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ARTICLE INFO ABSTRACT

Prenatal nicotine exposure (PNE) could induce ovarian dysplasia in offspring. This study aimed to confirm its
intrauterine origin and explore a programming mechanism of ovarian dysplasia caused by PNE. Pregnant Wistar
rats were injected subcutaneously with nicotine (2 mg/kg.d) from gestation day (GD) 9 to GD20. Serum of
female offspring was obtained for hormone assays and ovarian tissues were collected. The results showed that
PNE impaired ovarian development, and inhibited estradiol production and cytochrome P450 aromatase
(P450arom) expression before and after birth. Moreover, the nicotinic acetylcholine receptors (nAChRs) ex-
pression was increased in utero, while histone 3 lysine 9 acetylation (H3K9ac) and H3K27ac levels in the
P450arom promoter region were decreased persistently in PNE group before and after birth. In vitro, nicotine
decreased P450arom expression and estradiol production in human granulosa cell line KGN. Furthermore, ni-
cotine treatment up-regulated nAChRa6 and a9 expression and down-regulated the H3K9ac and H3K27ac levels
of the P450arom promoter region. Non-specific nAChRs inhibitor vecuronium bromide reversed these effects.
These results suggest that PNE could induce ovarian dysplasia and inhibit estradiol synthesis in the female
offspring rats, which was related to the decreased H3K9ac and H3K27ac levels in the promotor region of the
P450arom via the nAChRs.
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1. Introduction monoxide, and several recognized carcinogens and mutagens, of which

nicotine was considered to be one of the teratogenic factors that in-

It has been well established that approximately 20%-50% of women
smoked during pregnancy, and even 50% of pregnant women were
exposed passively to cigarette smoking (Higgins, 2002; Contal et al.,
2005). The exposure to smoking during pregnancy is associated with a
number of adverse obstetrical outcomes, including placental damage,
low birth weight of the fetus, and high risk of chronic diseases in
adulthood (Bainbridge and Smith, 2006; Chen et al., 2007; Lim and
Sobey, 2011). At the same time, a follow-up study of more than 20
years suggested that cigarette smoking exposure during pregnancy had
adverse effects on the reproductive function of female offspring, such as
the delayed age of menarche (Ernst et al., 2012). Cigarette smoke is a
complex mixture of toxic chemicals, including nicotine, carbon

terfered with embryonic development (Yildiz, 2004). Animal studies
have confirmed that prenatal nicotine exposure (PNE) disrupted
ovarian function in adult female offspring rats, such as the weakened
fertility and reduced serum estradiol level (Holloway et al., 2006).
However, the underlying mechanism of ovarian developmental toxicity
and estrogen synthesis inhibition caused by PNE still remains unclear.

Estradiol is known as the main active estrogen in ovarian steroid
hormones and plays a pivotal role in female reproduction. Abnormal
estradiol levels are related to many gynaecological diseases, such as
polycystic ovary syndrome (PCOS) (Liu et al., 2017; Gupta et al., 2013).
In addition, the estradiol level could also affect the function of other
tissues (e.g. brain, bone, and heart) (Meitzen et al., 2018; Lang-
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Table 1

Oligonucleotide primers and PCR conditions in real-time quantitative PCR.
Genes Forward primer Reverse primer Annealing
nAChRa7 (Rat) GCACAATACTTCGCCAGCAC TTCTGGTCCACTTAGGCATTTT 59°C, 30s
nAChRa9 (Rat) CCTCGCTCCGTTGAGTTTCTA GCAGTGATCAAGGCCATGGT 60°C, 30s
nAChRal0 (Rat) GTCTGCCTTCCCTTTTGACG AGCAGCAGCCATAGGTGAGG 60°C, 30s
nAChRp1 (Rat) AGAGACCAACTACCCGAACCAC GCGTAGCTCCTGAGGCAGAC 60°C, 30s
nAChR3 (Rat) GGAGATACTCAACGCAAAGGG CTTCGTCCGAGGGTAGGTAGA 60°C, 30s
nAchRp4 (Rat) AGCCCATCCAACCTCTAT GAAGCTGACACCCTCTAATG 60°C, 30s
StAR (Rat) GGGAGATGCCTGAGCAAAGC GCTGGCGAACTCTATCTGGGT 63°C, 30s
P450scc (Rat) GCTGCCTGGGATGTGATTTTC GATGTTGGCCTGGATGTTCTTG 63°C, 30s
3B-HSD (Rat) TCTACTGCAGCACAGTTGAC ATACCCTTATTTTTGAGGGC 58°C, 30s
17B-HSD1 (Rat) CGTGGTTATGAGCAAGCCCT AAGCGGTTTGTGGAGAAGTAGC 60°C, 30s
P450arom (Rat) ATGGGCCTCCTTCTCCTGAT CAGGCACTTCCAATCCCCAT 60°C, 30s
GAPDH (Rat) GCAAGTTCAATGGCACAG GCCAGTAGACTCCACGACA 60°C, 30s
nAChRa4 (Human) CTCACCGTCCTTCTGTGTC CTGGCTTTCTCAGCTTCCAG 63°C, 30s
nAChRa6 (Human) TCCATCGTGGTGACTGTGT AGGCCACCTCATCAGCAG 63°C, 30s
nAchRa9 (Human) GAAAGCAGCCAGGAACAAAG GCACTTGGCGATGTACTCAA 60°C, 30s
StAR (Human) CCACTTGCATGGTGCTTCAC GACCTGGTTGATGATGCTCTTG 60°C, 30s
P450scc (Human) TCCGTCTGTTCAGGACCAAG GTGCCATCTCATACAAGTGCC 60°C, 30s
3B-HSD (Human) GCCTTCGGACCAGAATTGAG ACATCAATGATACAGGCGGTGT 60°C, 30s
17B-HSD1 (Human) GTGTATGCCACGTTGAGGGA TCCGCACAGTCCCTACTACATT 60°C, 30s
P450arom (Human) CAGCCTGTCGTGGACTTGGT GGCGATGTACTTTCCTGCACA 58°C, 30s
GAPDH (Human) CATCATCCCTGCCTCTACTGG GTGGGTGTCGCTGTTGAAGTC 60°C, 30s

