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Prenatal dexamethasone exposure programs the decreased
testosterone synthesis in offspring rats by low level of
endogenous glucocorticoids
Min Liu1,2, Yi Liu1, Lin-guo Pei1,2, Qi Zhang1, Hao Xiao1, Ya-wen Chen1 and Hui Wang1,2

Prenatal dexamethasone exposure (PDE) can decrease maternal endogenous glucocorticoid level and induce testicular dysplasia in
male offspring rats. In this study we investigated low level endogenous glucocorticoid-mediated testicular dysplasia in PDE
offspring and elucidated the intrauterine epigenetic programming mechanisms. Pregnant rats were injected with dexamethasone
(0.2 mg·kg−1·d−1, sc) on gestational day (GD) 9–20. The offspring rat blood and testis were collected after euthanasia on GD20,
postnatal week (PW) 12 or PW28. We showed that PDE induced abnormal morphology of testis and significantly decreased the
expression of testosterone synthesis-related genes as well as testosterone production before and after birth. Meanwhile, serum
corticosterone, the expression and histone 3 lysine 14 acetylation (H3K14ac) of testicular insulin-like growth factor 1 (IGF1) were
significantly decreased. After the pregnant rats were subjected to chronic stress for 2 weeks (PW10-12), serum corticosterone level
was increased in the adult PDE offspring, and the above-mentioned other indicators were also improved. Cultured Leydig cells
(TM3) were treated with corticosterone (62.5–500 nM) in vitro. We showed that corticosterone concentration-dependently inhibited
glucocorticoid receptor α (GRα) and miR-124-3p expression, increased histone deacetylase 5 (HDAC5) expression, and decreased
IGF1 H3K14ac level and the expression of IGF1/steroidogenic acute regulatory protein (StAR), suggesting that corticosterone at
lower than physiological level (<500 nM) inhibited testosterone synthesis by reducing H3K14ac and the expression level of IGF1
through GRα/miR-124-3p/HDAC5 pathway. In conclusion, PDE can cause persistent inhibition of testosterone synthesis before and
after birth in the offspring rats by low level of endogenous glucocorticoids.
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INTRODUCTION
It is known that basal glucocorticoids levels participate in the
regulation of fetal multi-organ formation and development, and is
a key factor in determining individual tissue morphological
development and functional maturation after birth [1]. Our
previous studies have shown that prenatal exposure to multiple
xenobiotics (such as caffeine, nicotine and ethanol) can open
placental barrier, leading to fetal overexposure to maternal
glucocorticoids (e.g., cortisol in humans and corticosterone in
rodents), it can cause intrauterine growth retardation (IUGR) and
multi-organ dysfunction in offspring before and after birth,
including testicular dysplasia [2–4]. It has also been reported that
decreased corticosterone levels in adult rats can lead to decreased
testicular spermatogenesis [5]. Therefore, the physiological
endogenous glucocorticoids level plays an important role in the
maintenance of testicular functional development. Our team and
other researches found that prenatal dexamethasone exposure
(PDE) can reduce corticosterone levels in mother and offspring
[6, 7]. It also leads to abnormal testicular morphology and

decreased testosterone secretion in offspring [8, 9]. However, can
decreased intrauterine endogenous glucocorticoids induced by
PDE cause the alteration of testosterone synthesis in offspring
before and after birth? What is the intrauterine programming
mechanism? These questions are still unclear.
Testosterone is known to be synthesized and secreted by

testicular Leydig cells, and its biosynthesis is an ordered process
that needs transporters and multiple steroid synthases. The
steroidogenic acute regulatory protein (StAR) is a key transporter
for testosterone synthesis, it can transfer cholesterol from the
mitochondrial outer membrane to the intima, which is an
important rate-limiting step in the synthesis process [10]. Insulin-
like growth factor 1 (IGF1) is an important regulator of StAR,
involved in the regulation of the testosterone synthesis in Leydig
cells [11, 12]. It has recently been demonstrated that IGF1 null
mice showed decreased StAR protein and blood testosterone
levels [13]. Our previous study confirmed that prenatal caffeine
exposure can decrease testicular local IGF1 expression by
increasing intrauterine maternal endogenous glucocorticoids
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level, thereby inhibiting the expression of genes related to steroid
synthesis; meanwhile, decreased basal glucocorticoids level after
birth can promote expression of testicular IGF1 and steroidal
synthase system, which exhibits “glucocorticoid-insulin-like
growth factor 1 (GC-IGF1) axis negative programming” [14–16].
There is a significant knowledge gap about the low corticosterone
level in utero caused by PDE can also induce the testicular “GC-
IGF1 axis programming” alteration and its toxicological
significance.
Epigenetic modification induced by multiple xenobiotics in

utero can cause gene expression changes, and the epigenetic
changes are closely related to disease [17, 18]. Arsenic exposure
inhibited the steroidogenic gene expression by activating
H3K9me3 status, which contributed to steroidogenic suppression
in rat testis[19]. Exposure to bisphenol A in preimplantation
embryo retards the development of testes by reducing histone
acetylation level in StAR promoter to disrupt the testicular
testosterone synthesis [20]. Histone deacetylases (HDACs) play
an important role in many biological processes such as transcrip-
tion, cell cycles, signal transduction, and gene expression
regulation [21]. It has been reported that HDACs are involved in
regulating histone modification and expression of IGF1 [22, 23].
MiRNAs, a kind of non-coding RNA molecules with 20–24
nucleotides and regulated by glucocorticoids, have been found
to play an important role in regulating the expression of key
genes. Increasing studies have found that histone acetylation
changes of downstream target genes can be mediated by miRNAs
through targeting Hdacs [24, 25]. Therefore, we speculate that
lower than the physiological concentration of corticosterone
caused by PDE may regulate histone acetylation and expression of
IGF1 through miRNAs, resulting in altered programming of
testicular development.
In this study, based on a stable PDE rat model established in our

laboratory, we intended to confirm testicular developmental
programming alteration by measuring testosterone synthesis
and GC-IGF1 axis changes in the offspring before and after birth.
Then, we verified the epigenetic programming mechanism of IGF1
expression changes caused by lower than the physiological
concentration of corticosterone. This study illustrated the endo-
genous glucocorticoids programming mechanism of PDE-induced
testicular dysplasia, comprehensively analyzed the short and long-
term harm of PDE-induced testicular developmental programming
and homeostasis changes, and provided a novel target and idea
for early prevention and treatment strategies of testicular
dysplasia induced by PDE.

