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SUMMARY

Female reproductive senescence is heralded by hypothalamus region-specific changes in the
transcription of genes such as Kiss1 under estradiol (E2) positive feedback, associated with
luteinizing hormone (LH) surge dysfunction and reproductive decline. The current study explored
whether the anteroventral periventricular nucleus (AVPV) displayed epigenetic changes mediated
by age-related dysregulation of gene expression and whether an epigenetic-based intervention could
alleviate an aging-related neuroendocrine disorder. Chromatin immunoprecipitation sequencing
(ChIP-seq) and ChIP-qPCR were used to assess the differential acetylation of histone H3 in the
AVPV and the expression of genes in hormone-primed middle-aged rats. The association between
acetylated histone H3 and Kiss1 expression and the underlying mechanisms of dysregulation were
determined using pharmacological inhibitors and molecular experiments in vitro and in vivo. An
AVPV gene expression program failed to initiate in middle-aged females displaying typical genomewide hypoacetylation of histone H3, and this coincided with decreased LH. Hypoacetylation of
histone H3 at the 3' intergenic region of Kiss1 in particular was associated with enhanced chromatin
looping between the promoter and enhancer. Restoration of physiological histone H3 acetylation
by intracerebroventricular injection of trichostatin A (TSA) restored the expression of Kiss1 by
modifying chromatin looping and led to the restoration of Kiss1 neuronal activation and Kiss1
synthesis as well as circulating LH. These findings have revealed novel epigenetic-associated
changes in gene expression in female reproductive aging. These results also suggest that HDAC
enzyme-based treatment is a potential therapeutic approach for insufficient preovulatory LH release
in aging females.
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1. Introduction
Altered gene expression induced by estradiol (E2)positive feedback in hypothalamic anteroventral
periventricular nucleus (AVPV) neurons results
in diminished neurotransmitter output and is well
established as a key contributor to neuroendocrine
changes in reproductive aging. Female reproductive
aging is characterized by reduced gonadotropin-releasing
hormone (GnRH) neuronal activation and dysfunction
of the luteinizing hormone (LH) surge (1-4). Several
studies have yielded findings regarding understanding
of the molecular mechanisms that contribute to agerelated dysregulation of genes in the AVPV. However, an
unbiased view of diverse species undergoing reproductive