Muritano et al., 2018; Yang et al., 2018). Ovarian development and
estradiol production of different species have their own time window,
but most mammals have steroidogenic factor expression and estrogen
synthesis ability since mid-pregnancy, which can be affected by some
xenobiotics (Hogg et al., 2011; Knapczyk-Stwora et al., 2013; Tehrani
et al., 2014). The granulosa cell is a functional cell that synthesizes
estradiol, and in which the cytochrome P450 aromatase (P450arom)
catalyzed the final rate limiting step in estradiol biosynthesis (Conley
and Hinshelwood, 2001). A growing body of evidences have suggested
that low expression of P450arom induced by adverse environmental
conditions during pregnancy was an important cause for estrogen
synthesis inhibition (Mahalingam et al., 2017). For example, after
maternal exposure to bisphenol A during pregnancy, the P450arom
expression and estrogen level in female offspring mice continuously
decreased (Mahalingam et al., 2017); fructose intake during pregnancy
also inhibited ovarian estradiol synthesis in rats, which was due to low
P450arom expression (Munetsuna et al., 2018). However, it is unclear
whether the PNE-induced estrogen synthesis inhibition of female off-
spring is associated with low P450arom expression in the ovary.

The epigenetic modifications were established during early devel-
opment and may result in life-long programming (Jaenisch and Bird,
2003). An earlier study has shown that aberrant epigenetic modifica-
tions regulated the expression of genes involved in steroid hormone
biosynthesis and action (Martinez-Arguelles and Papadopoulos, 2010).
Recent reports from Mehta lab showed that histone H3 acetylation at
Lys 9/14 (H3K9/14) was important for P450arom expression and es-
tradiol production in buffalo granulosa cells during follicular develop-
ment (Mehta et al., 2015). Apart from this, an analysis of histone
modifications using ChIP assay revealed that chromatin remodeling
through histone modifications were the regulatory mechanism con-
trolling P450arom tissue-specific expression and promoter activity
during folliculogenesis and luteinization (Monga et al., 2011). There-
fore, we hypothesized that PNE disturbed histone modifications of
P450arom, which might lead to ovarian dysplasia and estrogen syn-
thetic inhibition throughout the life.

In the present study, we observed changes of ovarian morphology
and estradiol synthetic function in female offspring by using a rat model
as previously described (Xu et al., 2013). Furthermore, combination in
vivo and in vitro experiments, we elucidated the intrauterine pro-
gramming mechanism of ovarian estradiol synthetic inhibition by ni-
cotine. This study provides experimental and theoretical evidences for
the early prevention and treatment of PNE-induced ovarian related
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diseases.

2. Materials and methods
2.1. Drugs and reagents

Nicotine (N3876-25ML) was purchased from Sigma-Aldrich Co.,
Ltd. (St. Louis, MO, USA). Vecuronium bromide (ab120536, Abcam)
was obtained from Abcam (Cambridge, UK). Isoflurane was purchased
from Baxter Healthcare Co. (Deerfield, IL, USA). Rat estradiol and tes-
tosterone enzyme-linked immunosorbent assay (ELISA) was obtained
from R&D (Minneapolis, MN, USA). Rat/mouse iodine (125I) radio-
immunoassay (RIA) kits of estradiol and testosterone were purchased
from Beijing North Institute of Biological Technology (Beijing, China).
TRIZOL was purchased from Invitrogen Co. (Carlsbad, CA, USA).
Reverse transcription and real-time quantitative polymerase chain re-
action (RT-qPCR) kits were purchased from Takara Biotech Co., Ltd.
(Dalian, China). The SYBR Green dye was purchased from Applied
Biosystems through Thermo Fisher scientific (ABI) (Foster City, CA,
USA). All of the primers were synthesized by Tianyihuiyuan Biotech
Co., Ltd. (Wuhan, China). The antibodies of Ki67 (ab16667) and
P450arom (ab18995) were purchased from Abcam plc (Cambridge,
Cambridge shire, UK). The antibody of cleaved Caspase-3 (RLT0656)
was purchased from Ruiying Biotech Co. (Suzhou, China). The anti-
bodies of anti-acetyl histone 3 lysine 9 (H3K9) (A7255), H3K27
(A7253), and goat anti-rabbit immunoglobulin G (IgG; AC005) were
purchased from ABclonal Biotech Co., Ltd (Wuhan, China). The DNA
purification kit (Q5314) was purchased from TIANGEN Biotech Co.,
Ltd. (Beijing, China). Other chemicals and reagents were of analytical
grade.

