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Abstract

Background: Nonylphenol (NP) is an environmental endocrine-disrupting chemical (EDC) detected in human cord
blood and milk. NP exposure in developmental periods results in hyperadrenalism and increasing 113-hydroxysteroid
dehydrogenase | (113-HSD1) activity in an adult rat model. Alleviating 113-HSD1 activity is therefore a logical and
common way to treat hyperadrenalism. PF915275 (PF; 4'-cyano-biphenyl-4-sulfonic acid (6-amino-pyridin-2-yl)-amide) is
a selective inhibitor for 113-HSD1. This study aimed to determine whether PF915275 could alleviate the
hyperadrenalism induced by NP. In addition to a rat model, the effects of NP and PF915275 were measured in human
preadipocytes.

Methods: For the in vivo rat model, female adult rats exposed to NP during the developmental period were divided
into two treatment groups, with one receiving oral DMSO solution and the other receiving PF915275 once per day for
4 weeks. After the final treatment, the rats from each group were sacrificed for analysis. For the in vitro human model,
human preadipocytes received 2 regimens of NP treatment. One treatment regimen occurred before differentiation (to
mimic the sensitive developmental period; P exposure), and the other included continuous exposure from
preadipocytes to fully differentiated adipocytes (to mimic the growing and adult periods, respectively; C exposure).
Protein and RNA were extracted from rat tissues and the preadipocytes for western blot and real-time PCR analysis.

Results: In the rat model, PF915275 alleviated NP-induced effects by interfering with adipogenesis pathways, including
enhancing PPARa expression, decreasing PPARy expression, and reducing both 113-HSD1 protein and mRNA
expression levels. Additionally, PF915275 reduced the effects of the adrenal corticoid synthesis pathway by reducing
StAR expression and 11f3-hydroxylase and aldosterone synthase activities. With short-term exposure, NP enhanced
PPARy and FASN mRNA expression levels and reduced PPARa expression, whereas PF915275 alleviated these effects.
With C exposure, the NP-induced accumulation of intracellular lipids was reduced by PF915275 treatment, which was
mediated by decreased PPARy mRNA and protein expression levels and increased PPARa protein expression.

Conclusions: The effects of NP and PF915275 treatment in both rat and human cell models are similar. Rats may be an
appropriate model to study the effects of NP in humans, especially during the developmental period.
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Background

Man-made chemicals, such as bisphenol A (BPA),
dichlorodiphenyl-trichloroethane (DDT), diethylstilbestrol
(DES), and nonylphenol (NP), are produced with the
intention of benefiting humans. However, these chemicals
can also have negative impacts on the environment, wild-
life, and public health. These chemicals are categorized as
endocrine disruptors (ENDRs) because they mainly target
endocrine pathways (ie., estrogen or corticoids) and can
interfere or disrupt physiological endocrine regulation. The
incidence of metabolic syndromes has been suggested to
correspond with the number of synthetic chemicals pro-
duced, especially ENDRs [1]. The pandemic metabolic syn-
dromes, such as obesity, diabetes, and hypertension, are
global public health issues [2, 3]. Experts predict that the
burden of pandemic metabolic syndromes will continue to
worsen worldwide [4]. The health care costs associated with
pandemic chronic metabolic syndromes may collapse the
global health care system and must therefore be considered
an urgent problem [4].

Over the past decade, 11p-hydroxysteroid dehydrogen-
ase type 1 (11p-HSD1) has been reported to be one of
the main factors responsible for metabolic syndromes
[5]. Since 11B-HSD1 can amplify local glucocorticoids, it
is correlated with the cause of obesity and insulin resist-
ance behavior [6, 7]. Theoretically, 113-HSD1 inhibi-
tors can alleviate or even prevent some metabolic
syndromes. Diabetes and hypertension are the com-
mon syndromes associated with metabolic diseases
and are also frequently observed in ENDR-induced
hyperadrenalism (commonly known as Cushing’s syn-
drome). Some encouraging and promising results have
been found using 11B-HSD1 inhibitors as therapeutic
agents, particularly for metabolic-related diseases [8—10].
Therefore, 113-HSD1 inhibition appears to be a potential
strategy to treat ENDR-induced hyperadrenalism.

In previous experiments [11], rats were supplied with
NP-contaminated water during pregnancy (in utero) and
lactation (neonatal) to mimic environmental contamin-
ation. The female pups showed elevated plasma cortico-
sterone and aldosterone concentrations when they
developed into adults. In addition, 113-HSD1 activities
and protein expression and aldosterone synthase activ-
ities were increased in the liver and adrenal tissues [11].
Since intracellular 113-HSD1 regenerates active gluco-
corticoids (e.g., cortisol in humans and corticosterone in
rodents) from inactive 11-keto forms in adipose, liver,
and brain tissues, it will strengthen local cellular gluco-
corticoid action. Central obesity has been suggested to
be due to amplified glucocorticoids in adipose tissue me-
diated by 11B-HSD1 [6, 12-14]. By using a transgenic
mouse model, 113-HSD1 overexpression resulted in vis-
ceral obesity, insulin-resistant diabetes, and hyperlipid-
emia [13]. However, the symptoms of insulin resistance,
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hyperglycemia, and dyslipidemia were not observed in
11B-HSD1-knockout mice [15].

These results seem to suggest that 113-HSD1 inhibition
is a potential therapeutic target for treating metabolic syn-
dromes. In this study, we explore whether PF915275 (PF;
4'-cyano-biphenyl-4-sulfonic acid (6-amino-pyridin-2-y-
1)-amide), a selective inhibitor of 113-HSD1 [16], can sup-
press ENDR-induced (i.e,, NP-induced) hyperadrenalism
and excess 11B-HSD1 activity. Since visceral obesity and
hyperlipidemia are evident in 11B-HSDI-overexpressing
mice [13], lipid metabolism is an essential aspect in study-
ing 11B-HSD1 inhibition or activation. Researchers have
shown that PPAR (peroxisome proliferator-activated re-
ceptor) ligands are highly associated with lipid metabol-
ism. PPARs are a family of nuclear receptors, and specific
PPAR ligands can activate certain types of PPARs. For ex-
ample, PPAR type alpha (PPAR«) ligand, i.e., fibrates, can
activate transcription factors to enhance fatty acid oxida-
tion. PPAR type gamma (PPARYy) ligand, i.e., thiazolidine-
diones, can reduce blood triglyceride and sugar levels and
enhance lipogenesis via fatty acid synthesis. In this study,
we explore the impacts of NP and PF on lipid metabolism
through the PPAR system.

Demonstration of the therapeutic effectiveness of PF in a
rat model (female adult rats exposed to NP during the de-
velopmental period to mimic environmental contamination
received PF via oral gavage in this in vivo study) would offer
hope for treating Cushing’s syndrome in humans. The first
step was to verify whether NP increases adipogenesis in hu-
man adipose cells using in vitro methods. If an adipogenic
effect is observed, then the 11B-HSD1 inhibitor requires
verification by examining, for example, whether PF can alle-
viate or prevent this impact. Positive results from this study
can serve as a basis for the development of clinical trials for
endocrine-disrupting chemical (EDC)-induced metabolic
syndrome.

Methods

Materials

NP was purchased from Fluka (Buchs, Switzerland)
and dissolved in methanol to produce a 0.425 M
stock solution. PF was purchased from Tocris Cook-
son Ltd. (Bristol, UK). The other chemicals were pur-
chased from Sigma Chemical Co. (St. Louis, MO,
USA). [®H]-Aldosterone and [*H]-corticosterone were
purchased from Amersham Life Science Limited (Bucking-
hamshire, UK). Dr. D. M. Stocco (Department of Cell Biol-
ogy and Biochemistry, Texas Tech University Health
Sciences Center, Lubbock, TX, USA) generously provided
the anti-steroidogenic acute regulatory (StAR) antibody.
Anti-11B-hydroxysteroid ~dehydrogenase 1 (11B-HSD1),
anti-fatty acid synthase (FASN), anti-proliferator-activated
receptor a (PPARa), anti-proliferator-activated receptor y
(PPARy), and anti-vinculin (Vinculin) antibodies were
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purchased from Abcam plc. (Cambridge, UK), GeneTex Inc.
(San Antonio, TX, USA), Cayman Chemical (Ann Arbor,
M]I, USA), Cayman Chemical (Ann Arbor, MI, USA), and
GeneTex Inc. (San Antonio, TX, USA), respectively.
Anti-mouse and anti-rabbit IgG peroxidase-conjugated sec-
ondary antibodies were purchased from ICN Pharmaceuti-
cals, Inc. (Aurora, OH, USA). Human preadipocytes were
purchased from Cell Applications (San Diego, CA, USA).
Preadipocyte medium (PAM) and preadipocyte differenti-
ation medium (PADM) were purchased from ScienCell™ Re-
search Laboratories (Carlsbad, CA, USA). A Lipid Oil Red
O staining kit was purchased from BioVision Inc. (Milpitas,
CA, USA).

