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1  |  INTRODUC TION

It has been nearly two decades since the first report of epigene-
tic aberration in endometriosis and, as such, the proposal that en-
dometriosis may be an epigenetic disease.1 Since then, many other 

epigenetic aberrations in endometriosis as well as in adenomyosis 
have been reported.2–7 Moreover, it becomes evident that many 
genes/proteins involved in epigenetic modifications, such as histone 
deacetylases (HDACs),8,9 DNA methyltransferases (DNMTs),10,11 
and various histone modifiers,12–17 are also aberrantly expressed 
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Abstract
Purpose: To screen Zn2+-dependent histone deacetylase (HDAC) 1-11 in endome-
triotic cells and then evaluated the HDACs identified from the screening in ovarian 
endometrioma (OE) and deep endometriotic (DE) lesions, and to evaluate the thera-
peutic potential of HDAC8 inhibition in mice.
Methods: Quantification of gene and protein expression levels of HDAC1-11 in en-
dometriotic cells stimulated by TGF-β1, and immunohistochemistry analysis of Class 
I HDACs and HDAC6 in OE/DE lesion samples. The therapeutic potential of HDAC8 
inhibition was evaluated by a mouse model of deep endometriosis.
Results: The screening identified Class I HDACs and HDAC6 as targets of interest. 
Immunohistochemistry analysis found a significant elevation in HDAC8 immunostain-
ing in both OE and DE lesions, which was corroborated by gene and protein expres-
sion quantification. For other Class I HDACs and HDAC6, their lesional expression 
was more subtle and nuanced. HDAC1 and HDAC6 staining was significantly elevated 
in DE lesions while HDAC2 and HDAC3 staining was reduced in DE lesions. Treatment 
of mice with induced deep endometriosis with an HDAC8 inhibitor resulted in signifi-
cantly longer hotplate latency, a reduction of lesion weight by nearly two-thirds, and 
significantly reduced lesional fibrosis.
Conclusions: These findings highlight the progression-dependent nature of specific 
HDAC aberrations in endometriosis, and demonstrate, for the first titme, the thera-
peutic potential of suppressing HDAC8.
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in ectopic endometrium. Following on the heels of the discovery of 
various epigenetic aberrations, pharmacological options have been 
sought to rectify these anomalies. In particular, HDAC inhibitors 
(HDACIs) have been demonstrated in preclinical studies by many 
groups to be a promising therapeutic.5,18–31 This led to the encour-
aging reports of the use of valproic acid (VPA), an HDAC inhibitor, in 
treating adenomyosis.32,33 Unfortunately, however, there has been 
no independent validation so far.

Given the strong undercurrent, which surfaced only recently, 
against hormonal drugs among patients with endometriosis34 and 
the stagnation in developing non-hormonal drugs for endometriosis/
adenomyosis,35,36 the apparent lack of continuation of this line of re-
search is somewhat unsettling. Naturally, the long expired patent of 
VPA certainly provides little financial incentive to any pharmaceuti-
cal company interested in sponsoring a trial to further test this drug.

Granted, VPA is a Category D drug and is contraindicated for 
those who are pregnant or plan to. However, it has a fast clearance 
rate, with a half-life ranging from 5 to 20 h. In addition to its desirable 
antiproliferative and anti-inflammatory propensity and its capability 
to reactivate silenced PR-B,5 VPA has been shown to suppress uter-
ine contraction24,37 and contain fibrosis.38–42 Uterine hyperactivity 
is a well-recognized contributor to dysmenorrhea,43 and fibrosis 
has emerged fairly recently as one important hallmark of endome-
triosis.44,45 VPA also has been reported to alleviate neuropathic 
pain.46,47 These desirable properties make VPA a very promising 
therapeutic for treating endometriosis and adenomyosis.

Nonetheless, VPA is by no means the best drug in its class. More 
importantly, further research is needed to identify exactly which 
HDACs are actively involved in lesional progression and fibrogen-
esis since histone acetylation is an integral part of epigenetic modi-
fication and is synergistically regulated by histone acetyltransferase 
(HAT) and HDAC. To date, 18 human HDACs have been identified, 
which are grouped into four classes based on their sequence ho-
mology and domain organization: Class I (HDAC1-3, and 8), Class II 
(HDAC4-7, 9 and 10), Class III (SIRT1-7) and Class IV (HDAC11).48 
Classes I, II, and IV HDACs are Zn2+-dependent and are often called 
classical HDACs.48 In contrast, Class III HDACs use NAD+ as a cofac-
tor for catalytic activity. Of note, existing HDACIs do not directly af-
fect the activity and function of Sirtuins,49 and VPA is a Classes I and 
II HDAC inhibitor.50,51 In other words, VPA inhibits more than one 
HDAC yet it is unclear exactly which HDACs are actively involved in 
lesional progression.