aging has revealed that such gene alterations under E2positive feedback were not caused by disparities among
ovarian steroid exposure (5), altered estrogen receptor
expression related to age (6,7), or in combination with
decreased sex steroid receptors in the hypothalamus (8).
Epigenetic regulation, and especially histone
modification, has recently been highlighted as a key
mechanism to control gene expression (9-11) and
is closely related to neuronal activation (12) and/or
dysfunction (13-16). A global view of histone acetylation
patterns has revealed a correlation between the level of
histone acetylation at specific loci and the transcriptional
activity of the gene (17-19). Hyperacetylation of histone
in the gene promoter/enhancer region leads to chromatin
organization and transcriptional activation (20,21).
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Hypoacetylation of histone H3 in the coding region
severely inhibits transcription by active genes (20) and
may represent a critical aspect of the aging process (22).
Moreover, histone acetylation is hypothesized to regulate
binding between ERα and the estrogen response element
(ERE) within the regulatory region of E2-responsive
genes, mediating their transcription (23-26). Consistent
with this hypothesis, the current authors recently
reported that under E2-positive feedback conditions,
acetylated histone H3 (AcH3)-immunoreactive (IR)
cells in the preoptic area (POA) and AVPV increased,
activating GnRH neurons for a robust LH surge (27,28).
Of particular interest, the current authors found that
females in middle age experienced differential histone
H3 acetylation (H3ac) characteristics in the two
nuclei as well as significant changes in HDACs (29),
coincident with the down-regulation of Kiss1 (anterior
hypothalamus-AVPV) and a decreased LH surge (28).
Based on these findings, more detailed and extensive
information on genome-wide changes in gene expression
related to acetylated histone H3 binding in the AVPV of
middle-aged individuals needs to be assembled.
The Kiss1 gene-encoded neuropeptide kisspeptin
in the AVPV potently drives GnRH neuronal activation
and the subsequent LH surge (30-33). Female rats that
exhibit reproductive aging display reduced total Kiss1
mRNA (34) and less Kiss1 mRNA per cell in the AVPV
as well as decreased Kiss1 cellular activation under E2positive feedback conditions (2). Under E2 positive
feedback, ERα recruitment and histone acetylated in the
Kiss1 promoter region consequently promote chromatin
looping between the promoter and enhancer (35,36),
which is associated with specific upregulation of AVPV
Kiss1. However, there are few studies on the association
between epigenetic changes and Kiss1 expression
in reproductive senescence. Therefore, the current
hypothesis is that reduced Kiss1 in the AVPV of middleaged individuals may be mainly attributed to suppressed
H3ac-induced chromatin loop formation, limiting the
potential for interaction between a remote enhancer and
a Kiss1 gene promoter.
The current study used chromatin immunoprecipitation
sequencing (ChIP-seq) analysis to characterize the
contribution of altered H3ac to impaired gene expression
in the AVPV of middle-aged females. The Kiss1 and
Period 1 (Per1) with reduced mRNA in the AVPV were
found to be epigenetically regulated via H3ac. Chromatin
looping between the promoter and intergenic region
was analyzed to determine the interaction of a Kiss1
enhancer-promoter using chromosome conformation
capture (3C) (37,38). Presented here is in vivo and in vitro
evidence that treatment with a pharmacological histoneacetylating agent increases Kiss1 mRNA expression and
avoids age-related neuroendocrine alterations. These
data provide mechanistic insight into H3ac-dependent
gene expression changes in the AVPV; Kiss1 in particular
may underlie female reproductive aging characteristics,
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thus representing a potential therapeutic target for an LH
release disorder of hypothalamic origin.
2. Materials and Methods
2.1. Animal care
Young (2-3 months) and middle-aged (9-10 months,
retired breeders) female rats (Sprague Dawley, Charles
River, Beijing) that were given free access to food and
water were divided into groups. A 12:12 L/D cycle (lights
on at 7 A.M.) was maintained. Estrous cyclicity was
monitored with a daily vaginal smear for at least 2 cycles.
Only rats with 2 regular estrous cycles (4-5 days) were
randomly assigned to groups (2,39,40). All experimental
procedures performed on animals were approved by the
Institutional Animal Care and Use Committee of Fudan
University.
2.2. Surgery and tissue harvest
2.2.1. Ovariectomy and hormone administration
After animals were anesthetized with pentobarbital
sodium (30 mg/kg, ip), an ovariectomy (OVX) was
performed. At 9 A.M. on day 7 after OVX, the females
received a daily subcutaneous injection of 2 µg estradiol
benzoate (E2; Hangxiang Inc., China) dissolved in 0.1
mL of peanut oil for two days. Forty-eight hours after
the first E2 injection, the rats were treated with 500
µg of progesterone (P; Steraloids, Inc.). This hormone
treatment protocol reliably stimulates neuron activation
and an LH surge (2,28,39,40).
2.2.2. Stereotaxic surgery and cannula placement
After OVX, rats were immobilized in a RWD
stereotaxic apparatus for cannula placement. A 22-gauge
intracerebroventricular (icv) guide cannula (RWD Life
Science, China) was positioned into the third ventricle
stereotaxically (anterior/posterior + 0.2 mm; medial/
lateral + 0.0 mm; dorsal/ventral - 9.8 mm relative to the
bregma). A 26-gauge dummy was plugged and extended
1 mm below the guide and anchored with dental acrylic
(2,39,40). The position of the guide cannula was
confirmed by dye injection and brain sectioning to track
the cannula path at the end of all experiments. Females
with an accurately placed cannula were used in data
analysis. A seven-day recovery was provided before
animals were primed with exogenous hormone.
2.2.3. Hypothalamic dissection
The brain was quickly removed and set in a chilled
stainless steel brain matrix (RWD Surgical Instrument
Co.) to cut a coronal section containing the entire anterior
hypothalamus, and the thickness was approximately 2
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mm. The AVPV block was micro-dissected out with a
microblade (Flying Eagle Razor, Gillette) and pooled in
light of experimental requirements. For example, tissue
from 10 young females was pooled into a single sample
prior to ChIP-seq or qPCR. All tissues were frozen
instantly in liquid nitrogen and transferred to a -80oC
freezer.
2.3. ChIP and qPCR

the IP sample reads per kilobase per million mapped
reads (RPKM) minus the input RPKM. As a result,
peaks indicating an increase of over 2-fold or a decrease
of more than 1/2 between the rats of different ages
were defined as differential H3ac regions. The regions
enriched with H3ac were identified using the Integrated
Genome Viewer (IGV) in alignment with the mapped
reads.
2.3.4. qPCR detection of chromatin immunoprecipitated
DNA

2.3.1. ChIP
The ChIP-IT High Sensitivity Kit (Active motif) was
used for ChIP assays. Generally, the dissected AVPV
tissues were fixed with 1% formaldehyde at room
temperature for 10 min, transferred into 500 µL of lysis
buffer, and sonicated for 10 min. Chromatin was sheared
using an Ultrasonic Processor (Sonics VCX130) and
cleared by centrifugation. The solubilized chromatin was
pulled down using anti-acetylated H3 (Millipore, 06599). The beads were rinsed and the immunoprecipitated
(IP) complex was eluted after incubation overnight.
Libraries were constructed with IP DNA and an unimmunoprecipitated control (Input) that had been refined.
2.3.2. ChIP-seq library construction and sequencing
A NEB Ultra DNA library kit was used for library
preparation, for which 50 ng of each sample was
needed. A library containing the input DNA (no IP) was
constructed. The quantity, size distribution, and purity of
the libraries were qualified using a Qubit fluorometer and
an Agilent 2100 Bioanalyzer. Sequencing was performed
by an Illumina HiSeq X Ten platform (Novogene,
Beijing, China). Approximately 30 million reads per
sample were obtained.
2.3.3. ChIP-seq data analysis and gene ontology
Quality control was performed using the Saicheng
Biology (Guangzhou, China) Sequencing Core with
the ENCODE chip pipeline (version 1.8.4). The rattus
norvegicus genome version (Rnor 6.0/rn6) was used
for mapping with BWA (version 0.7.10). Peaks of
enriched H3ac compared to the background input
were identified using MACS2 (41). BedTools (version
2.27.0) was used to manipulate basic genomic regions,
encompassing intersections, and windows (42). The
enriched peaks were annotated using ChIPpeakAnno
(43) and ChIPseeker (44) based on the rat genome. The
promoter regions were determined to be – 3 kb to + 3
kb from the position of the transcription start site (TSS).
The differential H3ac modified regions were determined
as described previously (45,46). In brief, after H3ac
regions were confirmed by BedTools (version 2.27.0),
the number of reads in those regions was normalized
with peaks within 3 kb. The signal was calculated using