Animal treatment

Animals

Pregnant female Sprague-Dawley rats weighing 250-
300 g were provided by the Animal Center of National
Yang-Ming University. The pregnant female rats were
divided into two groups, including NP mother (drinking
NP-containing water (NP concentration 2 pg/ml) during
the gestation and lactation periods) and vehicle control
mother (drinking regular water). They were housed indi-
vidually throughout their pregnancy until delivery, which
occurred on days 20-22. The female pups of the NP
group (mother drinking NP-containing water), the fe-
male pups of the vehicle control group (mother drinking
regular water) and their mothers were housed in a
temperature-controlled room (22 + 1 °C) in the Animal
Center of National Yang-Ming University with photope-
riods of 14 h (light):10 h (dark) as previously described
[17]. The lights were switched on at 6:30 a.m. and food
and water were provided ad libitum. The number of fe-
male offspring from the same mother was 4-5 per cage.
The female offspring of the NP group were randomly di-
vided into an NP and an NP + PF group at 10 weeks of
age. In the NP +PF group, the rats were given PF
(4" -cyano-biphenyl-4-sulfonic acid (6-amino-
pyridin-2-yl)-amide) at 0.36 mg/kg/ml (PF dissolved in
DMSO solution) by oral gavage once per day, and the
same amount of DMSO solution was administered orally
to the vehicle and NP groups [17]. The treatment began
at 10 weeks of age and lasted for 4 weeks. The adult rats
(14 weeks old) were anesthetized with 100 mg/kg keta-
mine by intraperitoneal injection (ketamine dissolved in
saline) and then sacrificed on the day after the last oral
gavage. The sacrifice was implemented by the method of
rapid decapitation. The procedures and precautions for
sacrifice were the same as previously described [17]. In
brief, the sacrifice began at 7:00 am to avoid adrenal
rhythm variations, and sacrifice was sequentially per-
formed in the vehicle group, NP group and NP +PF
group. The process was repeated until all the rats were
sacrificed. Blood and tissue collection from one rat
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required 10—15 min, and approximately 3—-3.5 h were re-
quired to complete sample collection. Trunk blood was
collected and plasma samples were separated and stored
at — 20 °C until analysis. The liver, adipose tissue, and
adrenal glands were immediately dissected and stored at
- 80 °C. The rat carcasses were handled by the Animal
Center of National Yang-Ming University.

All animal protocols used in this study were approved
by the Institutional Animal Care and Use Committee of
the National Yang-Ming University. All animals received
humane care in compliance with the Principles of La-
boratory Animal Care and the Guide for the Care and
Use of Laboratory Animals, published by the National
Science Council, Taiwan, R.O.C.

Enzyme activity assays

The oxidoreductase activity assay for 113-HSD1 was
performed by measuring corticosterone produced from
11-dehydrocorticosterne [17-19]. Specific activities were
expressed as nanograms of corticosterone formed per
hour per gram of protein.

The 11B-hydroxylase activity of the adrenal cortex was
measured from the corticosterone produced from deoxy-
corticosterone treatment [20]. Specific activities were
expressed as nanograms of corticosterone formed per
hour per microgram of adrenal cortex protein, while the
aldosterone measurements after corticosterone treat-
ment [20] represented the aldosterone synthase activity
of the adrenal capsule, which was expressed as the
amount of aldosterone (usually in nanograms) formed
per hour per microgram of adrenal capsule protein.

Corticosterone and aldosterone RIA

Corticosterone or aldosterone in plasma was extracted using
diethyl ether as previously described [20]. After the diethyl
ether evaporated, assay buffer was added to dissolve the cor-
ticosterone or aldosterone. RIA can be used to determine
both the concentration of corticosterone [21] and the con-
centration of aldosterone [22] in the plasma or in media.
The plasma corticosterone levels were measured by RIA
using antiserum (PSW#4-9), the sensitivity of the cortico-
sterone RIA was 5 pg/tube, and the intra- and inter-assay
coefficients of variation were 3.3% (z=5) and 9.2% (1 =4),
respectively. Additionally, an RIA using JJC-088 antiserum
was used to measure plasma aldosterone levels. The sensi-
tivity of the aldosterone RIA was 4 pg/tube, and the intra-
and inter-assay coefficients of variation were 3.9% (n=05)
and 8.2% (1 = 4), respectively.

Cell culture and treatment

Cell culture

Human preadipocytes were purchased from Cell Applica-
tions (San Diego, CA, USA), maintained in preadipocyte
medium (PAM, ScienCell™ Research Laboratories, Carlsbad,
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CA, USA) and incubated at 37 °C in 5% CO,. For differenti-
ation, human preadipocytes were seeded into plates or
dishes (48,000 cells/cm® in PAM) for 2 days, and then the
preadipocytes were incubated with preadipocyte differenti-
ation medium (PADM, ScienCell™ Research Laboratories,
Carlsbad, CA, USA) for 6 days by changing the medium
every 3 days in the presence or absence of NP or PF at dif-
ferent concentrations. After differentiation, the cells were
harvested for the tests described below.

Preadipocyte proliferation

Human preadipocytes were seeded at 4.5 x 10° cells/well
in a 96-well plate. The cells were incubated in PAM in the
presence of NP or PF for 24 and 72 h. After incubation,
the cells were treated with 20 pl of MTT (dissolved in
PBS (pH 7.4)) assay reagents (5 mg/ml) for 4 h, and the
resulting purple formazan crystals were solubilized in
150 pl of DMSO. The absorbance was measured at
570 nm on a Sunrise™ microplate reader (Tecan Trading
AG, Switzerland). The percentages of viable cells were cal-
culated in the NP- or PF-treated groups relative to the
control cells (cells incubated with PAM for 24 h).

Cell viability

To assess cell viability after NP or PF treatment, human
preadipocytes were seeded onto 96-well plates at a density
of 4.5 x 10° cells/well and differentiated with PADM in
the presence of NP or PF for 6 days. After incubation, cell
viability was quantitatively assessed using the MTT assay.
The percentages of viable cells were calculated in the NP-
or PF-treated groups relative to that in the control group
(cells differentiated with PADM alone for 6 days).

Oil red O staining

To assess lipid accumulation with NP or PF treatment,
human preadipocytes were seeded onto 24-well plates at a
density of 4.5 x 10* cells/well and differentiated with
PADM in the presence of NP or PF for 6 days. The forma-
tion of lipid droplets in adipocytes was observed with a
Lipid Oil Red O staining kit (BioVision Inc., Milpitas, CA,
USA) according to the manufacturer’s protocol. To meas-
ure lipid accumulation in adipocytes, the cells were
washed with 60% isopropanol 3 times, and the completely
dried cells were shaken with 100% isopropanol for 5 min.
The dissolved lipid was quantified by measuring the ab-
sorbance at 492 nm. The results were expressed as the
lipid accumulation relative to that in the control cells
(cells differentiated with PADM only for 6 days).

Tissue and cell protein extraction

Frozen liver, adrenal, and adipose tissue samples or
human preadipocytes were lysed in homogenizing
buffer (containing 65 mM Tris-base, 154 mM sodium
chloride, 1% NP-40, 6 mM sodium deoxycholate,
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1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM phe-
nylmethylsulfonyl fluoride (PMSF), 5 mg/I aprotinin, 5 mg/1
leupeptin, 5 mg/l pepstatin, 1 mM sodium orthovanadate,
1 mM sodium fluoride, and 1% proteinase inhibitor cocktail
(pH 7.4) for the liver, adipose tissues and human preadipo-
cytes, and containing 1.5% N-lauroylsarcosine sodium,
2.5 mM Tris-base, 1 mM EDTA, 0.68% PMSEF, and 2% pro-
teinase inhibitor cocktail (pH 7.8) for the adrenal tissue, the
adrenal capsule, and the adrenal cortex) for 30 min on ice.
The obtained homogenates were centrifuged at 13,000 x g
for 30 min at 4 °C, and the supernatants were sampled. The
protein concentration was evaluated using the Bradford
assay [23] with bovine serum albumin (BSA) as the
standard.