2.2. Animals and treatment

Specific pathogen-free Wistar rats [No. 2012-2014, Certification
No. 42000600002258, License No. SCXK (Hubei)] with weights of
209 = 12g (females) and 258 = 17 g (males) were obtained from the
Experimental Center of the Hubei Medical Scientific Academy (Wuhan,
China). Animal experiments were performed in the Center for Animal
Experiments of Wuhan University (Wuhan, China), which is accredited
by the Association for Assessment and Accreditation of Laboratory
Animal Care International (AAALAC International). The Committee on
the Ethics of Animal Experiments of the Wuhan University School of
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Fig. 1. Effects of prenatal nicotine exposure (PNE) on body weight and ovarian morphology in female fetal rats. A: picture of the fetus; B: fetal body weight
(n = 12); C: diameter of fetal ovary (n = 5); D: area of fetal ovary (n = 5); E, F: Ki67 and cleaved caspase-3 protein expression (immunohistochemical, x 400), five
sections of each group were selected and five random fields of each section were scored; G: the density of oocytes per unit area (10,000 um?), HE sections of each
group were selected and calculated (n = 5); H: ultra-structure of ovarian pre-granulosa cells (white arrows: mitochondrion, transmission electron micro-
scope, X 15000). Mean + S.E.M., *P < 0.05, **P < 0.01 vs. control.
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Fig. 2. Effects of prenatal nicotine exposure (PNE) on serum estradiol concentration and ovarian steroidogenic enzymes expression in fetal rats. A: fetal
serum estradiol concentration (n = 4, blood from 3 to 4 littermates were pooled into one sample); B: fetal serum testosterone concentration (n = 4, blood from 3 to 4
littermates were pooled into one sample); C: the mRNA expression of StAR, P450scc, 33-HSD, 173-HSD1, and P450arom (n = 6, six pairs of fetal ovaries from two
littermates were pooled for homogenization into one sample); D: P450arom protein expression (immunohistochemical, X 400) and mean optical density of
P450arom protein expression, five sections of each group were selected and five random fields of each section were scored. Mean #= S.E.M., *P < 0.05, **P < 0.01
vs. control. GAPDH, glyceraldehyde phosphate dehydrogenase; StAR, steroidogenic acute regulatory protein; P450scc, cytochrome P450 cholesterol side chain
cleavage; 3B-HSD, 3p-hydroxysteroid dehydrogenase; 173-HSD1, 17B-hydroxysteroid dehydrogenase 1; P450arom, cytochrome P450 aromatase.

Medicine approved the protocol (permit number: 14016). All animal
experimental procedures were performed in accordance with the
Guidelines for the Care and Use of Laboratory Animals of the Chinese
Animal Welfare Committee.

Wistar rats obtained and raised in this study were housed and mated
as preciously described (Xu et al., 2013). A sperm-positive vaginal
smear was the confirmation for mating, and this day was considered as
gestational day (GD) 0. The pregnant rats were randomly divided into a
control group and a PNE group. The PNE group was injected sub-
cutaneously with nicotine (2.0 mg/kg.d), and the control group was
given an equal volume of saline from GD9 to GD20. On GD20, some of
the pregnant rats were anesthetized by isoflurane inhalation. Pregnant
rats with litter sizes of 12-14 offspring (the male/female ratio was
approximately 1:1) were selected for the final study, and one female
fetus was randomly selected from each litter (n = 12 per group). The
fetal blood was collected and centrifuged for serum. Five fetal rats were
randomly selected and their ovaries were fixed in freshly prepared
Bouin's solution. After 24 h, the ovaries were dehydrated with alcohol
and embedded in paraffin for morphological analysis. The remaining
fetal ovaries were quickly frozen in liquid nitrogen and stored at 80 °C
for further experimental analysis.

The remaining pregnant rats were allowed to normally deliver F1
generation offspring. The number of pregnant rats in each group was set
to 8 (the litter sizes were 12-14 at birth, and the male/female ratio was
approximately 1:1). After weaning, the female offspring were kept in
separate cages. At postnatal week (PW) 12, the F1 females were eu-
thanized with inhaled isoflurane for blood and ovaries.