ChIP-seq data were validated with ChIP-qPCR. The
input DNA sample was used for normalization. Primers
were selected within the H3Ac-enriched regions detected
using ChIP-seq (Table S1, http://www.biosciencetrends.
com/action/getSupplementalData.php?ID=122). Primers
from non-H3Ac region were used as the negative control.
Real-time qPCR was performed in triplicate using SYBR
Premix Ex Taq (Takara Biomedical Technology, Japan).
The relative amount of each amplified fragment was
evaluated according to the amplification acquired from
input DNA.
2.3.5. RNA extraction and RT-qPCR
The Neasy lipid minikit (Qiagen) was used to purify
DNA-free total RNA. The high-capacity cDNA RT kit
with ribonuclease inhibitor (Applied Biosystems) was
used to perform RT-qPCR. Gene expression was detected
with quantitative PCR using the Lightcycle Roche
480 SYBR green master mix (Roche) and the Applied
Biosystem 7700 Real-time PCR cycler. With GAPDH as
a normalizer, the quantity of the amplified transcripts was
calculated using the comparative threshold cycle method.
The mean CT values and the ΔΔCT were calculated for
duplicate samples. The primer sequences are shown
in Table S1 (http://www.biosciencetrends.com/action/
getSupplementalData.php?ID=122).
2.4. Cell culture
The GT1-7 cell line was cultured in Dulbecco's modified
Eagle's medium (DMEM; Life Technologies) containing
10% (vol/vol) FBS (Invitrogen), 100 U/mL penicillin,
and 100 μg/mL streptomycin (Sigma-Aldrich) at 37°C
in 5% (vol/vol) CO 2. Cells were cultured in media
replenished with 10% dextran and charcoal-stripped
serum 24 h before treatment. Cells were exposed to E2
(10 mol) or not exposed for 48 h and then exposed to
trichostatin A (TSA) (Sigma-Aldrich) at 200 nM for 24 h.
Control wells were processed in parallel with the vehicle.
2.5. Drug administration
For LH measurements, TSA (Sigma-Aldrich) was
dissolved in 5% dimethyl sulfoxide (DMSO) in saline
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to a concentration of 50 ng/mL, 200 ng/mL, or 500 ng/
mL. On the day of infusion, middle-aged rats received an
icv infusion into the third ventricle via microliter syringe
(RWD Life Science, China) attached with a plastic
connector. The effect of TSA (500 ng/mL) on H3ac was
observed in AVPV cells. This concentration was chosen
based on its efficacy on LH release. E2 was purchased
from Hangxiang Inc. (Wuhan, China) and prepared as
previously described (5).

primers. A loading control region was amplified with
CAGGACTGAGGGACGGAAG and GCATCCCTGCC
CTGCAAAC. The PCR workflow was as follows:
95°C for 5 min; 35 cycles of 95°C for 30 s, 60°C for 1
min, 72°C for 1 min; and final extension at 72°C for 10
min. The PCR products were detected using agarose gel
electrophoresis.

2.6. Combined fluorescence in situ hybridization (FISH)
and immunohistochemistry

Samples of trunk blood were obtained between 3
P.M. and 5:30 P.M. on the expected day of an LH
surge. Serum LH was measured using enzyme-linked
immunosorbent assay (ELISA) while LH reagents were
provided by the Beijing Sino-UK Institute of Biological
Technology (Chaoyang, Beijing).

OVX animals were treated with E2 and P and sacrificed
during the LH surge as previously described (39,40).
Blood was collected, and animals were decapitated. The
brain was instantly removed, cryopreserved on dry ice,
and stored at -80°C until cryogenic sectioning. Brains
were coronally cut into five sets of 20-μm sections,
thaw-mounted onto Superfrost-plus slides, and stored
at -80°C. One set was used for a combined FISH and
immunohistochemistry assay.
After fixation in 4% paraformaldehyde, elution
in 0.1 M phosphate buffer (pH 7.0), and immersion
in proteinase K (20 µg/mL) for 5 min, slide-mounted
sections were then placed in prehybridization buffer for
1 h and then with Fam-labeled sense and antisense RNA
probes specific to the Kiss1 sequence (sequences of
probes are listed in Table S1, http://www.biosciencetrends.
com/action/getSupplementalData.php?ID=122).
Subsequently, the hybridized sections were rinsed with 2
× SSC, 1 × SSC and 0.5 × SSC, blocked with 1% bovine
serum albumin in PBS with 0.25% TritonX-100 for 30
min, incubated overnight with rabbit anti-acetylated
histone H3 (AcH3, 1:1200, Millipore) and rabbit anti-cFos (1:100, Servicebio) antibodies in blocking solution,
and washed in PBS. After incubation with FITC antirabbit secondary antibody and counter staining with
DAPI, the sections were mounted with anti-fluorescence
quenching sealing tablets.
2.7. 3C assay
A 3C assay was performed as in previous studies (37)
with some modifications. After 600 U of Kpnl (Roche)
was digested, crosslinked chromatin was incubated
overnight at 37°C. It was then ligated in 6 mL of 1
× ligation buffer. The Kiss1 locus encompasses four
Kpnl sites; the primers flanking the Kpnl sites were
designated K1F: CATGCCAGGTTATACCC CAAC,
K1R: CAGAAGTCTGGATCACCAAC, K2F: CTGTG
TCATGAGGACGTG, K2R: GGTTCCCGTGATGAAG
TAG, K3F: GTGAGAAGAAGACA CTCGTG, K3R: C
TGGTGTTATAGCACGTTG, and K-anchor-F:
CTGGTGTTATAGCACG TTG. The chromatin
loop of the Kiss1 gene was detected using the
primer K-anchor F along with one of the other