MATERIALS AND METHODS
Chemicals and reagents
Dexamethasone was obtained from Shuanghe Pharmaceutical
Company (Wuhan, China). Isoflurane (10019-360-40) was pur-
chased from Baxter Healthcare Inc. (Deerfield, IL, Massachusetts,
USA). The enzyme-linked immunosorbent assay (ELISA) kits for
testosterone were obtained from the North Institute of Biological
Technology (Beijing, China). The ELISA kits for corticosterone were
obtained from the R&D Systems, Inc. (Minneapolis, MN, USA). The
StAR antibody (No. 8449s) was purchased from CST, Inc. The

3β-HSD antibody (sc30820) was purchased from Santa Cruz, Inc.
(Santa Cruz, CA, USA). The antibodies such as β-actin (AC004),
HDAC5 (A0632), anti-acetyl histone 3 Lysine 14 (H3K14ac) (A7254)
were purchased from Abclonal Technology Co., Ltd. (Wuhan,
China). The antibodies of IgG (ab172730) and Ki67 (ab15580), and
IGF1 recombinant protein (ab198569) were purchased from
Abcam Technology Co., Ltd. (Cambridge, UK). DAB staining kit
(GK347011) was obtained from Gene Tech Co., Ltd. (Shanghai,
China). GRα plasmid (C05008) and luciferase reporter gene were
purchased from Suzhou GenePharma Co., Ltd., miR-124-3p mimics
(CN14379-1) and Hdac5 siRNA (SIGS0001597-1) were obtained
from Guangzhou Ribo Co., Ltd. Lipofectamine 3000 reagent and
Tizol reagent were obtained from Invitrogen (Carlsbad, CA, USA).
Reverse transcription (RR047Q) and quantitative real-time poly-
merase chain reaction (qRT-PCR) kits (Q223) were purchased from
Takara Biotechnology Co., Ltd. (Dalian, China). miDETECT A Track™
miRNA qRT-PCR Kit was purchased from Ribo Biotech Co., Ltd.
(Guangzhou, China). All of the primers were synthesized by
StARgene Biotech Co., Ltd. (Wuhan, China). DNA purification kits
(Q5314) were purchased from TIANGEN Biotech Co., Ltd. (Beijing,
China). Proteinase K (20 mg/kg) (ST533) was purchased from Kori
Biotech Co., Ltd (Wuhan, China). BCA Protein Assay Kit (P0011) was
purchased from Beyotime Biotechnology (Shanghai, China). The
other reagents for experiments were of analytical grade.

Animals and treatment
Animal experiments were handled in the Center for Animal
Experiments of Wuhan University (Wuhan, China), which is
accredited by the Association for the Assessment and Accredita-
tion of Laboratory Animal Care International (AAALAC Interna-
tional). The protocol was approved by the Committee on the
Ethics of Animal Experiments of the Wuhan University School of
Medicine (permit number: 14016). All animal experimental
procedures were approved by the Chinese Animal Welfare
Committee.
Specific pathogen-free WiStAR rats [No: 2012-2014, certification

No: 42000600002258, license No: SCXK (Hubei)] weighing 280 ±
20 g (males) and 200 ± 20 g (females) were purchased from the
Experimental Center of the Hubei Medical Scientific Academy
(Wuhan, China). The rats were housed in cages with wire-mesh
floors in an air-conditioned room under standard conditions and
allowed a normal diet. All rats were acclimated one week before
experimentation. Two female rats were placed together with one
male rat overnight in a cage for mating. On confirmation of
mating by the appearance of sperm in a vaginal smear, the day
was taken as the gestational day (GD) 0. As previously described
[26], the PDE group was subcutaneously injected with 0.2
mg·kg−1·d−1 dexamethasone (Shuanghe Pharmaceutical Com-
pany, Wuhan, China) during GD9 to 20, respectively, and the
control group was administered the same volume of saline. The
flowchart of animal treatment is shown in Fig. 1.
The part of pregnant rats was anesthetized with isoflurane and

euthanized on GD20 (n= 15 pregnant rats per group), and the
blood sample was collected from the carotid artery. There were 30
pregnant rats in each group, and 15 pregnant rats in each group
were randomly selected to be euthanized and sampled in GD20,
and the remaining 15 rats were delivered normally. In the

Fig. 1 The schematic illustration of animal treatment. From gestational day (GD) 9–20, pregnant WiStAR rats were subcutaneously injected
with 0.2 mg·kg−1·d−1 dexamethasone. At postnatal week (PW) 10, two male rats were randomly selected from each litter to exposure to
chronic stress for 2 weeks. Rats were anesthetized with 2% isoflurane and euthanized on GD20, PW12, and PW28.
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experiment, those dams with litter sizes of 8–14 were considered
qualified, several pregnant rats that do not meet the requirements
are usually eliminated, and 12 pregnant rats were finally
guaranteed to be included in the next experiment. The male
fetuses were decapitated immediately to obtain blood samples
and testes, the blood samples of male fetal rats from each litter
were pooled as one sample for analysis, and the three fetal rats’
testes randomly from each litter were randomly counted as one
sample for gene and protein analysis. In addition, we randomly
selected five fetal testes from different litters were fixed for
morphological detection. The remaining 15 pregnant rats in each
group were allowed to deliver normally. On postnatal day (PD) 1,
the number of pups was normalized to 8 per litter (4 male and 4
female pups per litter, 8 litters per group). Two male offspring rats
from each litter were selected and assigned to the studies at
different postnatal time points or conditions (i.e., PW12, PW12
with chronic stress, and PW28), respectively. The chronic stress
test was achieved by forced 5-min ice-water swimming per day
from PW10 to PW12 [27]. In different postnatal time points, male
rats were anesthetized with isoflurane and euthanized. Then, the
blood sample from the carotid artery was collected, the serum was
isolated, and the testes were rapidly collected. Except for portions
of the male right testes (n= 5 per group) obtained from
different litters were fixed for morphologic observations, and the
other collected samples were immediately frozen at −80 °C for
subsequent analysis. And more notably, when the adult
testes have been fixed for 12 h, we punctured testicular tunica
albuginea carefully with injection needles in different directions to
speed up the permeability of paraformaldehyde and ensure its
uniformity.