2.3. Hematoxylin-eosin staining, immunohistochemistry, and transmission
electron microscope examination for ovaries

The 5-pum thickness paraffin histological sections were prepared and
routinely stained with hematoxylin—eosin (HE). Every 5th section of the
series was saved, observed, and photographed with an Olympus AH-2

light microscope (Olympus, Tokyo, Japan). The immunohistochemical
(IHC) staining for Ki67, cleaved Caspase-3, and P450arom in the rat
ovaries was assessed through the routine IHC streptavidin-peroxidase-
conjugated method. Sections approximately 5-um thick were incubated
with antibodies specific to Ki67 (diluted 1:200), cleaved Caspase-3
(1:50), and P450arom (1:100), respectively. Five random fields from
each section were examined and analyzed using the Image-Pro Plus 6.0
(Media Cybernetics, Inc. USA).

Fetal ovaries were fixed with 2.5% glutaraldehyde in 0.1 M phos-
phate buffer (pH = 7.4) for 2h at 4 °C and post fixed with 1% osmium
tetroxide. The samples were dehydrated through a graded series of
ethanol and embedded in Epon 812. Ultrathin sections (~50 nm) were
cut with the LKB-Vultra microtome (Bromma, Sweden), dually stained
with uranyl acetate and lead citrate, and examined with a Hitachi H600
transmission electron microscope (Hitachi, Tokyo, Japan).

To classify follicles and measure the granulosa cell layers' thickness
of the antral follicles, five sections from different ovaries with the lar-
gest cross-sectional area were used for image analysis. The granulosa
cell layers’ thickness of the antral follicles was measured in five dif-
ferent sections to evaluate the development of antral follicles.

2.4. Cell culture and treatment

The human granulosa cell line KGN was provided by the Center for
Translational Medicine and Jiangsu Key Laboratory of Molecular
Medicine (Nanjing, China). The cells were seeded in cell culture flasks
(25 cm? Corning, USA) that contained Dulbecco modified Eagle
medium (DMEM) supplemented with 10% fetal bovine serum (Gibico,
USA) and 1% penicillin/streptomycin, cultured in a 5% CO2 humidified
incubator at 37 °C. To test the effect of nicotine, the cells were treated
with different concentrations of nicotine (0, 0.1, 1, and 10 uM) for 48 h.
An MTS assay was conducted to detect the cytotoxicity of nicotine on
KGN cells according to the manufacturer's protocol. Absorption in-
tensity was measured at 490nm using an ELISA reader (TECAN,
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Fig. 3. Effects of prenatal nicotine exposure (PNE) on serum estradiol concentration, ovarian steroidogenic enzymes expression, and antral follicle
morphology after birth. A: serum estradiol concentration (n = 8); B: serum testosterone concentration (n = 8); C: the mRNA expression of StAR, P450scc, 33-HSD,
173-HSD1 and P450arom (n = 8); D: P450arom protein expression (n = 3); E, F: Ki67 and cleaved caspase-3 protein expression in antral follicle (im-
munohistochemical, x 200), three sections of each group were selected and five random fields of each section were scored; G: antral follicle morphology (HE, x 200)
and the thickness of granulosa cells layers in antral follicle (n = 3). Mean + S.E.M., *P < 0.05, **P < 0.01 vs. control.
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Australia).

To confirm the signaling pathway, nonspecific and competitive
nAChR antagonist vecuronium bromide was used. Briefly, the KGN cells
were seeded in six-well plates at a 5000 cells/well density; after
reaching 30%-50% confluent, the cells were treated with vecuronium
bromide (1 uM). After 48 h, the cells were collected for the subsequent
analyses.

2.5. Hormone concentration detection for serum

The serum of female fetuses (from 3 to 4 litters) was combined as
one sample. The concentration of estradiol in the fetal serum was
measured by ELISA assay kit [intra-assay precision: coefficient of var-
iation (CV) < 6.0%; inter-assay precision: CV < 7.1%]. The con-
centration of testosterone in the fetal serum was measured by ELISA
assay kit [intra-assay precision: coefficient of variation (CV) < 2.9%;
inter-assay precision: CV < 6.8%]. The RIA kit was used to measure the
concentration of estradiol (intra-assay precision: CV < 10%; inter-assay
precision: CV < 15%) and testosterone (intra-assay precision:
CV < 10%; inter-assay precision: CV < 15%) from postnatal serum
samples and the supernatant of KGN cells. All assay procedures fol-
lowed the manufacturers’ protocol.

2.6. Total RNA extraction, reverse transcription, and RT-qPCR for ovaries

The total RNA was extracted from the ovary tissues and KGN cells
using the TRIZOL reagent following the manufacturer's protocol. The
tissues of littermates were pooled for homogenization as one sample.
The concentration and purity of the total RNA were determined using a
spectrophotometer (NanoDrop, 2000), and the total RNA concentration
was adjusted to 1 mg/mL. Single-strand cDNA was prepared from 1 mg
of total RNA according to the manufacturer's protocol and was stored at
— 20 °C until use. All of the primers were designed using Primer Premier
5.0 (PREMIER Biosoft International, CA). The sequences of each of the

designed primers were queried using the NCBI BLAST database for
homology comparison and are listed in Table 1. The RT-qPCR was
performed using the ABI Step One RT-PCR thermal cycler (ABI Stepone,
USA) in a 10-pL reaction mixture. To quantify the gene transcripts more
precisely, the mRNA level of the housekeeping gene glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was measured and used as a
quantitative control. Each sample was normalized against the GAPDH
mRNA level.