Western blot analysis

The levels of 113-HSD1 (for liver and adipose tissues),
PPAR« (for liver, adipose tissues, adrenal tissue, and hu-
man preadipocytes), PPARy (for adipose tissue and hu-
man preadipocytes), FASN (for human preadipocytes)
and StAR (for adrenal tissue) protein expressions were
determined by western blot analysis [24]. For western
blotting, samples containing equal amounts of protein
(liver protein (100 pg), adipose protein (200 pg), ad-
renal protein (100 pg), or human preadipocyte protein
(50 pg)) were loaded on a 6 or 10% acrylamide so-
dium dodecyl sulfate-polyacrylamide gel for electro-
phoresis (SDS-PAGE). After electrophoresis, the relevant
proteins were detected on blots by specific antibodies, and
signals were developed using enhanced chemiluminescence
(ECL western blotting detection reagents, Amersham Phar-
macia Biotech, Buckinghamshire, UK) and the Luminescent
Image Analyzer Las-4000 (Fuji-Film, Stamford, CT, USA).
Additionally, the MultiGauge program (Fuji-Film) was used
to quantify proteins, and the protein signals were normal-
ized against the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) or vinculin protein signal.

RNA extraction and quantitative real-time PCR

Total RNA from the liver and human preadipocytes was
extracted using TRIzol reagent (Molecular Research Cen-
ter, Inc., Cincinnati, OH, USA). The concentration of
RNA was measured by the OD260, and the purity of RNA
was evaluated by measuring the ratio of A260/A280
(selecting values above 1.8) with the aid of a Nanodrop
(Thermo Scientific, Waltham, MA, USA). cDNA was syn-
thesized with a cDNA synthesis kit (Bioman Scientific Co.,
Ltd., Taipei, Taiwan). Real-time PCR reactions were per-
formed with a SYBR Green PCR Master Mix kit (Applied
Biosystems, Inc., Foster City, CA, USA) and 50 ng of
¢DNA in an ABI real-time PCR detection system. Relative
mRNA expression was determined by the 2-42Ct method
normalized to GAPDH or 185 rRNA, which were used as
housekeeping genes. Additionally, the vehicle values were
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normalized to a group average of 1.0. PCR product pu-
rities were verified by melting curve analysis. The primers
were synthesized by Tri-I Biotech Inc. (Taipei, Taiwan)
(the sequences for the primers are shown in Table 1).

Statistical analysis

The results are expressed as the mean + S.E.M. Compari-
sons across a variety of treatments were performed using
one-way ANOVA followed by post hoc analysis of Fish-
er’s least significant difference (LSD) or Dunnett’s post
hoc analysis. Values of p < 0.05 were considered statisti-
cally significant.

Results

PF suppresses NP-induced hyperadrenalism and
adipogenesis

Plasma levels of steroid hormones

Developmental exposure to NP significantly increased
plasma corticosterone concentrations in female offspring
(p <0.01, Fig. 1a), and PF significantly decreased the cor-
ticosterone concentrations in the NP + PF group com-
pared with those in the NP group (p < 0.05, Fig. 1a).

The plasma aldosterone concentrations also signifi-
cantly increased in the NP group (p < 0.05, Fig. 1b) com-
pared with those in the vehicle group. PF appeared to
reduce the plasma aldosterone concentrations, although
not significantly, compared with those in the NP group
(p < 0.1, Fig. 1b).

Liver

Developmental exposure to NP significantly increased
11B-HSD1 activity in the liver (p < 0.05, Fig. 2a), and treat-
ment with PF significantly decreased 113-HSD1 activity in
the liver (p <0.01, Fig. 2a) compared with that in the NP
group. The 11B-HSD1 and PPARa protein levels in the
liver were determined by western blot analysis (Fig. 2b, c).
The 11B-HSD1-to-GAPDH protein ratio was significantly
increased in the NP group (p<0.05, Fig. 2b) compared
with that in the vehicle group but significantly decreased
in the NP + PF group (p < 0.05, Fig. 2b) compared to that
the NP group. The PPARa-to-GAPDH protein ratio was
not significantly different among the vehicle, NP, and NP

Table 1 Real-time PCR primers
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+ PF groups (Fig. 2c). The 115-HSD1 and PPARa mRNA
levels in the liver were determined by real-time PCR
(Fig. 2d, e). NP exposure during the developmental period
did not significantly affect the mRNA expression of
11B-HSDI and PPAR« in the liver compared to that in the
vehicle group (Fig. 2d, e). Oral administration of PF in the
NP + PF group significantly decreased the mRNA expres-
sion of 115-HSDI (p < 0.05, Fig. 2d) in the liver compared
with that in the NP group.

Adipose tissue

NP exposure decreased PPARa protein expression (p <
0.05, Fig. 3b) but did not affect PPARY protein expres-
sion (Fig. 3a). PF treatment in the NP + PF group signifi-
cantly increased PPARa protein expression (p<0.01,
Fig. 3b) but decreased PPARy protein expression (p <
0.01, Fig. 3a) compared with that in either the vehicle or
NP group. The 113-HSD1-to-GAPDH protein ratio was
not significantly different among the vehicle, NP, and
NP + PF groups (Fig. 3¢).

Adrenal glands

NP exposure significantly increased aldosterone synthase
activity in the adrenal capsule (p < 0.05, Fig. 4b). In the NP
+ PF group, PF significantly decreased 11[3-hydroxylase ac-
tivity in the adrenal cortex (p<0.05, Fig. 4a) and de-
creased aldosterone synthase activity in the adrenal
capsule (p <0.05, Fig. 4b) compared with the activity
levels in the NP group. The levels of StAR and
PPARa proteins in the adrenal tissues were deter-
mined by western blot analysis (Fig. 4c, d). NP ex-
posure  apparently increased StAR  protein
expression, although not significantly, (Fig. 4c),
whereas PF significantly decreased StAR protein ex-
pression (p<0.01, Fig. 4c) compared with the ex-
pression levels in the NP group. NP exposure
appeared to decrease PPARa protein expression, al-
though not significantly (Fig. 4d), compared with
that in the vehicle group, while PF significantly in-
creased PPARa protein expression (p <0.05, Fig. 4d)
compared with that in the NP group.

Gene Sequence (5' to 3" forward) Sequence (5" to 3' reverse)
11B-HSD1 CCTCCCCGTCCTGGTGCTCT TGCTCCGAGTTCAAGGCAGCG
GAPDH TGTGAACGGATTTGGCCGTA; GATGGTGATGGGTTTCCCGT
PPARa GCTCTGAACATTGGCGTTCG TCAGTCTTGGCTCGCCTCTA

(h) FASN CGCGT GGCCGGCTACTCCTAC CGGCTGCCACACGCTCCTCT
(h) PPARa CAGAACAAGGAGGCGGAGGTC TTCAGGTCCAAGTTTGCGAAGC
(h) PPARY AGGCGAGGGCGATCTTGACAG GATGCGGATGGCCACCTCTTT
(h) 18 s rRNA TGCCATGTCTAAGTACGCACG TTGATAGGGCAGACGTTCGA
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Fig. 1 Corticosterone (a) and aldosterone (b) concentrations in plasma from vehicle-, NP- and NP + PF-treated female rats (Veh n=12, NP n=12,
NP + PF n=13). These concentrations were measured by RIA. The values are presented as the means + SEM. +, ++: p <0.05, 0.01, NP group
compared with the vehicle group. *: p <0.05, NP + PF group compared with the NP group
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Human preadipocyte culture

Effects of NP and PF on cell proliferation, cell viability and
lipid accumulation

Human preadipocytes were grown in PAM supple-
mented with different concentrations of NP com-
bined with PF for 24 and 72 h. As shown in Fig. 5a,
the MTT assay revealed that neither NP nor PF af-
fected preadipocyte proliferation. Human preadipo-
cytes were induced to differentiate in the presence of
NP (0-80 pM) combined with PF (0-9 uM) for
6 days. The MTT assay revealed that NP at concen-
trations of 1-20 puM and PF at concentrations of
4.5 pM did not affect cell viability (Fig. 5b). There-
fore, these concentration ranges of NP or PF were
selected for further experiments. Human preadipo-
cytes underwent morphological changes from
spindle-like features to a round shape and accumu-
lated intracellular lipids after differentiation induc-
tion. To examine the accumulation of intracellular
lipids, preadipocytes were cultured in PADM for
6 days in the presence of NP (0-20 uM) combined
with PF (0-4.5 puM) (Fig. 5c). Lipid accumulation
was measured by Oil red O staining. PF at 2 or
4.5 pM decreased lipid accumulation (p<0.05,
Fig. 5¢). NP at 10 pM increased PF-inhibited lipid
accumulation at 1.5 pM PF (p <0.05, Fig. 5c). NP at
20 pM increased PF-inhibited lipid accumulation at
2 uM PF (p<0.05, Fig. 5c). NP alone did not in-
crease lipid accumulation (Fig. 5c), but it increased
PF-inhibited lipid accumulation.

Effect of human preadipocyte exposure to NP before
differentiation

To elucidate any epigenetic modifications or “memory”
effects, human preadipocytes were exposed to NP before
differentiation (P exposure). Preadipocytes were seeded
into dishes (3.5 x 10° cells in PAM) for 36 h, and then

the medium was changed to PAM in the presence of
20 puM NP for 12 h. After 12 h, preadipocytes were cul-
tured in PADM (without NP) for 6 days in the presence
of PF (0, 2 or 4.5 pM). The PPAR pathway and FASN
was examined at the mRNA and protein levels.