Analysis of serum samples
The blood samples were centrifuged at 1600 r/min for 10 min at 4
°C and the serum was collected. Serum corticosterone concentra-
tion was measured via corticosterone ELISA assay kit. The
testicular homogenates were centrifuged at 3000 r/min for 10
min and the supernatants were collected for measuring intrates-
ticular testosterone concentration. Intratesticular testosterone
production and serum testosterone levels were measured via
testosterone ELISA kit. The intra-assay and inter-assay coefficients
of variation for testosterone were all not higher than 15%. All
assay procedures followed the manufacturer’s protocols as our
previous descriptions [9].

Hematoxylin-eosin (H&E) staining
The right testes were fixed in 4% paraformaldehyde overnight and
processed with the paraffin sectioning technique. Sections (5-μm
thick) were rehydrated and stained with H&E, and we observed
and photographed the sections with an Olympus AH-2 light
microscope (Olympus, Tokyo, Japan). Then, the examination and
evaluation were blindly conducted by another experimenter, and
five random fields of each section were observed under the
microscope. Finally, we photomicrographed and evaluated
relevant examination indexes from each section (n= 5).

Immunohistochemistry (IHC) and immunofluorescence (IF)
For IHC analysis, the sections were incubated overnight at 4 °C
with anti-StAR (1:1000). IHC analysis was performed using a DAB
staining kit to determine the expression level of StAR protein. The
intensity of staining was determined by measuring the mean
optical density in five random fields for each section (n= 5).
For IF analysis, the sections were incubated with 3β-

hydroxysteroid dehydrogenase (3β-HSD) (1:100) overnight at
4 °C. After rewarming for 15 min, the corresponding fluorescent
secondary antibody (1:400) was added, and the sections were
incubated at room temperature for 1 h in the dark. Nuclear
counterstain (DAPI; Sigma-Aldrich) was diluted 1:500 in Tris-
buffered saline (TBS) and incubated for 10min. The number of

Leydig cells per unit square of interstitial tissue areas (104 μm2)
was calculated by examining 5 randomly selected sites per section
(n= 5). All images were captured using an Olympus AH-2 Light
Microscope (Olympus, Tokyo, Japan). Analysis of the stained
images was performed using Olympus software.

Leydig cell culture and transfection
TM3 Leydig cells were cultured in Dulbecco’s Modified Eagle’s
Medium supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin. The cells liberated during digestion were
collected and plated at a density of 4 × 105 cells per well in 6-well
plates in the medium. According to our experimental data in vivo,
the concentration of fetal serum corticosterone in the control
group was ~500 ± 49 nM. Thus, we treated the TM3 cells with 500
nM corticosterone for the physiological needs of cells, and
62.5–250 nM corticosterone were low concentrations of corticos-
terone. MTS assay was conducted to detect the viability of low
corticosterone levels on the TM3 cells. The cells were seeded into
six-well plates at 4 × 105 cells per well one day before treatment.
When the confluence reached about 60%–70%, the cells were
transfected with GRα plasmid (3 μg), miR-124-3p mimics (50 nM),
Hdac5 siRNA (75 nM) and IGF1 recombinant protein (1 μg/μL)
treatment and followed the instructions of Lipofectamine 3000
(Invitrogen, Carlsbad, CA, USA). After a 72 h treatment, the cells
were harvested for subsequent analysis.

Luciferase reporter assay
The segment of the 3′‐untranslated region (3′‐UTR) encompassing
the miR-124-3p binding sites was amplified from the Hdac5 gene
as the wild type (WT), correspondingly, a mutant 3′‐UTR sequence
was obtained using a mature technology, site‐specific in vitro
mutation. WT or mutant 3′‐UTR was subsequently inserted
downstream of the luciferase gene in the pmirGLO‐control vector
(Promega, USA). The Leydig cells were seeded onto 12‐well plates.
After culturing for 24 h, co-transfection of miR‐124-3p vector and
NC along with a pmirGLO‐control vector carrying WT or mutant 3′‐
UTR of Hdac5 into cells were performed using Lipofectamine 3000
reagent according to the manufacturer’s instructions. Then
luminescence signals were recorded using the Dual-Luciferase
Assay kit (Promega, USA) as indicated in the instructions. All assays
were performed in triplicate in a single experiment and repeated
six times.

Total RNA extraction, reverse transcription and qRT-PCR
Total RNA was isolated from testicular tissue and TM3 cells using
TRIzol Reagent. The total RNA was reverse transcribed using a first
strand cDNA synthesis kit. Then, qRT-PCR was performed using an
SYBR Green qPCR Master Mix Kit and ABI StepOnePlus cycler
(Applied Biosystems, Foster City, CA, USA). The rat primer
sequences for the genes used in this study were shown in Table 1.
The cycle threshold (Ct) was detected, and the relative expression
of genes was determined using the 2△△Ct method with
normalization to glyceraldehyde 3-phosphate dehydrogenase for
(GAPDH) expression and used as a quantitative control.
The levels of miRNAs were measured by qRT-PCR using

miDETECT A Track™ miRNA qRT-PCR kit. The primer of miR-124-
3p 5’-CAAGGCACGCGGCGAACGCC-3’ was used. The miRNA
expression levels were normalized to the expression of the
internal control U6 using the 2△△Ct method.

Chromatin immunoprecipitation-polymerase chain reaction
(ChIP-PCR)
The homogenate of testicular tissues or scraped cells was fixed
with 1% formaldehyde for 15 min at 37 °C to cross-link DNA and its
associated protein. The lysates were then sonicated to shear the
DNA to 200–800 bp in length. After sonication, the chromatin
solution was incubated with albumin (BSA)-treated protein
Gagarose beads with anti-histone 3 lysine 14 (H3K14) or IgG at
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4 °C for 16 h, and 1% of the chromatin solution was used as the
input. The immunoprecipitated DNA-protein complex that was
linked to beads was collected by centrifugation and washed
sequentially with some washing buffer. Prepared elution buffer
(1% SDS, 0.1 M NaHCO3) was used to elute the DNA-protein
complex, and each elution was repeated twice. Samples were
incubated overnight at 65 °C with 200 µg/mL proteinase K, and
subsequently were purified using a DNA purification kit, following
the manufacturer’s protocol. Finally, purified DNA was dissolved
with elution buffer finally.
The purified DNA was assayed using qRT-PCR, and the primer

sequences are shown in Table 2. With the IgG positive control
values subtracted as background (data not shown), the input
values were used for quantification and normalized to their
corresponding values of immunoprecipitation (IP) samples follow-
ing the formula (IP/input=2 Ct input DNA – Ct IP DNA).