2.8. LH assay

2.9. Statistical processing
Statistical analyses were performed using the software
GraphPad Prism 9.0. Data are expressed as the mean
± SEM. The t-test was used to detect differences in
the H3ac + and c-Fos + Kiss1 cells in the AVPV and
gene expression between groups. Analysis of variance
(ANOVA) was used to evaluate the effects of TSA on the
Kiss1 mRNA expression in GT1-7 cells and LH release.
Bonferroni or Tukey's post-hoc test was used to identify
individual group differences following ANOVA.
3. Results
3.1. Genome-wide ChIP-seq analyses revealed ageassociated epigenomic changes in the rat AVPV
Cells containing acetylated histone H3 decreased in the
AVPV of middle-aged females as previously reported
(28), but the total histone H3 did not change (Figure
S1 and S2, http://www.biosciencetrends.com/action/
getSupplementalData.php?ID=122). ChIP-seq was
performed to generate a genome-wide landscape of H3ac
in the AVPV for OVX middle-aged and young rats that
were exposed to E2-positive feedback (Figure 1A). Peak
calling analysis was performed using a model-based
analysis for ChIP-seq with a false discovery rate (FDR)
< 0.05. In total, 91,708 and 143,186 H3ac peaks were
identified in middle-aged and young rats, respectively.
As shown in Figure 1B, H3ac signals peaked within ± 3
kb from the TSS in both groups.
The feature sets spanning sub-types were defined
by genomic locations (Figure 1C) according to the
description in the ChIPseeker (44): promoter (within ± 3
kb region from the TSS), exon, intron, downstream (3 kb
downstream of the transcription termination site, TTS),
untranslated region (UTR), and distal intergenic region.
Most H3ac modification regions were distributed in the
proximal promoter region (≤ 3 kb) and distal intergenic
regions. Redistribution to both of the TSSes (≤ 3 kb)
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Figure 1. Preponderance of hypoacetylations in the AVPV of middle-aged females compared to young controls and the biological process
of hypoacetylated genes under E2 positive feedback. (A) Schematic illustration of the experimental design. Chromatin immunoprecipitation
was performed in the AVPV of E2-primed middle-aged and young rats, followed by next-generation sequencing (ChIP-seq). (B) Profiles of
the active genes (H3ac enrichment) around the TSS. Heatmap showing the H3ac signal from 3 kb upstream to 3 kb downstream of H3ac peaks
in middle-aged and young females after normalization. (C) Functional annotation plot showing the age-related differential proportion of H3ac
regions with several genomic features. (D) Pie chart showing the genome-wide distribution patterns of differential H3ac-binding sites in the
AVPV in the middle-aged and young groups. Arrows represent sites displaying a significant E2-induced increase (red) or decrease (blue) in H3ac
binding. (E) The H3ac-binding gene expression pattern in the AVPV of middle-aged and young rats around + 3.0 kb of the TSS. The difference
in counts between groups was evaluated using the scatter plot of log2 (RPKM). Red and blue dots represent 3.0 kb upstream of the TSS with
different hypoacetylated or hyperacetylated signals in the AVPV of middle-aged animals compared to the controls, while grey dots correspond
to unchanged H3ac modification in the AVPV. (F and G) Functional enrichment analysis performed with DAVID on the genes associated
with hypoacetylated regions were compared in middle-aged and young rats. GO biological processes and KEGG pathways related to histone
modification and hormone secretion are shown. The significance is indicated as the log10 P value.

and remote intergenic regions was noted in middle-aged
females (Figure 1C). Peaks with an increase of over 2-fold
or a decrease of more than 1/2 between middle-aged and
young females were subsequently defined as differential
H3ac regions. As shown in Figure 1D, the H3ac-binding
signals markedly decreased in middle-aged rats, and most
of the peaks found in the promoter, intergenic, and intron
regions were 13,890, 25,265 and 22,118, respectively.