Priming with NP significantly increased the PPARy
and FASN (p <0.05, Fig. 6a, c¢) mRNA expression
levels, whereas PF treatment significantly decreased
their mRNA expression levels (p <0.05, Fig. 6a, c).
In contrast, PF treatment significantly increased
PPARax mRNA expression (p <0.05, Fig. 6b), and
priming with NP significantly decreased PPARa pro-
tein expression (p <0.01, Fig. 6e), but PF signifi-
cantly reversed this phenomenon (p <0.05, Fig. 6e).
NP priming enhanced the protein expression of
PPARy and FASN, but not significantly. With the
addition of PF, PPARy and FASN protein expression
levels were significantly reduced (p <0.05, Fig. 6d,
f). These data suggested that human preadipocytes ex-
posed to NP before differentiation exhibited effects after
differentiation. The differentiated adipocytes exhibited
memory of exposure to NP and showed increased adipo-
genesis and decreased lipolysis. Treatment with PF allevi-
ated these effects at the differentiated adipocyte level.

Effects of NP and/or PF on protein and RNA expression
after induced adipocyte differentiation

To elucidate the molecular mechanisms by which
NP and PF affected adipogenesis after induction into
adipocytes, human preadipocytes were seeded into
dishes (3.5 x 10° cells in PAM) for 48 h, and the medium
was changed to PADM for 6 days in the presence of NP (0
or 20 uM) combined with PF (0, 2 or 4.5 uM). After the in-
duction period, the preadipocytes differentiated into adipo-
cytes. Real-time PCR and western blotting analyses were
performed to examine the effects of PF and NP on the ex-
pression of adipogenesis-related mRNA and proteins.
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For mRNA expression, adipocytes treated with 20 uM
NP had significantly increased PPARy (p < 0.01, Fig. 7a)
and FASN mRNA expression levels (p <0.05, Fig. 7c).
Treatment with 4.5 pM PF significantly decreased basal
(p<0.05) and NP-induced PPARy mRNA expression (p <
0.01, Fig. 7a) and decreased NP-induced FASN mRNA ex-
pression (p <0.05, Fig. 7c). Adipocytes treated with 20 uM

NP had increased PPARy protein expression (p<0.05,
Fig. 7d), while PF reduced PPARy protein expression (p <
0.05, Fig. 7d). PF increased PPARa protein expression, but
NP had no significant effect (p < 0.05, Fig. 7e). Based on the
human preadipocyte model, these data suggested that NP
increased lipogenesis via PPARy and FASN mRNA/protein
expression whereas PF counteracted the NP effects.



Chang et al. BMC Pharmacology and Toxicology (2018) 19:45 Page 8 of 17
p
a b
F—  ven <—+— N ] - v —— N e
- NpspF < —  npepr
D gy —— = T e — W PR i TR W T W - - - PR
3 p
e ww —— —
36.5 kDa — — GAPDH 365 kDA — — N, S— — a— GAPDH
| —» —- - ————— — —
20 20,
oy n=13 P n=13
58
€15 a215)
R <y ¥
=2 93 T
¥ < # s e o o
<10 * €8,, s 070
o * o . |
ae ae ’
02 - © 1
° 5o o5 ‘ l !
e 23% N B
[ ; ] s
0.0 00 [N %%
Vehicle NP NP+PF Vehicle NP NP+PF
C
e Veh —t— N
> ~pipF <
32kDa s [ — 118-HSD1
ETX3Y o PH e —————_ Y ¢ N 0V
| —— —
20
&= n=12
)
215
=
[ )
25
5> 1.0
=2
-0
o =
o505
T o
14
0.0
Vehicle NP NP+PF
Fig. 3 PPARY, PPARa and 113-HSD1 protein expression in the adipose tissues from vehicle-, NP- and NP + PF-treated female rats. a, b and ¢: PPARy(57 kDa),
PPARa (57 kDa) and 113-HSD1 (32 kDa) protein levels in vehicle-, NP- and NP + PF-treated female rats were determined by western blot analysis. The
representative immunoblot was shown in the upper part, and densitometry for PPARy, PPARa or 113-HSD1 normalized to GAPDH was shown in the bottom
part. The values are presented as the means + SEM. and are presented as the fold-change relative to the vehicle group. +: p < 0.05, NP group compared
with the vehicle group. **: p < 0.01, NP + PF group compared with the NP group. ##: p < 001 NP + PF group compared with the vehicle group

Discussion

In this study, water containing NP at a 2 pg/ml concentra-
tion mimicked environmentally relevant exposure condi-
tions. Water consumption among female rats during

pregnancy and late lactation ranges from approximately
25 ml/day to 100 ml/day. For calculation purposes, NP
water consumption was assumed to be 50 ml/day during
pregnancy and 100 ml/day during late lactation. Therefore,
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the highest daily NP exposure level was estimated to be ap-
proximately 400 pg/kg/day during pregnancy and 800 ug/
kg/day during late lactation. The examined dose is between
the tolerable intake level reported by the Danish Institute of
Safety & Toxicity (ie., 5 pg/kg/day) [25] and the previously
reported no-adverse-effects-observed level (ie., 45-50 mg/
kg/day) [26]. The exposure dose used is the lowest amount
relative to other dietary exposure levels [27-30]. Courtney
et al. [16] proposed that healthy humans could safely

tolerate an oral dose of 0.3 mg/kg/day of PF for 2 weeks and
concluded PF was a safe and selective 113-HSD1 inhibitor.
Bhat et al. [31] reported that oral administration of 3 mg/kg
of PF could inhibit 113-HSD1 activity in Cynomolgus mon-
keys. In this in vivo study, the oral dose of PF was higher
and the treatment period was longer than those in the stud-
ies of Bhat et al. [31] and Courtney et al. [16] for two rea-
sons: 1) the metabolism of rats is higher than that of
humans and monkeys, and 2) the two studies from
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Courtney et al. [16] and Bhat et al. [31] examined the safety
and effects of PF in healthy subjects, whereas we examined
the effect of PF in affected animals. This study sought to de-
fine a therapeutic treatment for rats with induced hypera-
drenalism. Other 11B-HSD1 inhibitors are under
investigation in therapeutic studies. Wang et al. [32] re-
ported that treating diet-induced obese mice with oral BVT
2733 (a selective 11p-HSD1 inhibitor) at 100 mg/kg/day for
1 week could attenuate obesity and inflammation. Hu et al.
[33] also proposed that the lipid profiles of high-fat
diet-treated rats could be improved by oral gavage with cur-
cumin (a selective 113-HSD1 inhibitor) at 200 mg/kg/day
for 2 months. As shown in Fig. 5b, a concentration of NP or
PF higher than 20 uM or 4.5 pM, respectively, could induce
cytotoxicity in human preadipocytes. Therefore, the concen-
trations of NP and PF used were not greater than 20 uM
and 4.5 pM, respectively, in this in vitro study.

Nonylphenol ethoxylate is a non-ionic surfactant with
many applications in industrial, agricultural and household

products. NP is the degradation product of nonylphenol
ethoxylate and an environmental pollutant that drastically
disrupts the endocrine system [34]. Most studies regarding
its endocrine-disrupting effects have mainly focused on its
estrogenic activity [35]. However, our study shows that
NP can induce hyperadrenalism both in vitro and in
vivo [20, 36, 37]. In addition to the adrenal axis effect, we
also observed that local tissues, i.e., adipose tissue, can con-
vert the non-active 11-keto form to an active corticoid
through 11B-HSD1. This action does not appear to be
under hypothalamo-hypophyseal-adrenal regulation [20].
Increasing cellular 11B-HSD1 activity is associated
with obesity and metabolic syndrome [5, 38, 39],
which has been identified as an intracellular Cush-
ing’s state [40].

Hyperadrenalism was observed in female offspring
based on elevated plasma corticosterone levels and de-
creased sensitivity of the hypothalamic-pituitary-adrenal
(HPA) negative feedback system [20]. These observations



Chang et al. BMC Pharmacology and Toxicology (2018) 19:45

Page 11 of 17

o

30

25

20

Ratio of PPARy/ 185 rRNA
relative to control cell (fold)
o

05

0.0
NP (20 M) - + 4+ +
PF (uM) - - 2 45

3.0
n=5-6

25

20

i+

Ratio of FASN/18s rRNA
relative to control cell (fold)

0.5

0.0

NP (20 uM) - + + o+
PF (uM) - - 2 45

e | ——— —
STKDa  ————  PPAR O,

36,5 kDa " SG_—-u=_———————————— GAPDH
—

NP (20 uM) - + + +
PF (uM) - - 245

20

o

°
++

Ratio of PPARo/GAPDH
relative to control cell (fold)
o
o

00
NP (20 M) - + o+ +
PF (uM) - - 2 45

Fig. 6 (See legend on next page.)