Western blotting
Testicular protein samples were extracted from offspring rats via
RIPA Lysis Buffer (Biyotime, P0013B), and protein concentration
was determined using a BCA assay. Protein samples were
separated on 12% sodium dodecyl sulfate-polyacrylamide gels
and electro-transferred onto polyvinylidene fluoride membrane.
Membranes were blocked with 5% BSA for 2 h and then incubated
with various antibodies: IGF1 (1:1000), HDAC5 (1:1000), and β-actin
(1:5000), respectively. After washing with TBST three times, the
membranes were incubated with horseradish peroxidase (HRP)
conjugated secondary antibody: anti-rabbit IGF1 and HDAC5, and
anti-mouse β-actin. Finally, the protein bands were visualized by
using the ECL Plus kit, with the mean optical density representing
the relative levels of protein. The experiments were performed in
triplicate.

Statistical analysis
Data analysis was performed using SPSS 19 (SPSS Science Inc.,
Chicago, IL, USA) and Prism 6.0 (Graph Pad Software, La Jolla, CA,
USA). Quantitative data are expressed as the mean ± SEM. A two-
tailed Student’s t test was used for comparisons between control
and treatment groups, and for studies involving more than two
groups, data were evaluated with one-way analysis of variance
(ANOVA) followed by the Tukey’s post-hoc test. Statistical
significance was defined as P < 0.05.

RESULTS
Effects of PDE on testicular histological morphology and
testosterone synthesis in offspring rats
To confirm the effects of PDE on the morphology and functional
development of testis before and after birth in offspring rats, we
observed the testicular morphological alterations and detected
the expression of genes related to testosterone synthesis. The
results showed that PDE induced the slightly enlarged intrates-
ticular interstitial region in fetal rats, and significantly widened
interstitial region and the disordered arrangement of Leydig cells
in adult rats (PW12 and PW28) (Fig. 2a); the IF measurement
indicated a significant reduction in the number of Leydig cells (3β-
HSD+, a specific biomarker of Leydig cells) before and after birth
(P < 0.05, P < 0.01, Fig. 2b). Furthermore, the serum testosterone
concentrations and intra-testicular testosterone contents were
decreased in the PDE offspring before and after birth (P < 0.05, P <
0.01, Fig. 2c, d), the expression levels of steroidal synthases (such
as StAR, P450scc, 3β-hsd, 17α-hsd1, and 17β-hsd3) related to
testosterone synthesis were decreased in different degrees (P <
0.05, P < 0.01, Fig. 2e), and the protein expression of StAR was
reduced persistently (P < 0.05, P < 0.01, Fig. 2f). Above all, PDE can

Table 2. Oligonucleotide primers and PCR conditions for ChIP-PCR.

Species Gene Forward primer (5’-3’) Reverse primer (5’-3’) Annealing (°C)

Rat Igf1 AAGTGTACCTTCGAGCCCTG TGACAGGGTTAGCAGACGTT 60

Mouse Igf1 AACAGTGTGTGCCTCCCATA ACCCTTGTCCTAGTTGCCAG 60

Igf1 insulin-like growth factor 1, ChIP-PCR chromatin immunoprecipitation-polymerase chain reaction.

Table 1. Oligonucleotide primers and PCR conditions for quantitative real-time PCR.

Species Genes Forward primer (5’-3’) Reverse primer (5’-3’) Annealing (°C)

Rat GAPDH GCAAGTTCAATGGCACAG AAGTTCTTCCTGGCCGGTAT 63

StAR GGGAGATGCCTGAGCAAAGC GCTGGCGAACTCTATCTGGGT 65

P450scc GCTGCCTGGGATGTGATTTTC GATGTTGGCCTGGATGTTCTTG 63

3β-hsd TCTACTGCAGCACAGTTGAC ATACCCTTATTTTTGAGGGC 58

17α-hsd1 CAATCTCTGGGCACTGCATC ACTCTGCGTGGGTGTAATGA 60

17β-hsd3 CCACTGCAACATTACCTCCG CTATACAGAGGCCAGGGACG 60

Hdac5 CTCCGTGCTCTACATCTCTTTG CCTGTCCACGCCACATTTA 62

Igf1 CTACAAAGTCAGCTCGTTCC GTTTCCTGCACTTCCTCTAC 60

GRα GCGACAGAAGCAGTTGAGTCATC CCATGCCTCCACGTAACTGTTAG 60

Mouse GAPDH GGCTCTTCCAGAACAGATTAG CCGAGGCCAAGTTAAGAATAG 60

StAR TATCGCAGACCCAGATAGAG GCTGAAGATGGACAGACTTG 60

Hdac5 AGTACCACACCCTGCTCTAT CAGAAGATGTACGCCATGCT 62

Igf1 GCCTGCGCAATGGAATAAAG GAATTGGTGGGCAGGGATAA 60

GRα AGGAAGGTCTGAAGAGCCAAGA TGTTTGGAAGCAGTAGCTAAGGAG 60

GAPDH glyceraldehyde phosphate dehydrogenase, StAR steroidogenic acute regulatory protein, P450scc cytochrome P450 cholesterol side-chain cleavage, 3β-
hsd 3β-hydroxysteroid dehydrogenase, 17α-hsd1 17α-hydroxysteroid dehydrogenase 1, 17β-hsd3 17β-hydroxysteroid dehydrogenase 3, Hdac5 histone
deacetylase 5, Igf1 insulin-like growth factor 1, GRα glucocorticoid receptor α, qRT-PCR quantitative real-time polymerase chain reaction.
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cause abnormal testicular morphology and decreased testoster-
one synthesis in offspring rats before and after birth.