The H3ac-binding up regions located in those regions
were 1219, 6382 and 3083, respectively.
Most of the H3ac-binding down regions were
enriched within ± 3 kb from the TSS (Figure 1B), so the
differentially H3ac-associated genes between the two
groups were assessed (Figure 1E), and a scatter plot of
log2 (RPKM) was prepared. Two thousand eight hundred
and seventy-three genes were identified as down-
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regulated (16.9%) in the AVPV of middle-aged rats, 2,749
genes were up-regulated (16.2%), and the expression of
11,340 genes did not change (66.9%) (Figure 1E).
Gene ontology (GO) term enrichment analysis was
subsequently performed and revealed distinct functional
categories for the H3ac-associated gene lists. Within the
category of biological processes of the hypoacetylated
genes, histone modification and the regulation of
hormone secretion were listed as related functions (Figure
1G). Regarding the Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways, the hypoacetylated
genes were participants in the mitogen-activated
protein kinase (MAPK), neurotransmitter, and hormone
signaling pathways (Figure 1F). The top 20 significantly
downregulated genes and pathways are shown in Figures
S3 and S4 (http://www.biosciencetrends.com/action/
getSupplementalData.php?ID=122).

modification including Per1, Per2, Bmal1, and Clock
in the AVPV of middle-aged rats (for a representative
Integrative Genome Viewer view, see Figure 2B). This
finding was confirmed using ChIP followed by qPCR
to show that hypoacetylated histone H3 is associated
with a significant reduction in Kiss1, Per1, and Per2
mRNA (Figure 2C) in middle-aged rats. Consistent with
these findings, a 2-fold decrease in Kiss1 and a 1.5fold decrease in Per1 was revealed by qPCR validation
analysis versus young controls (Figure 2D, P < 0.05,
respectively). ChIP-qPCR using primers from nonH3Ac regions revealed no significant differences (data
not shown). Overall, these experiments identified several
genes associated with the hormone-mediated LH surge
and reproductive regulation and with the altered H3ac
profile in the AVPV of middle-aged females undergoing
a reproductive decline.

3.2. Histone H3 hypoacetylation in the loci of Kiss1 and
Per1 genes in middle-aged rats

3.3. Suppressed H3ac in AVPV Kiss1 cells is associated
with attenuated Kiss1 transcriptional activation in
middle-aged rats

A genome-wide view shows that impaired H3ac in
middle-aged females occurred quite homogenously
across all chromosomes (Figure 2A). Moreover,
hypoacetylated H3 was evaluated in the loci of the
pivotal genes involved in the GnRH-LH surge such as
Kiss1 and circadian clock genes with functional histone

FISH and immunofluorescence revealed that the cells
expressing Kiss1 mRNA were abundant in the AVPV
(Figure 3A), but few of them were H3ac+ in young and
middle-aged OVX rats (Figure 3A-a and g). In line with
a previous study (28), the AVPV from young females

Figure 2. Altered chromosomal distribution of H3ac reads and acetylation signatures in the AVPV of middle-aged rats. (A) Chromosome
ideogram showing the level of H3ac peaks across the chromosomes of middle-aged female rats compared to young female rats. The color key
from blue to red indicates low to high relative levels of H3ac, respectively. (B) Representative tracks of Kiss1 and Per1 ChIP-seq data showing
pronounced loss of the H3ac signal in the AVPV of middle-aged rats. (C) Chromatin was isolated from the AVPV removed from middle-aged (n
= 4) and young (n = 4) females. ChIP-qPCR experiments performed in the two groups of animals. Unpaired Mann-Whitney t-test. (D) qRT-PCR
analyses using primers against the genes listed were performed in AVPV tissues of young (n = 4) and middle-aged offspring (n = 4). Unpaired
Mann-Whitney t-test. Data in (C) and (D) are expressed as the mean ± SEM. *P < 0.05.
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primed with E2 exhibited a marked increase in H3ac
immunoreactivity and H3ac+ was strikingly identified
within Kiss1 cells. Detailed quantification subsequently
revealed that approximately 42% of Kiss1-expressing
cells located in the AVPV were H3ac+ (P < 0.001, Figure
3A-f and l). However, H3ac+ induced in AVPV Kiss1
cells by E2 was disrupted to approximately 24% in
middle-aged females (Figure 3A-l and o, P < 0.001). The
percentage of H3ac+ Kiss1 cells decreased markedly by
approximately 60% compared to that in young controls
treated with E2.
Given the close association between histone
acetylation and chromatin accessibility and the
transcriptional activity of cells (20,36,47), whether
the suppressed H3ac in AVPV Kiss1 cells observed in
middle-aged females (Figure 3A-l and o) was associated
with a parallel decline in Kiss1 transcriptional activation
was determined next. C-Fos immunoreactivity was used
as a marker for Kiss1 neuronal activation in the AVPV
(Figure 3B) based on previous studies by the current
authors (39,40). Approximately 32% of AVPV Kiss1
cells from E2-primed young females had c-Fos+ nuclei