5
n=5-6
= *
o
Ss 4
=
a8
>3 3
3£
§8
ae 2
52
2%
= ﬂ %
0
NP (20 pM) S+ o+ 4
PF (uM) - - 2 45

d
STkDa T e | PPARY

36.5 kDa - Ss s @mmsm=  GAPDH

NP (20 uM) - + + +
PF (uM) - - 2 45
20
n=6

o

v

)
8
o=
FS 8
=L 10
xc
x8 * *
ag
o2 o0s
g
0.0
NP (20 uM) - + + +
PF (uM) - -2 45

f
3kDa NS B B faoy

124 kDa ‘e— ? - — - Vinculin

NP (20 uM) - + + +
PF (uM) - - 2 45
20

=3
8
£=
33
S35
SE 10
0 S
23 .
S o
o2 05
g2
0.0
NP (20 pM) - + + +
PF (uM) - - 2 45




Chang et al. BMC Pharmacology and Toxicology (2018) 19:45

Page 12 of 17

(See figure on previous page.)

Fig. 6 Effects of human preadipocyte exposure to NP before differentiation (P exposure) on mRNA and protein expression levels by real-time PCR
and western blot analysis. Human preadipocytes were incubated in PAM in the presence of NP (0 or 20 uM) for 12 h. After exposure to NP, the
medium was changed to differentiation medium (PADM) in the presence of PF915275 (0, 2 or 4.5 uM). a, b and c: After 6 days of incubation,
PPARy, PPARa and FASN mRNA levels in the cells were determined by real-time PCR analysis, and the values were normalized against 18 s rRNA. d,
e, f: After 6 days of incubation, PPARy (57 kDa), PPARa (57 kDa) and FASN (273 kDa) protein levels in the cells were determined by western blot
analysis. The representative immunoblot was shown in the upper part, and densitometry for PPARy, PPARa or FASN normalized to GAPDH (for
PPARy, PPARa) or Vinculin (for FASN) was shown in the bottom part. The values, which are means of independent cultures, are shown as the
means + SEM. and are presented as the fold-change relative to control cells (cells were not primed with NP and differentiated with PADM only).
+, ++: p <0.05, 0.01, cells with priming with NP and differentiation with PADM compared with control cells. *: p < 0.05, cells with priming with NP
and differentiation with PADM containing PF compared with cells with priming with NP and differentiation with PADM only

corresponded to a phenomenon of HPA axis activation by
prenatal stress or glucocorticoid exposure during preg-
nancy [39, 41]. We also previously observed that exposure
of female pups to NP during the developmental period
not only elevated blood corticoid concentrations but also
increased 113-HSD1 protein expression and enzymatic ac-
tivity in the liver [11]. These findings are consistent with
the results in this study. Epigenetic modifications during
the sensitive developmental period can induce “fetal ori-
gins of adult disease”. These epigenetic modifications by
DNA methyltransferases can be inherited [42]. NP-induced
hyperadrenalism, if left untreated, can impact an individ-
ual’s health for life. We previously reported [11] that two
generations are required for female rats (the F; generation
recovers compared to the NP-affected F; generation) to re-
cover from NP-induced hyperadrenalism. The logical treat-
ment plan for the NP-affected F; generation consists of
counteracting the increased 113-HSD1 activity due to its ir-
reversible effects on epigenetic modifications. One potential
agent is a selective inhibitor of 113-HSD1 called PE, which
is currently undergoing the initial phase I clinical trial test.
Thus far, PF has been shown to be a safe and effective treat-
ment for metabolic syndrome [16, 31, 43]. In this study,
oral gavage with PF significantly decreased corticosterone
release in plasma (Fig. 1a) and decreased 11B-HSDI1 en-
zyme activity and protein and mRNA expression in the
liver (Fig. 2a, b and d). StAR protein can transfer choles-
terol from the outer mitochondrial membrane to the inner
mitochondrial membrane. Clark et al. [44] purified, cloned
and sequenced the StAR protein. In our previous in vivo
[11, 20] and in vitro [36] studies, NP did not increase
StAR protein expression in the adrenal gland. These find-
ings are consistent with the results in this study (Fig. 4c).
Additionally, PF drastically decreased 11p-hydroxylase ac-
tivity, aldosterone synthase activity and StAR protein ex-
pression in the adrenal glands of female rat offspring with
developmental exposure to NP (Fig. 4a-c). These results
show that PF can alleviate or reduce NP-induced hypera-
drenalism in rats.

In vivo, chronic glucocorticoid exposure stimulates both
adipogenesis and lipolysis in visceral adipose tissue; adipo-
genesis increases adipose tissue mass and lipolysis increases
circulating free fatty acids and ectopic lipid storage in the

liver and skeletal muscle [45]. Both in vivo and in vitro
studies have shown that glucocorticoids stimulate lipolysis
via hormone-sensitive lipase [46, 47] and that the resultant
free fatty acids may contribute to insulin resistance. Gluco-
corticoids acting with insulin can regulate lipid
homeostasis in human preadipocyte cells [48]. Peroxi-
some proliferator-activated receptor y (PPARy), which
is primarily expressed in adipose tissues engaging in
adipogenesis, plays an important role in adipocyte dif-
ferentiation, inflammation, glucose homeostasis and
insulin signaling [49]. Octylphenol is another alkyl-
phenol similar to NP. Treatment of C3H10T1/2 cells
with octylphenol induces PPARYy expression to inhibit
osteoblast differentiation, causing a lineage shift to-
wards adipocytes [50, 51]. Hao et al. [52] showed that
NP induced PPARy expression in mouse 3 T3-L1 pre-
adipocytes, and NP increased PPARy expression in
mice injected with NP after 24 h. In this study, no
significant differences in PPARy protein expression
levels were found between the vehicle and NP groups
(Fig. 3a). However, PF treatment significantly decreased
the protein expression of PPARy in adipose tissue (Fig. 3a).
In human preadipocytes, P exposure of NP significantly in-
creased PPARy mRNA expression, and PF decreased
NP-induced increases in PPARy mRNA and protein ex-
pression to inhibit adipogenesis. These observations may
suggest that the effects of NP on human (Fig. 6a) and ro-
dent tissues [52] may be mediated through similar mecha-
nisms at the cellular level. In this in vitro study, P exposure
was designed to serve as a model for the human neonatal
(not fully differentiated) period. The results showed that
preadipocytes had “memory” of NP exposure during the
pre-differentiation period, possibly suggesting that P expos-
ure triggered epigenetic modifications or long-term conse-
quences of molecular or biochemical events. The results
obtained from human preadipocytes corresponded to
the rat model of developmental exposure to NP,
which resulted in lifelong hyperadrenalism. This ob-
servation supports Barker’s hypothesis of the “fetal origins
of adult disease” [53]. C exposure was designed as a model
to examine the effects of NP exposure during the human
adult period. C exposure of NP in human preadipocytes
significantly increased PPARy mRNA and protein
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Fig. 7 Effects of NP and PF on mRNA and protein expression levels by real-time PCR and western blot analysis. Human preadipocytes
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expression levels, and PF decreased NP-induced PPARY
mRNA and protein expression (Fig. 7a, d). NP exposure ap-
peared to trigger hyperadrenalism [20]. Whether hypera-
drenalism induced by NP exposure during the adult stage
had “memory” effects was unclear. Nevertheless, both life
stages (P exposure and C exposure) showed adipogenic
consequences of exposure to NP. These observations sup-
port the Baillie-Hamilton theory [1] that environmental
ENDRs are partially responsible for pandemic metabolic
syndromes. The effects of the 11B-HSD1 inhibitor PF re-
flect the possibility of treating and alleviating the impacts
of environmental pollution.

Fatty acid synthase (FASN) is a key enzyme in lipogenesis.
Sprague-Dawley rat pups fed with a high-carbohydrate diet
exhibited obesity later in life and overexpressed FASN in
the liver and adipose tissue [54]. NP exposure by either the
P or C protocol can increase FASN mRNA expression, and
PF can inhibit NP-induced FASN mRNA expression
(Figs. 6¢, 7c). In human cells, preadipocytes accumulated
intracellular lipids after the induction of differentiation. NP
alone could not increase lipid accumulation (Fig. 5c). The
commercial PADM used in this study contains dexametha-
sone 1 pM with insulin 7.5 pg/ml, and dexamethasone
combined with insulin dose-dependently upregulated adi-
pogenesis and fat accumulation in cultured adipocytes [55];
therefore, the NP effect on adipogenic activity was masked
by the optimized differentiation medium. PF decreased
while NP increased PF-inhibited (PF at 1.5 or 2 uM) lipid
accumulation (Fig. 5¢). These results indicate that: 1) PF de-
creases PPARy mRNA and protein expression and in-
creases PPARa protein (Fig. 7a, d, e); 2) NP increases
PPARy mRNA and protein expression (Fig. 7a, d); and 3)
depending on the dose, NP and PF have mutual antagonis-
tic capabilities.