Effects of PDE on serum corticosterone level and the related index
regulated-testicular IGF1 epigenetic modification in offspring rats
To explore whether the GC-IGF1 axis is involved in regulating
decreased testicular testosterone synthesis, we measured the
serum corticosterone concentration and testicular IGF1 expression
in offspring rats before and after birth. Compared with the
controls, serum corticosterone concentration was significantly
decreased in PDE offspring rats on GD20, PW12, and PW28 (P <
0.05, P < 0.01, Fig. 3a), the mRNA and protein expression of
testicular IGF1 were both significantly reduced (P < 0.05, P < 0.01,
Fig. 3b, c). Furthermore, we explored the epigenetic programming
mechanism of IGF1 expression changes caused by endogenous
corticosterone at lower than physiological concentrations. We
found that the H3K27ac level of testicular Igf1 was decreased in
PDE offspring before and after birth (P < 0.05, P < 0.01, Fig. 3d), the
mRNA and protein expression of HDAC5 increased continuously
(P < 0.05, P < 0.01, Fig. 3e, f). Bioinformatics prediction showed that
Hdac5 might be the target gene of miR-124-3p and miR-9, while
qRT-PCR verified that only miR-124-3p expression was continu-
ously inhibited (P < 0.05, P < 0.01, Fig. 3g), and miR-9 expression
has no significant change (Supplementary Fig. S4). The interesting
thing here is there was no significant change in GRα expression in
PDE fetal rats, but it was significantly decreased after birth without
dexamethasone (P < 0.05, P < 0.01, Fig. 3h). It was suggested that,
in the PDE rat model, the serum endogenous corticosterone level
and testicular IGF1 expression were continuously decreased
before and after birth, showing GC-IGF1 axis consistent change

accompanied by the alterations of GRα/miR-124-3p/Hdac5 path-
way and Igf1 histone acetylation level (H3K14ac) in testis.

Effects of chronic stress on serum corticosterone level,
testosterone synthesis, and the related index regulated-testicular
Igf1 epigenetic modification in offspring rats
We intend to further use adult rats with chronic stress to confirm
the GC-IGF1 axis consistent change and its related epigenetic
mechanism. The offspring rats were treated with chronic stress
(ice-water swimming for 2 weeks at PW10) to increase the serum
corticosterone level and then related epigenetic regulating
indexes of Igf1 were detected. The results showed that the serum
corticosterone concentration in the control group with chronic
stress increased by about 1.25 times and that in the PDE group
with chronic stress was about 2 times (P < 0.05, P < 0.01, Fig. 4a).
Meanwhile, compared with the respective groups without chronic
stress, the expression of testicular Igf1 and steroidogenesis-related
genes (StAR and 3β-hsd) (P < 0.05, P < 0.01, Fig. 4b, c), intra-
testicular testosterone were significantly decreased in the control
group with chronic stress but significantly increased in the PDE
group with chronic stress (P < 0.05, Fig. 4d); and serum
testosterone concentrations were significantly decreased in the
control group with chronic stress but has no significant changes in
the PDE group with chronic stress (P < 0.05, Fig. 4e). These results
indicated that the testicular GC-IGF1 axis of the normal offspring
rats showed negative changes, while that of the PDE offspring rats
showed positive changes.
Furthermore, we detected the related index regulated-testicular

Igf1 epigenetic modification (Fig. 4f–i). Compared with the
respective groups without chronic stress, the testicular GRα

Fig. 2 Effects of prenatal dexamethasone exposure (PDE) on testicular histological morphology and testosterone synthesis in offspring
rats. a Testicular morphology (H&E, 200×, n= 5, red arrow showed the disordered arrangement of Leydig cells); b Leydig cell numbers by IF
(white arrow showed the 3β-HSD positive cells stained by red, 400×, n= 5); c, d Testosterone levels by ELISA assay (n= 8); e Testicular
steroidogenic genes’ expression by qRT-PCR (n= 8); f StAR protein expression by IHC (yellow arrow showed the StAR positive cells stained by
brown, 200×, n= 5). Mean ± SEM. *P < 0.05, **P < 0.01 vs. control. PDE, prenatal dexamethasone exposure. StAR steroidogenic acute regulatory
protein, P450scc cytochrome P450 cholesterol side-chain cleavage, 3β-hsd 3β-hydroxysteroid dehydrogenase, 17α-hsd1 17α-hydroxysteroid
dehydrogenase 1, 17β-hsd3 17β-hydroxysteroid dehydrogenase 3, GD gestational day, PW postnatal week, IF immunofluorescence, IHC
Immunohistochemistry, ELISA enzyme-linked immunoabsorbent assay, qRT-PCR quantitative real-time PCR.
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expression in control and PDE offspring rats with chronic stress
were both increased (P < 0.01); In control groups with chronic
stress, miR-124-3p expression showed no significant change,
Hdac5 expression was increased and H3K14ac level of Igf1
was decreased (P < 0.01); In PDE groups with chronic stress, miR-
124-3p and H3K14ac level of Igf1 were increased, while Hdac5
expression was reduced (P < 0.01). We found that PDE offspring
was exposed to low corticosterone after birth, and miR-124-3p/
Hdac5/Igf1 signal was inhibited. However, after chronic stress in
PDE adult offspring, miR-124-3p/Hdac5/Igf1 signal was activated
with the increase of blood corticosterone level. Therefore, we
proposed that “GC-IGF1 expression showed consistent changes
after birth, and miR-124-3p/Hdac5/Igf1 signal showed corticoster-
one/GRα-dependent changes”. Taken together, the GC-IGF1 axis
showed a consistent change in the PDE adult offspring, and the
miR-124-3p/Hdac5/Igf1 histone acetylation exhibited corticoster-
one/GRα-dependent changing.

Effects of corticosterone on testosterone synthesis and the
related index regulated-testicular Igf1 epigenetic modification in
TM3 cells
Based on the serum corticosterone level of fetal rats (189.28 ng/
mL or 541.06 nM), we used 500 nM corticosterone as the
physiological concentration corticosterone. To confirm the effects
of corticosterone at lower than physiological concentration on
testosterone synthesis function in Leydig cells, we treat TM3
Leydig cells with different concentrations of corticosterone (500,
250, 125, and 62.5 nM). The results verified that corticosterone at
lower than physiological concentration (<500 nM) can significantly
inhibit testosterone production, StAR and Igf1 expression in Leydig
cells (P < 0.05, P < 0.01, Fig. 5a–c). Meanwhile, we also detected the
effects of corticosterone at lower than physiological concentration
on GRα/miR-124-3p/Hdac5 pathway and Igf1 H3K14ac level.
Compared with the physiological concentration group, corticos-
terone at lower than physiological concentration can induce the
decreased GRα and miR-124-3p expression, increased Hdac5

expression, and the decreased H3K14ac of Igf1, the above indexes
all showed concentration-dependent changes (P < 0.05, P < 0.01,
Fig. 5d–g). It suggested that corticosterone at lower than
physiological concentration can regulate testosterone synthesis
through GRα/miR-124-3p/Hdac5/Igf1 pathway in Leydig cells.