2.7. Total protein extract and western blotting assay

Briefly, ovary tissue and KGN cells were rinsed three times with ice-
cold phosphate-buffered saline (PBS) and then lysed for 30 min at 4 °C
in radioimmunoprecipitation assay (RIPA) lysis buffer containing
phosphatase inhibitor cocktail, followed by the BCA Assay Kit for
protein quantification. A total of 30 ug of proteins was loaded to each
lane, isolated by 10% sodium dodecylsulphate-polyacrylamide gel
electrophoresis (SDS-PAGE), and blotted onto polyvinyl diisopropyl
fluoride (PVDF) membranes (Millipore, MA, USA). Membranes were
blocked in 5% non-fat milk for 1 h and incubated overnight at 4 °C with
the primary antibody, including P450arom (1:1000, ab18995) and
GAPDH (1:5000, AC002). Then, they were incubated with horseradish
peroxidase (HRP)-conjugated secondary antibody for 1 h on an orbital
shaker followed by detection with the ECL Plus Western Blotting
Detection System (Applied Biosystems). The relative protein level was
standardized with GAPDH protein level and compared with controls.
The protein bang intensities were analyzed by Image J (National
Institutes of Health, Bethesda, Maryland) from three independent
bands.

2.8. Chromatin immunoprecipitation-polymerase chain reaction (ChIP)
assay

ChIP assay was applied on ovarian tissue of GD20, PW12 of F1
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Fig. 5. Effects of nicotine on ovarian estradiol synthesis in human KGN cells. KGN cells were treated with nicotine (0, 0.1, 1, and 10 pM) for 48 h. A: cell
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offspring and KGN cells to evaluate H3K9ac and H3K27ac levels at the
promoter region of the P450arom gene. The samples were fixed with
1% formaldehyde to cross-link histones to DNA on a rocker at room
temperature for 10 min, and the reaction was stopped by adding glycine
to the final concentration of 125 mM. After washing by ice-cold PBS,
samples (single-cell suspension) were disaggregated by a Dounce
homogenizer in lysis buffer supplemented with a protease inhibitor
cocktail to aid release of nuclei. The suspension was then centrifuged at
3000 rpm, 4 °C, for 60 s, and the nuclei were resuspended in lysis buffer
for sonication to shear DNA to lengths between 200 and 1000 base pairs
using SONICS Vibra-CellTM (Cole-Parmer Instruments, Vernon Hills,
IL). The sonicated samples of sheared DNA were then incubated with
Protein G magnetic beads (Millipore, 16-157) and divided into four
parts: the first was used for input DNA; the others were used for im-
munoprecipitation with anti-acetyl H3K9, anti-acetyl H3K27, and IgG
at 4 °C overnight on a rocker. To further obtain DNA fragments for RT-
gqPCR analysis, the phenol-chloroform method, ethanol precipitation,
and resuspension in deionized water were sequentially performed,
followed by incubation of proteinase K (200 pg/mL final concentration)
the next day at 65 °C. Next, RT-qPCR was conducted as previously de-
scribed. The sequences of the primers spanning the P450arom binding
region used for RT-qPCR are as follows: human: ACCCTCATTCCAGAG
GAGGT (forward) and CAGCAAGGTCTGTCTGTCCA (reverse); rat:
TGCACGTCACTCTACCCACT (forward) and TGCTGGAATGGACAGAT
GTT (reverse). The experiments were conducted in triplicate, and the
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levels of H3K9ac and H3K27ac at the promoter region were calculated
by the fold enrichment method relative to IgG antibody and normalized
to the input DNA.

2.9. Statistical analysis

Excel (Microsoft, Redmond, WA, USA) and Prism (GraphPad
Software, La Jolla, CA, USA) were used to perform data analysis.
Quantitative data were expressed as the mean = standard error of the
mean (S.E.M.). For weights of fetuses, the mean weight of each litter
was used for statistical analysis. The Student t-test and One-way ana-
lysis of variance (ANOVA) followed by a post hoc Dunnett t-test or a
post hoc Bonferroni t-test were performed as appropriate. Statistical
significance was designated at P < 0.05.