PPAR« is a ligand-activated nuclear transcription fac-
tor that regulates lipid catabolism and inflammation. In-
creasing fatty acid oxidation by PPARa activation can
lower circulating triglyceride levels, decrease liver and
muscle steatosis, and reduce adiposity, which improves
insulin sensitivity [56—58]. Morton et al. [15] demon-
strated that 11B-HSD1-deficient mice exhibited in-
creased PPARa expression in their livers to increase
lipid catabolism, reduce intracellular glucocorticoid con-
centrations, and increase hepatic insulin sensitivity. In
the rat model in this study, developmental exposure to
NP significantly decreased the protein expression of
PPARa in adipose tissues (Fig. 3b), and PF significantly
alleviated NP-inhibited PPAR« protein expression in adi-
pose tissues (Fig. 3b) and adrenal glands (Fig. 4d). In hu-
man preadipocytes, P exposure to NP significantly
decreased PPAR«a protein expression, and PF alleviated
the NP-inhibited PPARa protein expression (p <0.05,
Fig. 6e). The results from both the human cell in vitro
model and the rat in vivo model indicate that
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NP-induced adiposity can be alleviated or prevented by
PF administration via increased PPARa protein expres-
sion and subsequently increased lipid catabolism. They
also show that the rodent model is an adequate model
to mimic NP’s effects and treatment in human cells. NP
did not affect PPARax mRNA expression with either P or
C exposure in human preadipocytes (Figs. 6b, 7b), pos-
sibly because NP may affect PPARa expression at the
translation stage in human preadipocytes.

Bost et al. [59] proposed that transient activation
of the MEK/MAPKs signaling pathway is required
for the differentiation of preadipocytes. Additionally,
the authors demonstrated that wild-type mice had
more adipocytes and increased adiposity compared
to ERK17/" mice [60]. Furthermore, the differenti-
ation of preadipocytes isolated from ERK1™/~ mice
was impaired [60]. PPARy is expressed after MEK/
MAPK activation in preadipocytes [61]. Adipocyte
lipolysis is catalyzed by adipose triglyceride lipase
and hormone-sensitive lipase, leading to hydrolysis
of triglycerides to glycerol and free fatty acids [62].
Hormone-sensitive  lipase is  considered the
rate-limiting enzyme in lipolysis [63], and its activity
is mainly driven by phosphorylation of a serine resi-
due through cAMP-dependent protein kinase A
(PKA) [64]. This study shows that PF can alleviate
NP-induced adipogenesis through the PPAR system;
however, the associated mechanism is not clear. We
will further explore the mechanisms of NP and PF
in adipogenesis through MEK/MAPK, PKA, or other
pathways.

We found that developmental exposure to NP re-
sults in hyperadrenalism in adulthood in our rat
model. However, whether this phenomenon in rats
reflects human conditions remains questionable. The
most ethical approach would be to examine the ef-
fects of NP using in vitro models with human pro-
genitor cells. Adipose tissue is one of the organs
affected by NP; therefore, preadipocytes are a logical
choice for studying the effects of NP. Priming hu-
man preadipocytes with NP for a short period of
time (12 h, P exposure) results in decreased PPAR«a
protein expression after 6 days of culture in differen-
tiated adipocytes (Fig. 6e). These results are similar
to the results from adipose tissues in the rat in vivo
model (Fig. 3b). If human preadipocytes are continu-
ously exposed to NP (C exposure, Fig. 7), the PPARy
and FASN response patterns are very similar between P
(Fig. 6) and C exposure. These observations suggest the fol-
lowing 3 considerations. First, short-term NP exposure dur-
ing critical developmental periods results in long-term
consequences. Second, NP exposure results in adiposity.
The 3rd consideration is whether the rat model can ad-
equately reflect NP’s impact on human cells. Table 2
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Table 2 Comparison of NP and PF effect on lipogenic attributes on rat adipose tissue and human preadipocyte

mMRNA Protein
PPARa PPARy FASN PPARa PPARy FASN
Rat NP vs. control ~ n.s? p<001%increase  ns? p <005 decrease  ns. ns?

NP +PFvs. NP ns? p <001° decrease
NP vs. control ~ n.s.

NP + PF vs. NP

Human p < 0.05 increase

p <005 increase  p<0.05 decrease

p <0.05% decrease
p <0.05 increase

p < 0.05 decrease

a

p <001 increase  p <001 decrease  ns.

p <001 decrease  ns. ns.
p < 0.05 increase

p <005 decrease  p < 0.05 decrease

n.s not significant; data from previous report (Chang et al. 2016) [17]

shows a compilation of data from a previous report
[17] and from this study. The rat model included rat
pups exposed to NP during the developmental
period in an in vivo system. The human model in-
cluded human preadipocytes exposed to NP before
differentiation (P exposure) in an in vitro system.
Generally, PPARa has lipolysis functions, while
PPARy has lipogenesis functions. The data show a
trend of decreasing PPARa expression at the protein
level with NP exposure, and PF can antagonize NP’s
effects in both the rat and human models. NP in-
creased PPARy mRNA expression but not protein
expression, and PF could significantly antagonize
NP’s effects at both the mRNA and protein levels.
This phenomenon is evident in both the rat and hu-
man models. NP had no significant effect on FASN
mRNA and protein expression levels, whereas PF
significantly decreased FASN mRNA expression but
not protein expression in the rat model. In the hu-
man model, NP increased FASN mRNA and protein
expression, although not significantly, at the protein
level. PF appeared to decrease NP’s effects at both
the mRNA and protein levels. The comparison of
the effects of NP and PF shows similar responses be-
tween the human and rat models. Therefore, rats
may serve as an appropriate experimental model for
human study.

Conclusions

NP exposure during developmental periods results in
hyperadrenalism and adiposity. One of the mecha-
nisms of NP’s action is mediated through cellular
11B-HSD1. Inhibition of 11B-HSD1 can alleviate or
prevent the impact of NP on not only adrenal gland
function but also on the intracellular Cushing’s state.
NP’s mechanism of action appears to also be medi-
ated through the cellular PPAR system. The results
from the rat model adequately reflect the impact of
NP and PF on human preadipocytes. These observa-
tions suggest that rats serve as an adequate experi-
mental model to examine the impact of NP and
possible treatments for humans. Therefore, these re-
sults offer hope for the treatment of pandemic

Cushing’s syndrome, especially ENDR-induced Cush-
ing’s syndrome.

Abbreviations

11B-HSD1: 11B-hydroxysteroid dehydrogenase I; BPA: Bisphenol A;

DDT: Dichlorodiphenyl-trichloroethane; DES: Diethylstilbestrol;

EDC: Endocrine-disrupting chemical; ENDRs: Endocrine disruptors;

ERK: Extracellular signal-regulated kinase; FASN: Fatty acid synthase;
GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; MAPK: Mitogen-
activated protein kinase; NADPH: Nicotinamide adenine dinucleotide
phosphate; NP: Nonylphenol; PADM: Preadipocyte differentiation medium;
PAM: Preadipocyte medium; PF PF915275: 4'-cyano-biphenyl-4-sulfonic acid
(6-amino-pyridin-2-yl)-amide; PKA : Protein kinase A; PPAR : Proliferator-
activated receptor; PPARa: Proliferator-activated receptor ¢;

PPARy: Proliferator-activated receptor y; RIA : Radioimmunoassay; StAR

: Steroidogenic acute regulatory

Acknowledgments

We would like to thank Dr. Douglas M. Stocco (Department of Cell Biology
and Biochemistry, Texas Tech University Health Science Center, Lubbock,
Texas, USA) for kindly providing the anti-StAR antibody.

Funding
This work was supported by the National Science Council, Taiwan, ROC
(NSC102-2221-E-034-013).

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Authors’ contributions

LLC and WSAW conceived and designed the study. LLC carried out the
experiments and assays. LLC and WSAW performed statistical analyses. LLC,
WSAW and PSW wrote the paper, contributed to the revision of the
manuscript and read and approved the final manuscript.