Corticosterone at lower than physiological concentration inhibits
testosterone synthesis through GRα/miR-124-3p/Hdac5/Igf1
pathway
To confirm the GRα/miR-124-3p/Hdac5/Igf1 pathway is involved
in the inhibited testosterone synthesis of Leydig cells induced
by corticosterone at lower than physiological concentration, we
treated TM3 cells with exogenous IGF1, Hdac5 siRNA, miR-124-3p
mimics and GRα plasmid. The results showed that exogenous
IGF1 supplementation could significantly reverse the inhibitory
effect of corticosterone at lower than physiological concentra-
tion on StAR expression and testosterone production in Leydig
cells (P < 0.05, P < 0.01, Fig. 6a, b). Hdac5 siRNA could increase
the H3K14ac and expression levels of Igf1 and StAR expression
(P < 0.05, P < 0.01, Fig. 6c–e). Moreover, miR-124-3p mimics
significantly reduced the high expression of Hdac5 induced by
corticosterone at lower than the physiological concentration (P
< 0.01, Fig. 6f). A luciferase reporter assay was used for the
analysis of direct regulation of Hdac5 by miR-124-3p. Synchro-
nous transfection of miR-124-3p mimics and WT 3′-UTR of Hdac5
evidently attenuated the luciferase signals, whereas no differ-
ence was detected in groups treated with Mut 3′-UTR of Hdac5
or NC vector (P < 0.01, Fig. 6g). Furthermore, we found that GRα
plasmid can partly reverse the changes of miR-124-3p, Igf1 and
StAR expression induced by corticosterone at lower than
physiological concentration. The above results showed that
corticosterone at lower than physiological concentration
reduced miR-124-3p expression by inhibiting GRα, and targeted
to up-regulate Hdac5, then reduced the H3K14ac level and
expression of the Igf1, mediating the decrease of StAR
expression and testosterone production.

Fig. 3 Effects of prenatal dexamethasone exposure (PDE) on serum corticosterone level and the related index regulated-testicular Igf1
epigenetic modification in offspring rats. a The serum corticosterone level by ELISA assay (n= 8); b, e, g, h The expression of GRα/miR-124-3p/
Hdac5/Igf1/StAR signaling pathway by qRT-PCR (n= 8); c, f The protein expression of IGF1 and HDAC5 by Western blotting (n= 3); d The
H3K14ac level of Igf1 by ChIP-PCR (n= 3). Comparisons between groups were performed using Student’s t test, mean ± SEM. *P < 0.05, **P <
0.01 vs. control. Igf1 insulin-like growth factor 1, Hdac5 histone deacetylase 5, H3K14ac histone 3 lysine 14 acetylation, GRα glucocorticoid
receptor α, GD gestational day, PW postnatal week, qRT-PCR quantitative real-time PCR.
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DISCUSSION
According to studies, pregnant women with signs of preterm at
gestation weeks 24th–34th are treated with dexamethasone to
promote lung tissue maturation and reduce other complications,
such as respiratory distress syndrome [28, 29]. The classic clinical
application of dexamethasone in the treatment of premature
infants is an intramuscular injection of 6 mg per 12 h, for a total of
4 times. Combined with the dose conversion between humans
and rats (1:6.16) [30], prenatal treatment with dexamethasone in
rats at 0.2 mg·kg−1·d−1 in this study is comparable with that used
in humans at 0.03 mg·kg−1·d−1, while the standard dose of
dexamethasone in clinical treatment during pregnancy is 0.05–0.2
mg·kg−1·d−1[31]. Moreover, ~1/3 treatment of pregnant women
changes from preventive to continuous administration due to the
difficulty in early diagnosis of preterm delivery and the inefficacy
of a single course, resulting in multiple courses of treatment, even
more than 11 courses [32, 33]. Besides, testicular morphological
development in rats gradually forms from GD9.5, and then enters
the masculinization window (GD14-18) and has the testosterone
synthesis function [34]. Therefore, (1) to simulate the time of
clinical administration of dexamethasone in the middle and late
stages of pregnancy for the treatment of threatened preterm labor
and (2) the characteristics of testicular development, we
subcutaneously administered 0.2 mg·kg−1·d−1 dexamethasone
on GD9-20 to establish the PDE rat model. Studies have shown
that multiple courses of steroid treatment can affect placental and
fetal growth, which may be caused by changes in related factors

of maternal blood circulation [35, 36]. It has important theoretical
value and clinical significance by using the PDE rat model to
explore the short and long-term harm of testicular developmental
toxicity and its intrauterine programming mechanism. In this
study, dexamethasone was given continuously in the middle and
late stages of pregnancy. However, in clinical practice, dexa-
methasone is given intermittently in the middle and late stages of
pregnancy. This research method is somewhat divorced from
clinical practice, which to some extent limits the guiding
significance of this study conclusions for clinical practice, and this
is the deficiency of this study.
It has been reported that PDE can result in low blood cortisol

levels in mother marmosets (primates) [37]. Our previous studies
also showed that PDE can reduce blood corticosterone concen-
tration in maternal rats [7]. Due to the endogenous glucocorti-
coids in fetal blood mainly derived from mother [38], it suggested
that the decreased fetal blood corticosterone was related to the
decreased maternal blood corticosterone in the PDE model.
Studies have shown that the adult offspring following prenatal
dexamethasone exposure in the maternal spiny mouse have
abnormal adrenal reticular zone and reduction of steroid
production [39]. Our results also showed that PDE can cause
decreased serum corticosterone concentration in puberty (PW12)
and adulthood (PW28), which may be associated with adrenal
dysplasia in PDE offspring rats [7]. Glucocorticoids at physiological
concentrations are known to promote multi-organ maturation,
including lungs, heart, and epididymis [40, 41]. Adrenalectomy