(Figure 3B-a and c). FISH and IF profiles revealed
marked impairment in c-Fos immunoreactivity in middleaged rats (Figure 3B-d, P < 0.05); that is, the percentage
of c-Fos+ Kiss1 cells decreased to approximately 20%
(Figure 3B-b and c, P < 0.05).
3.4. TSA promotes Kiss1 transcription and counteracts
neuroendocrine dysfunction in middle-aged females by
enhancing H3ac
ChIP-seq analyses pointed to a preponderance of
hypoacetylation in the AVPV of middle-aged rats, so
the therapeutic potential of TSA was examined next
(Figure 4). The effects of TSA on Kiss1 expression in
GT1-7 cells were first tested using a mouse-derived
immortalized GnRH-secreting neuronal cell line (Figure
4A-a). E2 exposure (10 mol) induced a significant 20fold increase in Kiss1 expression in the cell line. Kiss1
mRNA increased significantly in GT1-7 cells as a result
of TSA (200 nmol). Moreover, the level was strikingly
upregulated by the simultaneous presence of both TSA
and E2 (Figure 4A-b). Thereafter, cycling middle-aged

Figure 3. Middle-aged female rats exhibit suppressed histone H3ac in Kiss1AVPV associated with reduced c-Fos expression. (A) Confocal
representative photomicrographs showing Kiss1 and H3ac immunoreactivity in the AVPV. 3V, third ventricle. Bars, 10 μm. (a–f) and (g-l)
Kiss1AVPV cells with (white solid triangles) or without H3ac (yellow open triangles) in young and middle-aged rats primed with E2 or oil, as
determined by FISH combined with IF (Kiss1 mRNA, red; H3ac, green). (m-n) and (o-p) Quantitative analysis of the percentage of H3ac+
Kiss1AVPV cells in young (n = 4) and middle-aged females (n = 4) after E2 or oil treatment. (B) C-Fos+ Kiss1 neurons decreased in the AVPV of
middle-aged females treated with E2. (a) Representative AVPV section showing Kiss1 cells expressing c-Fos in young rats. (b) Kiss1 cells lack
activation to express c-Fos in middle-aged rats. (c) and (d) Statistical analysis of c-Fos expression in Kiss1 and non-Kiss1 cells in the AVPV of
young and middle-aged rats. Bars, 100 μm. The statistical significance for all analyses was *P < 0.05; ‡P < 0.001.
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Figure 4. Histone deacetylase inhibitor TSA rescues neuroendocrine dysfunction in middle-aged females by modulating hypoacetylated
genes in the AVPV. (A) Effects of inhibitors of histone deacetylation on Kiss1 expression in the immortalized GT1-7 cell line. RT-PCR analysis
of Kiss1 gene expression in GT1-7 cells treated with 200 nM of TSA. (B) Schematic illustration of the experimental design. TSA or DMSO was
injected into the third cerebral ventricle of middle-aged rats treated with E2. (C) Mean LH levels were measured using trunk blood collected
from middle-aged (3-4 h after TSA or DMSO injection) and young rats treated with E2. (D) Icv injection of TSA enhances H3ac and improves
c-Fos expression in Kiss1AVPV. (a) Brain sections of the hypothalamic AVPV were collected. (b-i) Representative FISH combined with IF images
showing H3ac or non-H3ac in Kiss1AVPV after TSA or DMSO treatment. (j-q) Representative FISH combined with IF pictures showing c-Fos or
non-c-Fos expressed Kiss1AVPV cells in the groups treated with TSA or DMSO. (r) Quantitative analysis of the percentage of H3ac+ in Kiss1AVPV
cells in the groups treated with TSA (n = 4) or DMSO (n = 4). (s) Quantitative analysis of the percentage of Kiss1AVPV cells expressing c-Fos in
the groups treated with TSA (n = 4) or DMSO (n = 4). (E) and (F) Statistical analysis of ChIP-qPCR and qPCR data on young and middle-aged
rats treated with TSA or DMSO (n = 4, respectively). The statistical significance for all analyses was *P < 0.05; †P < 0.01; ‡P < 0.001.

rats were selected and treated with daily icv injections
of DMSO or different doses of TSA (Figure 4B). Trunk
blood samples were collected upon sacrifice of the rats
for LH measurement on the predicted day of an LH
surge. Control animals had a high level of LH release,
while 500 ng/mL of TSA restored LH release compared
to that in females treated with DMSO (P < 0.001, Figure
4C).
Next, whether TSA had a directly effect on Kiss1
neurons was examined. In line with previous data (see
Figure 3A), there were few H3ac+ Kiss1 neurons in
middle-aged rats treated with DMSO (Figure 4D-b and
f). The TSA treatment significantly induced a 1.5-fold
increase in H3ac+ Kiss1 cells in the AVPV (P < 0.05,
Figure 4D-c, i and r). Similarly, rats treated with TSA