Ethics approval

The animal use protocol listed below has been reviewed and approved by
the Institutional Animal Care and Use Committee (IACUC, National Yang-
Ming University, Taiwan) under the No. 1031212. The animal experiments
were ethically acceptable, and the animals were handled in accordance with
the standards for laboratory animals.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Department of Chemical and Materials Engineering, Chinese Culture
University, Shih-Lin, Taipei 11114, Taiwan, Republic of China. *Fertility
Specialists of Houston, Houston, TX 77054, USA. Department of Physiology,



Chang et al. BMC Pharmacology and Toxicology (2018) 19:45

School of Medicine, National Yang-Ming University, Taipei 11221, Taiwan,
Republic of China. “Department of Medical Research and Education, Taipei
Veterans General Hospital, Taipei 11217, Taiwan, Republic of China. *Medical
Center of Aging Research, China Medical University Hospital, Taichung 40402,
Taiwan, Republic of China. ®Department of Biotechnology, Asia University,
Taichung 41354, Taiwan, Republic of China.

Received: 10 July 2017 Accepted: 5 July 2018
Published online: 18 July 2018

References

1.

Baillie-Hamilton PF. Chemical toxins: a hypothesis to explain the global
obesity epidemic. J Altern Complement Med. 2002,8:185-92.

Kearney PM, Whelton M, Reynolds K, Muntner P, Whelton PK, He J. Global
burden of hypertension: analysis of worldwide data. Lancet. 2005;365:217-23.
Padwal RS, Sharma AM. Prevention of cardiovascular disease: obesity, diabetes
and the metabolic syndrome. Can J Cardiol. 2010;26(Suppl C):18C-20C.
Centers for Disease Control and Prevention. National Diabetes Statistics
Report: estimates of diabetes and its burden in the United States, 2014.
Atlanta, GA: US Department of Health and Human Services; 2014.

Wamil M, Seckl JR. Inhibition of 11beta-hydroxysteroid dehydrogenase type
1 as a promising therapeutic target. Drug Discov TodayDrug Discov Today.
2007;12:504-20.

Rask E, Walker BR, Soderberg S, Livingstone DE, Eliasson M, Johnson O,
Andrew R, Olsson T. Tissue-specific changes in peripheral cortisol
metabolism in obese women: increased adipose 11beta-hydroxysteroid
dehydrogenase type 1 activity. J Clin Endocrinol Metab. 2002;87:3330-6.
Tomlinson JW, Walker EA, Bujalska 1J, Draper N, Lavery GG, Cooper MS, Hewison
M, Stewart PM. 11beta-hydroxysteroid dehydrogenase type 1 a tissue-specific
regulator of glucocorticoid response. Endocr Rev. 2004;25:831-66.

Anagnostis P, Katsiki N, Adamidou F, Athyros VG, Karagiannis A, Kita M,
Mikhailidis DP. 11beta-hydroxysteroid dehydrogenase type 1 inhibitors:
novel agents for the treatment of metabolic syndrome and obesity-related
disorders? Metabolism. 2013;62:21-33.

Ge R, Huang Y, Liang G, Li X. 11beta-hydroxysteroid dehydrogenase type 1
inhibitors as promising therapeutic drugs for diabetes: status and
development. Curr Med Chem. 2010;17:412-22.

Wang M. Inhibitors of 11beta-hydroxysteroid dehydrogenase type 1 in
antidiabetic therapy. Handb Exp Pharmacol. 2011,203:127-46.

Chang LL, Wun AWS, Wang PS. Recovery from developmental nonylphenol
exposure is possible for female rats. Chem Biol Interact. 2014;221:52-60.
Livingstone DE, Jones GC, Smith K, Jamieson PM, Andrew R, Kenyon CJ,
Walker BR. Understanding the role of glucocorticoids in obesity: tissue-
specific alterations of corticosterone metabolism in obese Zucker rats.
Endocrinology. 2000;141:560-3.

Masuzaki H, Paterson J, Shinyama H, Morton NM, Mullins JJ, Seckl JR, Flier JS.
A transgenic model of visceral obesity and the metabolic syndrome.
Science. 2001;294:2166-70.

Rask E, Olsson T, Soderberg S, Andrew R, Livingstone DE, Johnson O, Walker
BR. Tissue-specific dysregulation of cortisol metabolism in human obesity. J
Clin Endocrinol Metab. 2001;86:1418-21.

Morton NM, Holmes MC, Fievet C, Staels B, Tailleux A, Mullins JJ, Seckl JR.
Improved lipid and lipoprotein profile, hepatic insulin sensitivity, and
glucose tolerance in 11(3-hydroxysteroid dehydrogenase type 1 null mice. J
Biol Chem. 2001,276:41293-300.

Courtney R, Stewart PM, Toh M, Ndongo MN, Calle RA, Hirshberg B.
Modulation of 11beta-hydroxysteroid dehydrogenase (11betaHSD) activity
biomarkers and pharmacokinetics of PF-00915275, a selective 11betaHSD1
inhibitor. Clin Endocrinol Metab. 2008;93:550-6.

Chang LL, Wun WS, Wang PS. Nonylphenol-induced hyperadrenalism can
be reversed/alleviated by inhibiting of 11-3 hydroxysteroid dehydrogenase
type. Environ Toxicol Pharmacol. 2016;44:1-12.

Eijken M, Hewison M, Cooper MS, de Jong FH, Chiba H, Stewart PM,
Uitterlinden AG, Pols HA, van Leeuwen JP. 11 beta-Hydroxysteroid
dehydrogenase expression and glucocorticoid synthesis are directed
by a molecular switch during osteoblast differentiation. Mol
Endocrinol. 2005;19:621-31.

McCormick KL, Wang X, Mick GJ. Evidence that the 11 beta-hydroxysteroid
dehydrogenase (11beta-HSD1) is regulated by pentose pathway flux.
Studies in rat adipocytes and microsomes. J Biol Chem. 2006;281:341-7.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

Page 16 of 17

Chang LL, Wun W-SA, Wang PS. In utero and neonatal exposure to
nonylphenol develops hyperadrenalism and metabolic syndrome late in life.
I First generation (F1). Toxicology. 2012;301:40-9.

Lo MJ, Kau MM, Chen YH, Tsai SC, Chiao YC, Chen JJ, Liaw C, Lu CC, Lee BP,
Chen SC, Fang VS, Ho LT, Wang PS. Acute effects of thyroid hormones on
the production of adrenal cAMP and corticosterone in male rats. Am J Phys.
1998,274(2 Pt 1):E238-45.

Kau MM, Chen JJ, Wang SW, Cho WL, Wang PS. Age-related impairment of
aldosterone secretion in zona glomerulosa cells of ovariectomized rats. J
Investig Med. 1999:47:425-32.

Bradford MM. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye
binding. Anal Biochem. 1976;72:248-54.

Lo MJ, Chang LL, Wang PS. Effect of estradiol on corticosterone secretion in
ovariectomized rats. J Cell Biochem. 2000;77:560-8.

Ademollo N, Ferrara F, Delis M, Fabietti F, Funari E. Nonylphenol and
octylphenol in human breast milk. Environ Int. 2008;34:984-7.

Cunny HC, Mayes BA, Rosica KA, Trutter JA, Van Miller JP. Subcronic toxicity (90
day) study with Para-nonylphenol in rats. Regul Toxicol Pharmacol. 1997,26:172-8.
Ferguson SA, Delclos KB, Newbold RR, Flynn KM. Few effects of multi-
generational dietary exposure to genistein or nonylyphenol on sodium
solution intake in male and female Sprague-Dawley rats. Neurotoxicol
Teratol. 2009;31:143-8.

Hossaini A, Dalgaard M, Vinggaard AM, Frandsen H, Larsen J-J. In
utero reproductive study in rats exposed to nonylphenol. Reprod
Toxicol. 2001;15:537-43.

Jie X, Yang W, Lie Y, Hashim JH, Liu X-Y, Fan Q-Y, Yan L. Toxic effect of
gestational exposure to nonylphenol on F1 male rats. Birth Defects Res B
Dev Reprod Toxicol. 2010,89:418-28.

Nagao T, Wada K, Marumo H, Yoshimura S, Ono H. Reproductive effects of
nonylphenol in rats after gavage administration: a two generation study.
Reprod Toxicol. 2001;15:293-315.

Bhat BG, Hosea N, Fanjul A, Herrera J, Chapman J, Thalacker F, Stewart PM,
Rejto PA. Demonstration of proof of mechanism and pharmacokinetics and
pharmacodynamic relationship with 4™-cyano-biphenyl-4-sulfonic acid (6-
amino-pyridin-2-yl)-amide (PF-915275), an inhibitor of 11 -hydroxysteroid
dehydrogenase type 1, in cynomolgus monkeys. J Pharmacol Exp Ther.
2008;324:299-305.

Wang L, Liu J, Zhang A, Cheng P, Zhang X, Lv S, Wu L, Yu J, Di W, Zha J,
Kong X, Qi H, Zhong Y, Ding G. BVT.2733, a selective 11b-hydroxysteroid
dehydrogenase type 1 inhibitor, attenuates obesity and inflammation in
diet-induced obese mice. PLoS One. 2012;(7):240056,1-10.