In endometriosis, the precise role of HDACs is still poorly un-
derstood. Even for the most studied Class I HDACs, there are con-
flicting reports of their aberration in endometriosis. For example, 
while both HDAC1 and HDAC2 are reported to be overexpressed 
in endometriosis,52 a later report only found HDAC1 overexpres-
sion.8 Apparently, in order to pave the way for the use of HDACIs as 
therapeutics, it is necessary to delineate the roles of each individual 
HDACs in endometriosis.

Given the importance of fibrogenesis in endometriosis,44,45 and 
in view of the roles of HDACs in different fibrotic disorders, such 
as heart,53 lung,39 liver,54,55 and renal56 fibrosis, we believe that it 

is necessary to further investigate HDACs in endometriosis. This 
is especially timely since many studies have shown that various 
HDACs, such as HDAC1,57 HDAC2,58–60 HDAC3,61 HDAC4,62,63 
HDAC6,64,65 HDAC7,66 and HDAC8,67 play important roles in 
epithelial-mesenchymal transition (EMT), fibroblast to myofibro-
blast transdifferentiation (FMT), and mesothelial to mesenchymal 
transition (MMT)—and these processes have been documented to 
drive the progression of endometriosis.45,68 Since different HDAC 
subtypes appear to accelerate or decelerate fibrogenesis in different 
diseases or in a redundancy manner, and HDACIs have therapeutic 
potential in fibrosis-associated diseases,69 identification of specific 
HDAC subtypes that drive EMT, FMT, and fibrogenesis becomes a 
pressing prerequisite for drug development for endometriosis.

In this study, we tasked ourselves to screen Classes I, II, and IV 
HDACs in endometriotic epithelial and stromal cells that are stimu-
lated by the archetypical profibrotic cytokine, transforming growth 
factor β1 (TGF-β1), that is known to induce EMT, FMT, smooth mus-
cle metaplasia (SMM) and MMT in endometriosis.68,70,71 We then 
evaluated the HDACs identified from the screening in ovarian en-
dometrioma (OE) and deep endometriotic (DE) lesions. Based on 
the results thereof, we conducted a serial mouse experiment and 
evaluated the lesional staining of Class I Hdacs and Hdac6, and eval-
uated the effect of Hdac8 activation and suppression on lesional 
development—but this part is reported elsewhere.72 We also eval-
uated the therapeutic effect of suppression of HDAC8 in mice with 
induced deep endometriosis.

2  |  METHODS AND MATERIAL S

2.1  |  Human tissue samples

After written informed consent, two sets of endometriotic tissue 
samples were obtained. The first set consisted of 13 patients with 
histologically confirmed OE and 11 patients without (Table  S1). 
The tissue samples were used to derive primary endometriotic/
endometrial stromal cells (see below). The second set consisted of 
58 premenopausal women with laparoscopically and histologically 
diagnosed endometriosis without other gynecological diseases (ex-
cept adenomyosis and uterine fibroids), who received no hormonal 
treatment at least 3 months before the surgery. These patients were 
recruited consecutively from December 2018 to May 2020 and 
received operations in the OB/GYN Hospital of Fudan University. 
Among these patients, 38 of them were operated on for OE, and 
the remaining 20 for DE. As controls, endometrial tissue samples 
were obtained after written informed consent from 24 cycling 
women, roughly age- and menstrual phase-matched with patients in 
the OE or DE group, who underwent surgery for cervical squamous 
intraepithelial lesion but were free of endometriosis, adenomyosis, 
and uterine abnormalities.

For all recruited participants, information on the phase of the 
menstrual cycle, the severity of dysmenorrhea (on a verbal descrip-
tor scale, namely, none, mild, moderate, and severe), gravidity, parity, 
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revised American Society for Reproductive Medicine Classification 
of Endometriosis (rASRM) stage (for endometriosis patients only) 
and co-occurrence of adenomyosis or uterine fibroids were re-
trieved. None of the recruited participants were smokers or heavy 
drinkers. This study was approved by the Ethics Review Committee 
of Shanghai Obstetrics and Gynecology Hospital, Fudan University 
(on file). The characteristics of the recruited participants are listed 
in Table 1.