3. Results
3.1. Effects of PNE on ovarian morphology in fetal rats

Firstly, we observed the effects of PNE on the ovarian morphological
development in fetal rats. Compared with the control group, the body
size of fetuses in the PNE group were smaller (Fig. 1A) and their body
weights were significantly lower (Fig. 1B). The maximum mean dia-
meter and the corresponding maximum mean area of the fetal ovaries
were both decreased (Fig. 1C/D). At the same time, the expression of
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Fig. 6. Effects of nicotine on expression of nicotinic acetylcholine receptors (nAChRs) and the acetylation of histone H3 lysine 9 and 27 (H3K9ac and
H3K27ac) of P450arom in human KGN cells. KGN cells were treated for 48 h with 10 uM nicotine, 1 uM vecuronium bromide, or their combination. A: the relative
percentage of nAChR subtypes of mRNA expression were determined by comparing to the highest expression of a9 subunit (n = 6); B: the mRNA expression of a4,
a6, and a9-nAChR by RT-gPCR (n = 6); C: supernatant estradiol concentration of KGN cells (n = 6); D: supernatant testosterone concentration of KGN cells (n = 6);

E: the mRNA expression of 173-HSD1 was detected by RT-qPCR (n

6); F: the mRNA expression of P450arom was detected by RT-qPCR (n = 6); G: P450arom

protein expression by western blotting (n = 3); H: the H3K9ac and H3K27ac levels in the P450arom promoter region (n = 3). Mean + S.E.M., *P < 0.05,

**p < (.01 vs. control. “P < 0.05, “*P < 0.01 vs. 10 uM nicotine.

Ki67 protein was decreased (Fig. 1E), whereas the expression of cleaved
caspase-3 was significantly increased (Fig. 1F). Furthermore, the HE
staining of the fetal ovaries showed that the number of oocytes per unit
area (10,000 um?) was significantly decreased in the PNE group
(Fig. 1G). Electron microscopy showed that the mitochondrial ridges in
the pregranulosa cells of the PNE group were decreased and vacuolar-
like changes occurred (Fig. 1H). These data suggested that PNE could
cause abnormal morphological development in the fetal ovary.

3.2. Effects of PNE on ovarian estradiol synthesis in fetal rats

We further observed the effects of PNE on ovarian estradiol synth-
esis in fetal rats. Compared with the control group, the level of fetal
serum estradiol in the PNE group was significantly reduced (Fig. 2A)
while the testosterone level was increased (Fig. 2B). The mRNA ex-
pression of the steroid synthesizing enzymes, including 33-HSD, 17f3-
HSD1 and P450arom, which are involved in the synthesis of estradiol,
were also decreased (Fig. 2C). On the other hand, the mRNA expression
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levels of StAR and P450scc were unchanged. In addition, the ITHC
showed a consistent decrease in the protein expression of P450arom in
the PNE group (Fig. 2D). It suggested that PNE inhibited the estradiol
synthesis in fetal rats.

3.3. Effects of PNE on ovarian estradiol synthesis after birth

We continuously tested changes of ovarian steroid synthesis in adult
offspring rats at PW12. Compared with their respective controls, serum
estradiol level of the PNE group was decreased (Fig. 3A) while the
testosterone level was increased (Fig. 3B). The expression of P450arom
was significantly reduced (Fig. 3C/D). Moreover, HE staining showed
that PNE decreased the thickness of ovarian granulosa cell layers
(Fig. 3G), which are involved in estradiol synthesis. At the same time,
the expression of Ki67 protein was decreased (Fig. 3E), whereas the
expression of cleaved caspase-3 was significantly increased in the antral
follicles of the PNE group (Fig. 3F). These results suggested that the
inhibited ovarian estradiol synthesis (e.g., low expression of P450arom)
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Fig. 7. Intrauterine programming mechanism of ovarian dysplasia and
low estradiol synthesis in female offspring rats induced by prenatal ni-
cotine exposure. nAChRs, nicotinic acetylcholine receptors; P450arom, cyto-
chrome P450 aromatase; H3K9ac, histone 3 lysine 9 acetylation; H3K27ac,
histone 3 lysine 27 acetylation.

in fetal rats induced by PNE could be sustained to postnatal.

3.4. Effects of PNE on nAChRs expression and histone acetylation of
P450arom before and after birth

Given that nicotine plays its role by binding to nicotinic acet-
ylcholine receptors (nAChRs), we also analyzed the mRNA expression
levels of different nAChR subtypes in the fetal rat ovary by RT-qPCR,
and the expression of nAChRa7, a9, al0, 1, B3, and 34 were detected.
Meanwhile, the mRNA expression of nAChRa7, al0, and 33 were sig-
nificantly increased in the PNE group at GD20 (Fig. 4A). To investigate
whether the low expression level of P450arom was associated with
altered histone acetylation of its promoter region, ChIP analysis was
applied. The results showed that the H3K9ac and H3K27ac levels in the
ovarian P450arom promoter region of the PNE group were both sig-
nificantly lower than those of their controls in GD20 and PW12
(Fig. 4B/C). These results indicated that PNE increased the expression
of multiple nAChRs subtypes (i.e., nAChRa7, a10, and [33) in the fetal
ovary, and decreased the H3K9ac and H3K27ac levels in the promoter
region of P450arom before and after birth.