Fig. 4 Effects of chronic stress on serum corticosterone level, testosterone synthesis, and the related index regulated-testicular Igf1
epigenetic modification in offspring rats. a The serum corticosterone level by ELISA assay (n= 8); b, c, f–h The expression of GRα/miR-124-3p/
Hdac5/Igf1/StAR signaling pathway by qRT-PCR (n= 8); d, e Testosterone levels by ELISA assay (n= 8); i The H3K14ac level of Igf1 by ChIP-PCR
(n= 3). Comparisons between groups were performed using Student’s t test and ANOVA analysis, Mean ± SEM. *P < 0.05, **P < 0.01 vs. control.
StAR steroidogenic acute regulatory protein, P450scc cytochrome P450 cholesterol side-chain cleavage, 3β-hsd 3β-hydroxysteroid
dehydrogenase, 17α-hsd1 17α-hydroxysteroid dehydrogenase 1, 17β-hsd3 17β-hydroxysteroid dehydrogenase 3, Igf1 insulin-like growth
factor 1, H3K14ac histone 3 lysine 14 acetylation, Hdac5 histone deacetylase 5, GRα glucocorticoid receptor α, qRT-PCR quantitative real-
time PCR.
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could induce abnormal testicular morphology and sperm para-
meters in rats [5]. Therefore, we speculated that corticosterone at
lower than the physiological concentration is likely to mediate
PDE-induced decreased testosterone synthesis in offspring rats.
This study confirms that serum corticosterone concentrations of
PDE offspring rats were decreased in different time points (GD20,
PW12 and PW28), and the expression levels of testosterone
synthesis-related genes (such as StAR, P450scc and 3β-hsd) were
decreased, especially the persistent decrease of StAR expression,
accompanied by decreased levels of serum testosterone and intra-
testicular testosterone. We accidentally found that the serum
corticosterone level was increased in the PDE adult offspring rats
with chronic stress, the testicular StAR expression, serum and intra-
testicular testosterone levels were also increased. In vitro,
corticosterone at lower than the physiological concentration can
significantly inhibit the StAR expression and testosterone produc-
tion in Leydig cells. Above all, PDE can induce testicular
hypofunctional development in offspring rats mediated by
endogenous glucocorticoids (corticosterone) at lower than
physiological concentration.
Testicular main endocrine function is testosterone production,

which is synthesized in Leydig cells and mainly achieved by the
cholesterol transformation through transporters and series of
steroidal enzymes, including StAR, P450scc, 3β-hsd, 17β-hsd1, and
17β-hsd3 [42]. Our previous study showed that PDE induced
testicular dysplasia mediated by decreased H3K9ac level of StAR in
male offspring rats before and after birth [9]. IGF1 is autocrine
which is also secreted by Leydig cells, IGF1 and its receptor are
involved in the regulation of proliferation, apoptosis and steroid
synthesis in multiple testicular cells [43, 44]. Our previous studies
have shown that prenatal exposure to xenobiotics (such as
caffeine, nicotine, and ethanol) can “negative” regulate the GC-
IGF1 axis in multiple organs, including adrenal, bone, and liver,
leading to intrauterine “thrifty phenotype” development and early
postnatal period “catch-up” compensatory development in off-
spring rats [2–4]. For instance, prenatal caffeine exposure induced
the fetal overexposure to maternal corticosterone, resulting in
fetal testicular IGF1 expression inhibition and testicular dysplasia.
After birth, the serum corticosterone levels were decreased and
testicular IGF1 expression were increased, the testosterone
synthesis of prenatal caffeine exposure offspring were gradually
increased from GD20 to PW12, and even exceeded the control at

PW28 (Supplementary Fig. S1). That is, the GC-IGF1 axis “negative”
regulate compensatory testicular development [15]. In this study,
we interestingly found that serum endogenous corticosterone
concentration and testicular IGF1 expression in the PDE offspring
rats on GD20-PW28 were persistently decreased; rather, with the
serum corticosterone level increased in the adult PDE offspring
with chronic stress, the above indicators were increased. In vitro, it
was further found that corticosterone at lower physiological
concentration could inhibit the Igf1 expression and testosterone
production in Leydig cells, and exogenous IGF1 could significantly
reverse the inhibited testosterone synthesis. At this point, we
proposed that there was a “positive” regulation between blood
corticosterone level and testicular IGF1 expression in the PDE rats,
which is the “GC-IGF1 axis positive programming”, which
mediated the testicular decompensatory development (persistent
testicular low-functional development) in the PDE offspring
after birth.
It is known that complex epigenetic modification (such as DNA

methylation, histone modification, and non-coding RNAs) can
cause gene expression changes and then altered multi-organ
development programming, that could be reconstructed accord-
ing to external environment effects [45, 46]. Our previous
researches have found that prenatal exposure to xenobiotics
(such as dexamethasone, caffeine, and nicotine) induced repro-
gramming of multi-organ development and homeostasis by
changing the histone acetylation of key genes in utero [47–49].
For example, prenatal caffeine exposure can inhibit the H3K14ac
level of Igf1 and its expression by high corticosterone concentra-
tion in utero, thus cause testicular dysplasia [15]. In this study, with
the corticosterone concentration increasing in the PDE offspring
with chronic stress, the H3K14ac level of testicular Igf1 and its
expression were increased, as well as the level of Igf1 and its
expression in Leydig cells. Meanwhile, dexamethasone could
directly inhibit Igf1 expression in Leydig cells, but it did not
change the H3K14ac level of Igf1 (Supplementary Fig. S2). These
suggested that dexamethasone may directly inhibit Igf1 expres-
sion in Leydig cells in utero, resulting in decreased testosterone
synthesis, but such effect cannot be sustained after birth. Above
all, corticosterone lower than physiological concentration (rather
than dexamethasone) can reduce the H3K14ac level of Igf1 to
epigenetic programming its expression before and after birth,
resulting in the persistent reduction of testosterone synthesis.

Fig. 5 Effects of corticosterone on testosterone synthesis and the related index regulated-testicular Igf1 epigenetic modification in TM3
cells. The TM3 cells were cultured in the presence of corticosterone (62.5–500 nM) for 72 h. a Testosterone concentration in cell culture
medium by ELISA assay (n= 6). b–f The expression of GRα/miR-124-3p/Hdac5/Igf1/StAR signaling pathway by qRT-PCR (n= 6). g The H3K14ac
level of Igf1 by ChIP-PCR (n= 3). Comparisons between groups were performed using ANOVA analysis, mean ± SEM. *P < 0.05, **P < 0.01 vs.