had a marked increase in the c-Fos+ nuclei of the AVPV
Kiss1 cells by approximately 50% compared to that in
rats treated with DMSO (P < 0.05, Figure 4D-k, q and s).
Whether LH restored by TSA (Figure 4C) was associated
with an epigenetic effect of H3ac was also determined.
ChIP-qPCR assays were performed to target the different
gene loci of Kiss1, Per1, and Esr1. A marked increase in
H3ac was observed in the enhancer region of Kiss1 (P
< 0.05) and in the promoter region of Per1 as a result of
TSA (P < 0.01). Changes in H3ac were not observed at
Esr1 (Figure 4E).
To further evaluate the effect of TSA on the levels
of gene expression, qRT-PCR of Kiss1, Per1, and Esr1
was performed (Figure 4F). Levels of Esr1 transcription
were comparable among the different groups, but Kiss1
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Figure 5. Icv administration of TSA modifies chromatin loop formation at the Kiss1 gene locus in the AVPV of middle-aged rats. (A)
Diagram of the Kiss1 locus; filled boxes indicate exons, and thin dotted lines indicate introns. Kpnl restriction endonuclease sites are indicated by
vertical lines (labeled as K1–K3). Arrows show the positions of primers used in 3C assays. The thick horizontal bar indicates the region used in
loading control PCR. (B) Chromatin loop formation at the Kiss1 gene locus in the AVPV of middle-aged rats. (a) PCR for loading control. Tissue
from the AVPV was sampled in young and middle-aged OVX rats with (OVX+E2) or without E2 treatment (OVX). (b) 3C analysis of the Kiss1
locus obtained from AVPV tissue from young and middle-aged females exposed or not exposed to E2. 3C assays were performed, and the PCR
products were analyzed using agarose gel electrophoresis. The PCR products were generated using the primer K-anchor forward (K-anchor-F)
along with one of the other Kpnl primers (K1–K3) as indicated. (C) TSA induces chromatin conformational loop changes at the Kiss1 gene locus
in the AVPV of middle-aged rats. (a) PCR for loading control. Tissue from the AVPV was sampled from OVX+E2-primed middle-aged rats
injected with TSA or DMSO. (b) PCR products of a 3C assay were analyzed using agarose gel electrophoresis. Primers and PCR products were
generated as described above.

and Per1 were significantly upregulated in the group
treated with TSA (Figure 4F; P < 0.01 and P < 0.05,
respectively).
3.5. The mechanism of reduced Kiss1 gene expression
in middle-age includes changes in chromatin looping
associated with histone hypoacetylation
Chromatin access (opening) to transactivating factors
driven by histone acetylation is the major epigenetic
mechanism for gene transcription (47). Whether the
chromatin conformational loop changed at the AVPV
Kiss1 gene loci after E2 treatment was assessed using
3C primers as shown in Figure 5A. The intensity of
PCR products for the controls did not differ between the
groups (Figure 5B-a). No PCR products were observed
with the K2F-K1R, K3F-K1R, and K1F-K2R primers
in the OVX young or middle-aged groups (n = 4, Figure
5B-b), indicating that there were no looping interactions
without E2. E2 treatment increased the 3′ PCR products
with K-anchor-K3F primers (Figure 5B-b) in the AVPV
of young rats. These results indicate that chromatin loop
formation between the promoter and the 3' intergenic
region of Kiss1 is enhanced by E2. The patterns of
chromatin loop formation within the Kiss1 loci differ
between young and middle-aged rats. The PCR product
obtained using primers between the promoter and
3′ intergenic region markedly increased in the rats,

