolated from untreated hypothalamic tissue or cells before cDNA
synthesis and analysis by qRT-PCR. Relative expression is denoted by + or —, where — (not
expressed) cycle at threshold (CT) = 35, + CT = 30 to 34.9, ++ CT = 25 t0 29.9, +++ (highly
expressed) CT = 20 to 24.9. Esri, estrogen receptor a, Esr2, estrogen receptor B, Esrry,
estrogen-related receptor y; Nfkb, nuclear factor kb.

F(1, 8)interaction = 238.0, P < 0.0001; F(1, 8)celieype = 238.0,
P < 0.0001; F(1, 8)ueatment = 293.5, P < 0.0001] cell
model, implicating the involvement of BMAL1 in the
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upregulation of Npy but not Agrp or
Pomc in response to BPA. Interestingly,
basal mRNA levels of both Npy and
Pomc were altered in mHypoA-Bmal1l-
KO cells compared with mHypoA-
Bmal1-WT/F cells (Fig. 4C).

BPA treatment increases BMAL1
binding to the Npy promotor

To elucidate whether BMAL1 is
directly involved in regulating the
BPA-mediated induction of Npy by
binding to the Npy promotor, we
performed ChIP using a BMAL1 an-
tibody in the mHypoA-Bmall-WT/F
cells. Compared with negative con-
trol IgG, binding was slightly greater
in the chromatin immunoprecipitated
with BMALI1, suggesting a basal degree
of BMALT1 binding to this region of the
Npy promotor at 4 hours. Treatment
with 100 uM BPA significantly in-
creased the amount BMAL1 protein
binding to the —1267 to —11635 region
of the Npy promotor compared with
vehicle treatment after 4 hours (Fig. 5B,
F2, 6) = 18.97, P = 0.0025). Two pu-
tative binding sites exist for the BMALL1:
CLOCK heterodimer in this region of
the promotor, including 5’CAAATG3’
at —1217 and 5’CATGTG3’ at —1207
(Fig. SA, Fig. 2A). This finding suggests
that BMAL1 may be involved in regu-
lating Npy at the transcriptional level
upon BPA exposure.

Discussion

Under normal conditions, the SCN
synchronizes the feeding centers of the
hypothalamus, allowing neurons in
these regions to respond appropriately
to timed signals from the rest of the
body (1, 6). However, metabolic fac-
tors may dysregulate the expression
of clock genes, leading to a loss of
synchrony (1). Such factors include
high glucose and dietary fatty acids,
which can alter the expression patterns
of Bmall, Per2, and Rev-Erba by

changing the peak amplitude and period of the 24-hour
expression profile (31, 44). In turn, this change alters
expression profiles of genes that are rhythmically
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Cell Line Npy Agrp Pomc Rpl7
mHypoA-Bmal1-WT/F 28.0 28.1 29.8 17.8
mHypoA-Bmal1-KO/F 28.7 27.9 28.1 17.6
mHypoA-Bmal1-WT/F 28.6 277 30.1 171
mHypoA-Bmal1-KO/M 29.1 27.9 291 17.3

Figure 4. BPA upregulates Npy, Agrp, and Pomc in mHypoA-Bmal1-WT/F cells, whereas
the upregulation in Npy is absent in mHypoA-Bmal1-KO/F and mHypoA-Bmal1-KO/M
cells. (A) mHypoA-Bmal1-KO/F (n = 4 to 5) and (B) mHypoA-Bmal1-KO/M (n = 6 for

4 hours, n = 3 for 8 hours) cells were treated with 100 uM BPA or vehicle (0.05% ETOH)
for 4 or 8 hours alongside mHypoA-Bmal1-WT/F. (A i and B i) Npy, (A ii and B ii) Agrp,
and (A iii and B iii) Pomc mRNA expression was quantified with qRT-PCR. Data are
expressed as mean + SEM. Statistical significance were determined with a two-way
ANOVA, followed by the Tukey multiple comparison test. (C i) Npy, Agrp, and Pomc
expression (n = 5) in mHypoA-Bmal1-KO/F cells compared with mHypoA-Bmal1-WT/F cells
treated with vehicle (0.05% ETOH) for 4 or 8 hours. All groups are expressed relative to
the 4-hour vehicle-treated mHypoA-Bmal1-WT/F group, which was normalized to 1. Data
are expressed as mean * SEM. (C ii) Mean cycle at threshold (CT) levels of Npy, Agrp,
Pomc, and Rpl7 as measured by qRT-PCR in vehicle-treated mHypoA-Bmal1-KO/F or
mHypoA-Bmal1-KO/M cells compared with mHypoA-Bmal1-WT/F cells that were treated
in parallel. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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controlled by these clock-associated
transcription factors (26, 27, 31).
Here, we describe changes in hypotha-
lamic circadian gene expression induced
by BPA, a chemical known to lead to
metabolic perturbations. In immortal-
ized hypothalamic cell lines and primary
culture, we show that exposure to BPA
increased Bmall expression within 2 to
4 hours and decreased Per2 expression
at 16 and 24 hours. This effect was
observed across four hypothalamic cell
lines, representing both adult and em-
bryonic cells as well as anorexigenic
POMC and orexigenic NPY/AgRP-
expressing cells, illustrating the robust
nature of these effects across heteroge-
neous populations of neurons. Rev-Erba
was also altered, although the pattern
was more heterogeneous across the cell
lines.