controls. StAR steroidogenic acute regulatory protein, Igf1 insulin-like growth factor 1, GRα glucocorticoid receptor α, Hdac5 histone
deacetylase 5, qRT-PCR quantitative real-time PCR.
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Fig. 6 Effects of IGF1, Hdac5 siRNA, miR-124-3p mimics, and GRα plasmid vector on the expression of StAR, Hdac5, Igf1, and miR-124-3p,
and H3K14ac level of Igf1 in TM3 cells. The TM3 cells were cultured in the presence of corticosterone (500 and 62.5 nM) with IGF1 (100 ng/
mL), Hdac5 siRNA (20 nM), miR-124-3p mimics (20 nM), and GRα plasmid vector for 72 h. a Testosterone concentration in cell culture medium
by ELISA assay; b, e, j StAR mRNA expression by qRT-PCR; f Hdac5 mRNA expression by qRT-PCR; d The H3K14ac level of Igf1 by ChIP-PCR; c, i
Igf1 mRNA expression by qRT-PCR; h miR-124-3p expression by qRT-PCR; g The association between miR-124-3p and Hdac5 by luciferase assay.
Comparisons between groups were performed using ANOVA, mean ± SEM., n= 6 for all examination indexes. *P < 0.05, **P < 0.01 vs. respective
controls. StAR steroidogenic acute regulatory protein, Hdac5 histone deacetylase 5, Igf1 insulin-like growth factor 1, H3K14ac histone 3 lysine
14 acetylation, GRα glucocorticoid receptor α; qRT-PCR quantitative real-time PCR.
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It is known that histone acetyltransferases (HATs) and HDACs
jointly regulate histone acetylation modification [50]. We had
screened a series of HATs and HDACs expression and found that
the expression of testicular Hdac4, Hdac5, Hdac7 and Hdac10 were
increased in the PDE fetal rats, but corticosterone at lower than
physiological concentration can only increase Hdac5 expression in
Leydig cells (Supplementary Fig. S3). Moreover, Hdac5 silencing
could significantly reverse the decreased H3K14ac and expression
level of Igf1, StAR expression and testosterone production caused
by corticosterone at lower physiological concentration. These
indicated that corticosterone at lower than physiological concen-
tration induced the decreased H3K14ac and expression levels of
Igf1 mediated by increased Hdac5 expression in Leydig cells.
Studies have reported that HDACs can be targeted by miRNAs to
play their roles. For instance, miR-193b-5p regulates chondrocyte
metabolism by directly targeting Hdac7 in interleukin-1β-induced
osteoarthritis [51]. Bioinformatics prediction showed that Hdac5
might be the target gene of miR-124-3p and miR-9, our results
showed that the expression of miR-124-3p in the fetal testis was
significantly inhibited in the PDE group, while the expression of
miR-9 was not significantly changed (Supplementary Fig. S4). The
expression of miR-124-3p was decreased from PW12 to PW28,
while its expression was relatively increased after chronic stress,
showing a positive correlation with the level of corticosterone. In
TM3 cells, corticosterone at lower than the physiological
concentration also significantly reduced the expression of miR-
124-3p, and miR-124-3p mimics treatment significantly reversed
the promotion effect of low corticosterone on Hdac5 expression,
and increase the H3K14ac and expression level of Igf1. Moreover,
luciferase reporter gene results showed that synchronous
transfection of miR-124-3p mimics and WT 3,-UTR of Hdac5
evidently attenuated the luciferase signals that is miR-124-3p
directly target and regulate Hdac5. Above all, corticosterone at
lower than physiological concentration up-regulated Hdac5 by
inhibiting miR-124-3p, then reduced the H3K14ac level of Igf1 and
its expression. In the screening of miRNAs in this study, we only
screened the miRNAs targeting the regulation of Hdac5 through
the bioinformatics website, without transcriptome sequencing
analysis of testicular tissue, which is a deficiency in this study.
Glucocorticoids are known to target the testis by binding

directly to GRs [52]. GRs contain two main subunits (GRα and GRβ),
GRα is thought to be the main mediator of glucocorticoids action,
and gene clusters were regulated by GRα while the presence of

endogenous glucocorticoids only [53, 54]. So, we only focus on
GRα in this study. We found that there was no significant change
of GRα expression in the PDE fetal testis, but it continued to
decrease after birth. We hypothesized that on GD20, the fetal
testis was affected by both endogenous corticosterone and
exogenous dexamethasone, but because they have opposite
regulatory effects on the GRα expression, so there was no
significant change in the GRα expression in the fetal testis during
the intrauterine period. Moreover, the direct effect of dexametha-
sone on GRα in intrauterine masked the role of endogenous
corticosterone at lower concentrations. And there are only
endogenous corticosterone at lower than physiological concen-
tration had effects on GRα when the effect of dexamethasone is
removed after birth. In this study, we also detected GRβ expression
at the same time, and found that the expression of GRβ was
decreased at PW12, while the expression of GRβ was not
significantly changed at PW28 and GD20 (Supplementary Fig. S5).
In Leydig cells, we further found that corticosterone at lower than
physiological concentration can inhibit GRα expression. In addition
to activating protein-coding genes, GR is also involved in
regulating the expression of short non-coding RNAs including
miRNAs [55]. We proved that the inhibition ofmiR-124-3p and StAR
expression in Leydig cells by low levels of corticosterone was
partially reversed by GRα overexpression. Taken together,
corticosterone at lower than physiological concentration reduced
miR-124-3p expression by inhibiting GRα, and then miR-124-3p
targeted to up-regulate Hdac5, thereby reducing the H3K14ac
level of Igf1 and its expression, leading to the decreased StAR
expression and testosterone production.
In conclusion, we creatively found that intrauterine glucocorti-

coids at lower than physiological concentration could reduce
testicular IGF1 expression and participate in testicular hypofunc-
tional programming in the PDE offspring, which is “GC-IGF1 axis
positive programming” (Fig. 7). In combined with in vivo and
in vitro models, we further confirmed that the GRα/miR-124-3p/
Hdac5 pathway reduced Igf1 H3K14ac level and its expression, and
then inhibited testicular StAR expression and testosterone
production. From the perspective of “GC-IGF1 axis positive
programming”, this study confirmed the long-term damage of
PDE-induced testosterone synthesis in offspring and its intrauter-
ine programming mechanism, providing a novel target and idea
for the prevention and treatment of PDE-related fetal-originated
testicular dysplasia.

Fig. 7 The “glucocorticoid-insulin-like growth factor 1 (GC-IGF1) axis positive programming” mechanism of the decreased testosterone
synthesis induced by prenatal dexamethasone exposure. GRα glucocorticoid receptor alpha, Hdac5 histone deacetylase 5, StAR
steroidogenic acute regulatory protein, H3K14ac histone 3 acetylated lysine 14.
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