suggesting that an intense loop was formed in the 3′
region under E2-positive feedback conditions (Figure
5B-b). Whether H3ac drove the differential chromatin
looping conformation of the AVPV Kiss1 gene was
further examined in middle-aged females using TSA.
PCR products of the 3C assay with the K-anchor-K3F
primer sets displayed less intensity. The intensity of the
PCR product decreased to a level similar to that in young
females treated with E2 (Figure 5C-b), indicating that
H3ac enhancement by TSA normalized loop formation
in the 3′ intergenic region, which in turn permitted Kiss1
transcription. There were no differences in the amounts
of PCR products for the controls among the groups
(Figure 5C-a).
4. Discussion
The current study has provided the first high-throughput
sequencing profile of epigenome changes in the AVPV.
This key E2-positive feedback region is causally involved
in neuroendocrine impairment in female reproductive
aging. Given the importance of the hyperacetylation
of histones in the promoter region to gene expression
induced by steroid hormones (24,35,48,49), advanced
reproductive age heavily contributed to differential H3ac
peaks enriched by the TSS in the AVPV; a preponderance
of hypoacetylation in particular contributed to the altered
gene expression in middle-aged females under E2-
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positive feedback conditions. This conclusion is backed
up by AVPV ChIP-seq data showing the hypoacetylation
of histone H3 coupled with changes in the expression of
33.1% of genes. Despite the number of sequences and
regions involved in histone acetylation and the complex
chromatin alterations that exist alongside gene expression
(10), the current data expand our understanding that
age-dependent epigenomic changes ultimately defining
the AVPV cellular transcriptional response to E2 may
cause the dysregulation of transcriptional and chromatin
networks in advanced age. Interestingly, GO and KEGG
analyses revealed that age-related differences in histone
acetylation occurring in specific genes and pathways
were associated with reproduction and hormone secretion
as well as neurotransmitter synapses. The selective
analysis of epigenomic changes in several neuronal
and non-neuronal cells using genetic strategies such
as the fluorescently tagged technique combined with
fluorescence activated nuclear sorting (FANS) to isolate
specific cell types from the AVPV would further increase
our understanding of aging GnRH neuronal networks.
Tomikawa et al. found that increased E2-promoted
H3ac and ERα binding in the promoter region of
Kiss1AVPV positively enhanced Kiss1 gene expression
(35), suggesting that the promoter region is critical to
E2-activated Kiss1 gene expression. Bioinformatic
analysis predicted that a reduction in Kiss1 in the AVPV
of middle-aged rats was the result of the hypoacetylation
of histone H3 at the 3′ intergenic region of the Kiss1
loci. Removal of the 3' region, which is known to be a
functional estrogen-responsive enhancer for Kiss1, in
Tg-2 mice reduced GFP expression induced by estrogen
in Kiss1 (35). The acetylation of histones changes the
chromatin flexibility in the nucleus and the interaction
between the coding gene and its remote enhancer,
but a low acetylation threshold destabilizes higherorder folding, which has a similar effect to N-terminal
removal (21,50). Therefore, suppressed H3ac in the
3′ region of Kiss1 may weaken its facilitating role in
chromatin-looping conformation for Kiss1 transcription.
As indicated by the 3C assay, the interaction between
the promoter and 3′ region of Kiss1 via chromatin
looping is likely to be associated with E2-dependent
Kiss1 expression in the AVPV of young females.
H3ac decreased markedly in middle-aged rats, but an
intensified chromatin loop between the promoter and 3′
region of Kiss1 was notably detected and was associated
with reduced Kiss1 expression. These discordant findings
can be explained by the 3′ enhancer region of Kiss1,
which may be a specific locus that loses sensitivity to
E2 when females transition to middle age, or by the
hypoacetylation of histone H3, which is continuously
responsible for looping conformation but which finally
changes chromatin to an "off" state. Nevertheless,
age-associated changes in H3ac may induce a stable
repressive higher-order chromatin structure via a CCCTC
binding factor (CTCF) in the AVPV nuclei of middled-
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aged animals to suppress gene expression despite E2
positive feedback.
The current study also found that expression of a
circadian gene, Per1, was affected by the hypoacetylation
of histone H3. Previous studies have reported the
circadian regulation of higher-order chromatin formation
(37), long-range interchromosomal interplay (51),
and short-range looping at specific loci (52,53). AVPV
Kiss1 cells express Per1 with an E2-sensitive circadian
rhythm (54,55); however, whether the H3ac-mediated
suppression of Per1 ultimately limited Kiss1 expression
remains unknown. Evaluating the complex dynamics
between Per1, Kiss1, and other molecular players is an
important topic of future research.
Even more strikingly, the current results revealed that
the administration of TSA to E2-primed middle-aged rats
corrected neuroendocrine alterations and rescued GnRH/
LH release. Consistent with previous studies which
found that TSA intensified the transcription of the c-fos
and c-jun genes in neurons after kainite stimulation (56),
TSA significantly increased c-Fos activation in the Kiss1
cells of middle-aged females, suggesting an appropriate
level of histone acetylation is required to activate Kiss1
transcription. The current findings are also consistent
with those of a recent study which found that histone
hyperacetylation induced by TSA can induce Kiss1
expression in the mouse hypothalamic cell line N6 (35),
suggesting that reduced H3ac may result in negative
down-stream effects on GnRH neuron activation and
LH release. An HDAC inhibitor is clinically used for
cancer treatment (57-59). The current study cannot rule
out the possibility that TSA promoted some other gene
expression or protein acetylation in the GnRH neuronal
network, but the current results highlight the therapeutic
potential of acetylation agents as promising epigenetic
therapies to treat women with LH surge dysfunction.
Under E2 positive feedback, Esr1 is required for
E2-regulated gene expression in the hypothalamus
(6,60). Acetylation of the Esr1 hinge region manipulates
transcriptional transactivation and hormone sensitivity
(61), but the level of H3ac at the Esr1 promoter and the
Esr1 mRNA in middle-aged females is similar to that in
young females. These data do not support the contention
that decreased H3ac at the regulatory sequences of Esr1
reduces Kiss1 expression in the AVPV of middle-aged
females.
In summary, the current study provides evidence
showing that altered H3ac plays a pivotal role in agerelated neuroendocrine changes, including LH disorders.
That said, specific histone H3 lysine acetylation remains
to be determined. Other epigenetic modifications
cannot be excluded as contributing factors, but recent
studies have confirmed the unique role of H3ac in
orchestrating E2-induced gene expression under positive
feedback. Therefore, H3ac seems to be of particular
importance to transcriptional activation as characterized
by hyperacetylation along gene bodies. In addition, the
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Figure 6 Schematic representation of the proposed mechanism of epigenomic alterations modifying the expression of genes such as Kiss1 in
the rat AVPV to control female reproductive aging. This diagram shows possible epigenomic regulation of gene expression in the AVPV under
E2-positive feedback conditions. (A) In young females, the E2-ESR1 complex induces histone H3ac and opens the chromatin structure, consequently
enhancing the formation of a chromatin loop between the Kiss1 promoter and the 3′ enhancer region, promoting transcription. (B) In middle-aged
females, decreased histone H3 acetylation associated with an altered chromatin state may cause transcriptional inaction by formatting the inhibitory
chromatin loop between the Kiss1 promoter and the 3′ enhancer region.

dysregulation of H3ac in middle age is mainly found
along with reduced gene expression. Altered H3ac may
manipulate Kiss1 expression in particular by remodeling
chromatin (Figure 6). This work presents important
insights into the molecular mechanisms underlying
reduced responsiveness to E2-positive feedback in
specific regions of the hypothalamus when females
transition into perimenopause.
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