Although there are no studies to
date investigating circadian dysregu-
lation by BPA in the adult mammalian
hypothalamus, Sen and Sellix (45)
have reported altered clock gene ex-
pression in reproductive tract tissues.
Furthermore, Choi et al. (46) showed
that Per2 and Cryl
downregulated with increasing BPA
concentration and exposure time in
goldfish brain and liver. Circulating
concentrations of melatonin, a hor-
mone involved in entrainment of cir-
cadian rhythms, and the expression of
the melatonin receptor were also de-
creased with BPA exposure (46). The
impact of endocrine disrupting chem-
icals besides BPA on circadian systems,
particularly pertaining to reproduc-
tive tissues, has been described (45).
Interestingly, prenatal exposure of

levels were

Sprague-Dawley rats to a weakly es-
trogenic polychlorinated biphenyl mix-
ture (Aroclor 1221) altered Bmall and
Per2 expression in the anteroventral
periventricular nucleus of the hypo-
thalamus in female pups (47). These
studies, along with our work, illus-
trate that the circadian clock system
is vulnerable to dysregulation by en-
docrine disrupting chemicals, in-
cluding BPA.
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Figure 5. BPA increases BMALT binding to the Npy promotor. (A)
Schematic representing the 103-bp region of the Npy promotor,
containing two potential BMAL1 binding sites (gray ovals), amplified
for the ChIP assay with gRT-PCR. (B) mHypoA-Bmal1-WT/F cells
were treated with 100 wM BPA or vehicle (0.05% ETOH) for 4
hours, and changes in BMAL1 binding to the —1267 to —1165
region of the Npy promotor were measured with a ChiP assay (n =
3). A vehicle-treated chromatin sample was incubated with normal
IgG antibody as a negative control. Data are expressed as mean =+
SEM. Statistical significance was determined with a one-way
ANOVA, followed by the Bonferroni multiple comparison test. *P <
0.05. F, forward; R, reverse.

A dysregulation in clock gene expression has broad
implications for cellular function, such as cell migration
(48) and gene transcription (26). Changes in core clock
genes by BPA may disrupt the transcription-translation
feedback loop that exists within these hypothalamic
neurons, thereby disrupting rhythmicity. Circadian clock
genes not only act to maintain a 24-hour rhythmicity
within the body, they bind to promotor regions of ~10%
of genes and can alter expression of these several E-box
domain containing genes (26, 27). We and others have
described the presence of potential BMAL1:CLOCK
heterodimer binding sites on the Npy, Agrp (24), and
Pomc gene promotors, suggesting that BPA-induced
disruption of components of the molecular clock may
be responsible for the changes observed in Npy, Agrp,
and Pomc expression.

To experimentally determine the role of clock genes in
the regulation of feeding neuropeptides by BPA, we
chose a Bmall-KO model. BMALT1 is critical for the
circadian regulation of energy homeostasis as whole-
body Bmall-KO mice exhibit disruptions in the daily
rhythm of glucose and triglyceride levels (49). Unlike Cry
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and Per-KO mice, Bmall-KO mice lack functional re-
dundancy because BMALI1 controls the transcription of
the paralogous gene Bmal2, leading to the complete
absence of BMAL function (50, 51). Using previously
established techniques (36), we immortalized hypotha-
lamic neurons from Bmall-KO animals and their WT
control littermates. With the generation of these cell
models, we showed that BPA-mediated upregulation of
Npy, but not Agrp or Pomc, requires functional BMAL
protein expression. This finding may imply that the in-
ability of BPA to change BMALT1 expression, synthesis,
or binding protects the mHypoA-Bmal1-KO hypotha-
lamic cells from BPA-induced dysregulation of Npy ex-
pression. Although both Agrp and Pomic contain several
putative BMAL1 binding sites and may be basally reg-
ulated by rhythmic BMAL1 binding, the BMAL1 de-
pendency of the BPA-induced changes is specific to Npy.
However, the fact that the Agrp effect is not altered in
mHypoA-Bmal1-KO lines coincides with the finding that
Agrp mRNA was previously found to lack rhythmicity in
one population of hypothalamic neurons (24). The role
of BMALT1 in basal Npy and Pomc, but potentially not
Agrp, expression is further illustrated in the differences
in basal Npy and Pomc mRNA levels in the mHypoA-
Bmal1-KO cell lines compared with the mHypoA-Bmal1-
WT/F cell line (Fig. 4C). As BMAL1 rhythmically binds
to the Npy promotor (24), the lack of BMALT1 expression
in the mHypoA-Bmal1-KO cells may explain the slightly
lower expression of Npy. Interestingly, the difference in
basal expression of Pomc between the mHypoA-Bmall-
WT/F and the mHypoA-Bmal1-KO cell lines does not
alter the magnitude of the BPA-induced Pomic response,
again emphasizing the specificity of the BMAL1-dependent
effect of BPA on Npy.