3.5. Effects of nicotine on ovarian estradiol synthesis in the KGN cells

We previously found that the concentration of serum nicotine in
female rats exposed to nicotine at 2.0 mg/kg.d was 0.307 * 0.147 uyM
(Tie et al., 2016). Based on this, we set nicotine concentrations (0.1, 1
and 10 uM) to observe its effects on estradiol synthesis in the KGN cell
line. The MTS assay showed no significant changes in cell viability after
48 h of nicotine treatment (Fig. 5A). However, nicotine inhibited the
estradiol production (Fig. 5B) and the mRNA expression of 173-HSD1
and P450arom (Fig. 5D), whereas P450scc and 33-HSD expression were
only reduced under high-concentration nicotine treatment, and StAR
expression did not change at any concentration (Fig. 5D). The testos-
terone level was increased (Fig. 5C). Further detection of protein level
showed that P450arom expression was significantly reduced by 1 and
10 uM nicotine treatment (Fig. 5E). These results suggested that nico-
tine could inhibit the estradiol synthesis of ovarian granulosa cells.

3.6. Effects of nicotine on nAChRs expression and P450arom histone
acetylation in the KGN cells

We analyzed the expression of nAChRs in the KGN cells by
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comparing the Ct values between all four studied subtypes at the mRNA
level. The most abundant expression was observed for nAChR a9, fol-
lowed by nAChR a4 and a6, with the least expression observed for
nAChR a2 (Fig. 6A). We further detected the higher mRNA expression
of nAChR a4, a6 and a9 in the KGN cells after nicotine treatment, and
observed that the expression of nAChR a6 and a9 were increased at all
concentrations (Fig. 6B). To confirm whether nAChRs subtypes were
involved in the inhibitory effects of nicotine on estradiol synthesis, we
used vecuronium bromide, a nonspecific and competitive nAChR an-
tagonist, to treat the KGN cells. The results showed that the estradiol
level was significantly increased (Fig. 6C) while the testosterone level
was decreased (Fig. 6D), and the P450arom expression was increased in
both mRNA and protein levels (Fig. 6F/G) after treatment with vecur-
onium bromide. However, 173-HSD1 expression had no significant
change (Fig. 6E). It suggested that nAChRs were involved in the in-
hibition of P450arom expression and estradiol synthesis induced by
nicotine.

Furthermore, we explored the mechanism of nicotine-mediated
continuous low expression of P450arom. The ChIP analysis showed that
H3K9ac and H3K27ac levels of the P450arom promoter region were
decreased under nicotine administration (Fig. 6H); after vecuronium
bromide treatment, the levels of H3K9ac and H3K27ac in the P450arom
promoter region were significantly increased (Fig. 6H). In summary,
nicotine reduced the H3K9ac and H3K27ac levels at the P450arom
promoter region mediated by nAChRs.

4. Discussion

4.1. The ovarian estradiol synthetic inhibition in female offspring rats
induced by PNE has intrauterine origin

Active smoking in pregnant women is a major way of fetal exposure
to nicotine. Other ways include pregnant women exposed to environ-
mental cigarette smoke, use of smokeless tobacco products (e.g.,
chewing tobacco), and nicotine replacement therapy (Oberg and Priiss-
Ustiin, 2010). Previous studies showed that a cigarette contains ap-
proximately 1.48 mg of nicotine. According to conversion of body
surface area coefficient (1:6.17) between humans and rats (Reagan-
Shaw et al., 2008), the exposure dose of nicotine (2.0 mg/kg.d) in the
present study is equivalent to 15.3 cigarettes per day for a pregnant
woman weighing approximately 70 kg (Zhang et al., 2018). It has been
reported that heavy smokers consume as many as 25 cigarettes a day
during pregnancy (Bao et al., 2016). Thus, the dose we choose can be
reached in real life.

The development during the embryonic period would affect ovarian
function in adulthood (Zheng et al., 2014). For example, ovaries of
adult rats exposed to nicotine in utero had an increased percentage of
apoptotic ovarian cells, abnormal ovarian angiogenesis (Petrik et al.,
2009) and impaired fertility (Holloway et al., 2006). In the present
study, we also observed changed phenotype of estradiol production in
female adult rats, accompanied by the thinner thickness of ovarian
granulosa cell layers. However, what has PNE done with early ovarian
development? To investigate the intrauterine mechanisms of this
change, we used the PNE rat model as previously described (Xu et al.,
2013). In utero, we found that PNE could inhibit cell proliferation,
promote cell apoptosis and decrease the number of oocytes in the fetal
ovary. Meanwhile, the level of fetal serum estradiol decreased in the
PNE group. These results suggested that PNE-induced ovarian estradiol
synthetic inhibition in adult female offspring has an intrauterine de-
velopmental origin.