Hu G-X, Lin H, Lian Q-Q, Zhou S-H, Guo J, Zhou H-Y, Chu Y, Ge R-S.
Curcumin as a potent and selective inhibitor of 11b-Hydroxysteroid
dehydrogenase 1: improving lipid profiles in high-fat=diet-treated rats. PLoS
One. 2013,8:249976,1-7.

Yang O, Kim HL, Weon JI, Seo YR. Endocrine-disrupting chemicals: review of
toxicological mechanisms using molecular pathway analysis. J Cancer Prev.
2015;20:12-24.

Kim HR, Kim YS, Yoon JA, Lyu SW, Shin H, Lim HJ, Hong SH, Lee DR, Song
H, Barker DJ. Egr1 is rapidly and transiently induced by estrogen and
bisphenol a via activation of nuclearestrogen receptor-dependent ERK1/2
pathway in the uterus. Reprod Toxicol. 2014;50:60-7.

Chang LL, Wun Alfred WS, Wang PS. Effects and mechanisms of
nonylphenol on corticosterone release in rat zona fasciculata-reticularis cells.
Toxicol Sci. 2010;118:411-9.

Chang LL, Wun Alfred WS, Wang PS. Effects and of nonylphenol on
aldosterone release from rat zona glomerulosa cells. Chem Biol Interact.
2012;,195:11-7.

Bujalska IJ, Gathercole LL, Tomlinson JW, Darimont C, Ermolieff J, Fanjul AN,
Rejto PA, Stewart PM. A novel selective 11beta-hydroxysteroid
dehydrogenase type 1 inhibitor prevents human adipogenesis. J Endocrinol.
2008;197:297-307.

Reynolds RM. Glucocorticoid excess and the development origins of
disease: two decades of testing the hypothesis — 2012 Curt Richter award
winner. Psychoneuroendocrinology. 2013;38:1-11.

Iwasaki Y, Takayasu S, Nishiyama M, Taguchi T, Asai M, Yoshida M,
Kambayashi M. Hashimoto K. Is the metabolic syndrome an intracellular
Cushing state? Effects of multiple humoral factors on the transcriptional
activity of the hepatic glucocorticoid-activating enzyme (113 -HSD1) gene.
Mol Cell Endocrinol. 2008;285:10-8.



Chang et al. BMC Pharmacology and Toxicology (2018) 19:45

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Cottrell EC, Seckl JR. Prenatal stress, glucocorticoids and the programming
of adult disease. Front Behav Neurosci. 2009;3:1-9.

Bestor TH. The DNA methyltransferases of mammals. Hum Mol Genet. 2000;
9:2395-402.

Fotsch C, Wang M. Blockade of glucocorticoid excess at the tissue level:
inhibitors of 11beta-hydroxysteroid dehydrogenase type 1 as a therapy for
type 2 diabetes. J Med Chem. 2008,51:4851-7.

Clark BJ, Wells J, King SR, Stocco DM. The purification, cloning and
expression of a novel LH-induced mitochondrial protein in MA-10 mouse
Leydig tumor cells: characterization of the steroidogenic acute regulatory
protein (StAR). J Biol Chem. 1994;269:28314-22.

Campbell JE, Peckett AJ, D'souza AM, Hawke TJ, Riddell MC. Adipogenic and
lipolytic effects of chronic glucocorticoid exposure. Am J Physiol Cell
Physiol. 2011;300:C198-209.

Djurhuus CB, Gravholt CH, Nielsen S, Mengel A, Christiansen JS, Schmitz OE,
Meller N. Effects of cortisol on lipolysis and regional interstitial glycerol
levels in humans. Am J Physiol Endocrinol Metab. 2002,283:E172-7.

Slavin BG, Ong JM, Kern PA. Hormonal regulation of hormone-sensitive lipase
activity and mRNA levels in isolated rat adipocytes. J Lipid Res. 1994;35:1535-41.
Gathercole LL, Morgan SA, Bujalska 1J, Hauton D, Stewart PM, Tomlinson JW.
Regulation of lipogenesis by glucocorticoids and insulin in human adipose
tissue. PLoS One. 2011,6:e26223.

Kersten S, Desvergne B, Wahli W. Roles of PPARs in health and disease.
Nature. 2000;405:421-4.

Grln F, Blumberg B. Environmental obesogens: organotins and endocrine
disruption via nuclear receptor signaling. Endocrinology. 2006;147(6 Suppl):
S50-5.

Miyawaki J, Kamei S, Sakayama K, Yamamoto H, Masuno H. 4-tert-
Octylphenol regulates the differentiation of C3H10T1/2 cells into osteoblast
and adipocyte lineages. Toxicol Sci. 2008;102:82-8.

Hao CJ, Cheng XJ, Xia HF, Ma X. The endocrine disruptor 4-nonylphenol
promotes adipocyte differentiation and induce obesity in mice. Cell Physiol
Biochem. 2012,30:382-94.

Barker DJ. The origins of developmental origins theory. J Intern Med.
2007,261:412-7.

Hiremagalur BK, Vadlamudi S, Johanning GL, Patel MS. Long-term effects of
feeding high carbohydrate diet in pre-weaning period by gastrostomy: a
new rat model for obesity. Int J Obes Relat Metab Disord. 1993;17:495-502.
Taylor PR, Mi-Jeong L, Kalypso K, Adam G, Susan FK. Depot dependent
effects of dexamethasone on gene expression in human omental and
abdominal subcutaneous adipose tissues from obese women. PLoS One.
2016;11:e0167337.

Berger JP, Akiyama TE, Meinke PT. PPARs: therapeutic targets for metabolic
disease. Trends Pharmacol Sci. 2005;26:244-51.

Kim H, Haluzik M, Asghar Z, Yau D, Joseph JW, Fernandez AM, Reitman ML,
Yakar S, Stannard B, Heron-Milhavet L, Wheeler MB, LeRoith D. Peroxisome
proliferator-activated receptor-alpha agonist treatment in a transgenic
model of type 2 diabetes reverses the lipotoxic state and improves glucose
homeostasis. Diabetes. 2003;52:1770-8.

Michalik L, Auwerx J, Berger JP, Chatterjee VK, Glass CK, Gonzalez FJ,
Grimaldi PA, Kadowaki T, Lazar MA, O'Rahilly S, Palmer CN, Plutzky J, Reddy
JK, Spiegelman BM, Staels B, Wahli W. International Union of Pharmacology.
LXI. Peroxisome proliferator-activated receptors. Pharmacol Rev. 2006;58:
726-41.

Bost F, Aouadi M, Binetruy B. The role of MAPKs in adipocyte differentiation
and obesity. Biochimie. 2005,87:51-6.

Bost F, Aouadi M, Caron L, Even P, Belmonte N, Prot M, Dani C, Hofman P,
Pages G, Marchand-Brustel YL, Binetruy B. The extracellular signal-regulated
kinase isoform ERK1 is specifically required for in vitro and in vivo
adipogenesis. Diabetes. 2005;54:402-11.

Farmer SR. Transcriptional control of adipocyte formation. Cell Metab.
2006;4:263-73.

Zimmermann R, Strauss JG, Haemmerle G, Schoiswohl G, Birner-
Gruenberger R, Riederer M, Lass A, Neuberger G, Eisenhaber F, Hermetter A,
Zechner R. Fat mobilization in adipose tissue is promoted by adipose
triglyceride lipase. Science. 2004;306:1383-6.

Carey GB. Mechanisms regulating adipocyte lipolysis. Adv Exp Med Biol.
1998;441:157-70.

Londos C, Brasaemle DL, Schultz CJ, Adler-Wailes DC, Levin DM, Kimmel
AR, Rondinone CM. On the control of lipolysis in adipocytes. Ann N Y
Acad Sci. 1999;892:155-68.

Page 17 of 17

Ready to submit your research? Choose BMC and benefit from:

o fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

o gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Materials
	Animal treatment
	Animals
	Enzyme activity assays
	Corticosterone and aldosterone RIA

	Cell culture and treatment
	Cell culture
	Preadipocyte proliferation
	Cell viability
	Oil red O staining
	Tissue and cell protein extraction
	Western blot analysis
	RNA extraction and quantitative real-time PCR
	Statistical analysis


	Results
	PF suppresses NP-induced hyperadrenalism and adipogenesis
	Plasma levels of steroid hormones
	Liver
	Adipose tissue
	Adrenal glands

	Human preadipocyte culture
	Effects of NP and PF on cell proliferation, cell viability and lipid accumulation
	Effect of human preadipocyte exposure to NP before differentiation
	Effects of NP and/or PF on protein and RNA expression after induced adipocyte differentiation


	Discussion
	Conclusions
	Abbreviations
	Acknowledgments
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