Others have alluded to the relationship between
Bmall and Npy. For example, a low-protein diet in
pregnant dams ablated the circadian rhythm of Bmall
expression in the hypothalamus of 17-day-old offspring,
with a concurrent shift in the diurnal rhythm of Npy
expression (52). Furthermore, in a clonal Npy-expressing
cell line, palmitate increased Bmall expression and de-
creased its amplitude of oscillation along with an increase
in Npy mRNA levels (31). However, in these studies it
remained unclear whether BMAL1 has direct tran-
scriptional control of Npy expression. Fick et al. (24)
demonstrated a rhythmic pattern of BMALI1 binding to
the Npy promotor across a 24-hour time course in the
mHypoE-44 hypothalamic cell line, suggesting this
rhythmic binding may contribute to the rhythmic ex-
pression of Npy mRNA. Specifically, using ChIP anal-
ysis, we have shown here that BPA increases the relative
amount of BMAL1 binding to the Npy promotor be-
fore the changes seen in Npy expression, suggesting
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transcriptional upregulation of Npy. In line with our
findings, nervous system—specific Bmall-KO mice have
decreased body weight and food intake (53). Because
increased BMAL1 binding may contribute to increased
expression of Npy, downregulation of Npy may partially
underlie this anorexigenic phenotype of Bmal1-KO mice.

Whether factors other than BMALL1 lead to the lack of
BPA-induced Npy expression in the mHypoA-Bmal1-KO
cells warrants investigation. The mHypoA-Bmal1-KO
and mHypoA-Bmall-WT cell lines are similar in terms
of basal expression of neuropeptides, circadian rhythm
genes, and inflammatory genes. The lack of Esrry ex-
pression in the mHypoA-Bmall-KO/F cells probably
does not contribute to the ablated Npy response because
the mHypoA-Bmall-KO/M cells express Esrry at the
same level as mHypoA-Bmal1-WT cells. Although basal
expression levels of these genes are similar across both
KO and WT cell lines, their rhythmic expression over 24
hours may be affected by the absence of BMAL1. For
instance, rhythmic expression of circadian genes Rev-
Erba and p-box binding PAR bZIP transcription factor is
abolished in adrenal cortex Bmall-KO animals (54).
Future investigations may include whether changes in
rhythmic expression profiles of certain genes contribute
to the abolished Npy response. Regardless, ablation of a
crucial circadian gene is not a feasible or desirable method
to protect hypothalamic cells from BPA-mediated neuro-
peptide dysregulation. Elucidating the mechanism by
which this dysregulation in circadian gene expression or
binding occurs may provide beneficial information to
block the effects.

The mechanisms by which BPA alters clock gene
expression in feeding-related hypothalamic neurons re-
mains unknown. BPA has been thought to act primarily
through nuclear and membrane-bound estrogen re-
ceptors and other nuclear receptors, including per-
oxisome proliferator activated receptor-y (PPARv),
estrogen-related receptor-vy, aryl hydrocarbon receptor,
androgen receptor, and the glucocorticoid receptor (43,
55). These receptors can bind to response elements in
promotors and act as transcription factors to regulate
gene expression. In fact, Rhee et al. (56) described the
presence of xenobiotic response elements, including aryl
hydrocarbon receptor response elements and estrogen
receptor response elements, in the promotor regions of
killfish Clock, Bmall, Per2, Cryl, and Cry2. Further-
more, PPARy has been shown to act as a transcriptional
regulator of Bmall. We have recently identified PPARy
as a mediator of BPA-induced upregulation of Pomc in
the mHypoA-POMC/GFP-2 cell line (21). In addition to
steroid and nuclear receptor activation, BPA can induce
inflammatory signaling (16, 21, 57), oxidative stress
(15), endoplasmic reticulum stress, and MAP kinase

Endocrinology, January 2019, 160(1):181-192

signaling (16, 57, 58). Whether these receptors and
pathways are involved in BPA-mediated Bmall, Per2, or
Rev-Erba dysregulation in hypothalamic feeding-related
neurons remains to be determined.

In conclusion, this study explored the direct effects of
BPA on circadian clock gene expression in POMC and
NPY/AgRP mammalian hypothalamic cell models,
demonstrating altered expression of circadian rhythm
genes. We also described the development, character-
ization, and experimental use of Bmall-KO hypotha-
lamic cell lines that can be used to define the role of
BMALI in hypothalamic responses to various hormonal
and metabolic signals. Using these cell lines, we showed
the involvement of BMALT1 in BPA-mediated Npy dys-
regulation, implicating hypothalamic circadian rhythm
alterations in the metabolic consequences of BPA ex-
posure. These findings in turn shed light on the funda-
mental connection between metabolism and the circadian
molecular clock.
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