4.2. Nicotine-induced low P450arom expression via nAChRs may
contribute to ovarian estradiol synthetic inhibition

It is known that P450arom plays an important role in the final rate-
limiting step of estradiol synthesis (Conley and Hinshelwood, 2001).
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The gene that codes for P450arom has been included as major de-
terminant of risk for reproductive system diseases, such as PCOS. The
low P450arom expression led to increased androgen level and de-
creased estrogen level, which affected the development and maturation
of follicles, as well as the disordered ovulation (Wang et al., 2017). A
study has shown that nicotine treatment reduced P450arom expression
in human granulosa cell (Barbieri et al., 1986). In the present study, we
observed a continuous decrease in serum estradiol level and ovarian
P450arom expression in the PNE group, accompanied by an increase in
serum testosterone level. In vitro, nicotine treatment concentration-
dependently inhibited P450arom expression and estradiol production,
whereas upregulated the testosterone production. A study found that
granulosa cells from medium-sized follicles of women with PCOS had
little aromatase activity (Erickson et al., 1979). In steroid-induced
PCOS female rats, the mRNA expression of P450arom was significantly
lower (Aghaie et al., 2018). Although our results didn't show the typical
morphological changes of PCOS, the imbalance of estrogen and an-
drogen production induced by low P450arom might have a negative
effect on the development of this disease and result in a vicious circle
(Escobar-Morreale, 2018). All these findings suggested that the low
expression of P450arom induced by nicotine might be involved in es-
tradiol synthetic inhibition, which may further lead to the reproductive
system diseases after birth.

Studies have shown that nicotine could inhibit ovarian ster-
oidogenesis, such as significant inhibitory effects on androgen secretion
in bovine follicles (Sanders et al., 2002) and basal progesterone release
in human luteal cells (Miceli et al., 2005), which were related to the
expression changes of ovarian nAChRs. Therefore, we further detected
the expression of multiple nAChR subtypes in fetal rat ovary. Among
them, the expression levels of nAChR a7, a10 and 33 were increased in
the PNE group. Petrik et al. (2009) found that nicotine treatment could
result in a high expression of nAChRa?7 in rat primary granulosa cells,
which was in accordance with our results. As we known, KGN cells have
the physiological characteristics of normal ovarian granulosa cells
(Xiang et al., 2016) and relatively high levels of P450arom activity. In
the present study, we treated KGN cells with different concentrations of
nicotine, and found that the expression of nAChR a6 and a9 were
elevated, while the expression of P450arom were reduced. Futhermore,
these abnormalities were reversed by vecuronium bromide treatment.
As shown above, we concluded that nicotine decreased the P450arom
expression via nAChRs, thus inhibited the ovarian estradiol synthesis.

4.3. Decreased H3K9ac/H3K27ac levels of P450arom mediated the
persistent estradiol synthetic inhibition

Epigenetic modification refers to the phenomenon that the DNA
sequence does not change and the gene expression changes, which plays
an important role in intrauterine programming (Dolinoy and Jirtle,
2008; Reik et al., 2001). The development of high-grade eukaryotic
cells is dependent on normal epigenetic regulation, whereas epigenetic
modifications can be influenced by harmful environmental factors in
early life and permanently impact on gene expression (Waterland and
Jirtle, 2004). It has now become clear that for embryonic development
some histone modification marks at specific and important locations
were retained, and these are related to developmental origins of some
reproductive diseases (Hammoud et al., 2009; Brykczynska et al.,
2010). In the present study, the expression of 33-HSD, 173-HSD1 and
P450arom were all decreased in the fetal ovary, but only that of
P450arom was still suppressed in adult offspring ovary. Hence, epige-
netic modifications were measured on P450arom.

Studies have shown that PNE altered the histone 3 acetylation status
in the promoter region of key genes, thereby suppressing the chon-
drogenic differentiation of bone marrow-derived mesenchymal stem
cells (Tie et al., 2018). Meanwhile, the level of histone 3 acetylation is
reported being important for the regulation of P450arom gene expres-
sion (Monga et al., 2011). Thus, we hypothesized that changes in
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histone 3 acetylation may be involved in the persistent low expression
of ovarian P450arom induced by PNE. H3K9ac and H3K27ac are
common histone H3 acetylated forms and hallmarks of chromatin
transcriptional activity, which are involved in the developmental pro-
gramming (Liu et al., 2018; Xiao et al., 2018). In the present study, PNE
caused a decreased change in the H3K9ac and H3K27ac levels of fetal
ovarian P450arom promoter, and this change was still evident in
adulthood. After nicotine treatment of the KGN cells in vitro, the levels
of H3K9ac and H3K27ac in the P450arom promoter were also reduced.
The addition of vecuronium bromide reversed the acetylation levels of
these two sites. These results suggested that both H3K9ac and H3K27ac
were involved in contemporary programming of P450arom expression
by nicotine via nAChRs.

5. Conclusion

This study first proposed that the PNE-induced ovarian dysplasia
and estradiol synthesis inhibition in female offspring rats had an in-
trauterine origin. The undelaying mechanism may be related to the
decreased H3K9ac and H3K27ac levels of P450arom caused by nicotine
via nAChRs (Fig. 7). This study has important theoretical and practical
value for a deep understanding of ovarian dysplasia and further ex-
ploration of its early warning biomarker.
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