2.2  |  Cells and reagents

The endometriotic epithelial cell line (11Z), established by 
Professor Anna Strazinski-Powitz,73 was a gift kindly provided by 
Dr. Jung-Hye Choi of Kyung Hee University, Seoul, Republic of 
Korea. Cells were cultured in RPMI 1640 medium (Gibco, Grand 
Island, NY, USA) supplemented with 5% fetal bovine serum (FBS) 
(Gibco), 100 IU/mL penicillin G, 100 mg/mL streptomycin, and 
2.5 μg/mL Amphotericin B. Human primary endometriotic stromal 
cells derived from ovarian endometrioma (hESCs) were cultured 
as reported previously.70 Normal human endometrial stromal cells 
(NESCs) were cultured using the same protocol. Briefly, both nor-
mal and ectopic endometrial tissues were washed with phosphate-
buffered saline (PBS) and minced into pieces as small as possible. 
The minced tissues were then enzymatic digested with 0.2% col-
lagenase IV (Sigma, St. Louis, MO, USA) and incubated in a shak-
ing bed for 1.5 h at 37°C. The cell components were separated by 
filtrated successively through a 76-mm and then a 37-mm nylon 
mesh (Falcon, Corning, NY, USA). The filtrated cells were centri-
fuged and resuspended in Dulbecco's modified Eagle's medium/
Ham's F-12 medium (DMEM/F-12, Hyclone, South Logan, UT, 
USA) supplemented with 10% FBS, 100 IU/mL penicillin, 100 mg/
mL streptomycin, and 2.5 μg/mL Amphotericin B. Cell were seeded 
into 25-cm2 cell culture flasks and incubated in a humidified at-
mosphere of 5% CO2 at 37°C. Their purity was verified by whole-
cell immunochemical staining as reported previously.70 All cells 
were cultured in a humidified incubator at 37°C, with 5% CO2 in 
the air. Human recombinant TGF-β1 was purchased from Abcam 
(Cambridge, UK). The choice of the concentration of TGF-β1 used 
in this study, that is, 10 μM, was based on previous reports.74,75

2.3  |  RNA isolation and quantitative polymerase 
chain reaction (qPCR)

Total RNA was extracted from cells and converted directly into 
cDNA using an EZ-press Cell to cDNA Kit (B0003C, EZ Bioscience, 
Roseville, CA, USA). The mRNA abundance was evaluated by 
SYBR Green qPCR Master Mix (A0001-R, EZ Bioscience). The ex-
pression of target genes was measured by quantifying the mRNA 
abundance, and the expression values were normalized to the 
expression of GAPDH. The names of genes and their primers are 
listed in Table S2.

2.4  |  Western blot analysis

For total protein extraction, we added 60–100 μL of Radio-
Immunoprecipitation Assay (RIPA) buffer (Yeasen Biotech, Shanghai, 
China) containing 1% protease inhibitor (Yeasen) onto cells seeded 
in 6-well plates and incubated on ice for 30 minutes. The cells were 
scraped, and the cell-RIPA mixture was centrifuged at ~13 400 g for 
10 min at 4°C to rid of cell debris. Protein concentration was deter-
mined using bicinchoninic acid (BCA) protein quantitative analysis kit 
(Beyotime Biotech, Shanghai, China). Protein samples were loaded 
on a 10% SDS-PAGE and transferred to 0.22 μm polyvinyl difluoride 
(PVDF) membranes (EMD Millipore, Merck, Darmstadt, Germany). 
The membranes were then incubated with the primary antibodies 
at 4°C overnight. The information on primary antibodies is listed in 
Table S3. After the membranes were incubated with secondary an-
tibodies on a shaker for 1.5 h at room temperature, the signals were 
detected with enhanced chemiluminescence (ECL) kit (New Cell & 
Molecular Biotech, Suzhou, China) and digitized on Image Quant 
LAS 4000 mini (GE, Boston, MA, USA). Image quantification was 
performed using Image J software (Version 1.53a, downloaded from 
https://imagej.net/Downl​oads).

2.5  |  Animals

Twenty-four 6-week-old virgin female Balb/C mice were purchased 
from the Shanghai Jiesijie Experimental Animal Company. All mice 
were maintained under a controlled environment with 22–25°C, 
a 12/12-h light/dark cycle, and free access to feed and water. All 
experiments were performed under the US National Research 
Council's Guide for the Care and Use of Laboratory Animals76 and 
were approved by the Institutional Experimental Animals Review 
Committee of our hospital.

2.6  |  Experimental protocol: HDAC8 
selective inhibitor

A total of 24 6-week-old virgin female Balb/C mice were used. 
Among the 24 female adult Balb/C mice, eight were randomly se-
lected as donors. The remaining 16 were recipients that received 
intraperitoneal (i.p.) injection of uterine fragments and infusion of 
substance P to establish a mouse model of deep endometriosis.77 
Sensory nerve-derived neuropeptides such as substance P have 
been shown to promote lesional progression and fibrogenesis 
through EMT, FMT, and SMM,78,79 and the DE mouse model dem-
onstrates extensive fibrosis and other features that are consist-
ent with the human DE.15 We designated Day 0 as the induction 
day when mice received an (i.p.) injection of uterine fragments. 
On Day −1, mice were inserted with Alzet osmotic pumps (Model 
1004. DURECT Corp, Cupertino, CA, USA) containing substance 
P (0.1 mg/kg/day, ab120170, Abcam). The pump ensured the 
uniform and controlled release of contents within. As reported 

https://imagej.net/Downloads
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previously,80 after anesthesia via i.p. injection of 2% chloral hy-
drate (v/w), we inserted the osmotic pumps on the nape of the 
recipient mice.

The recipient mice were randomly divided into two equal-
sized groups, the control and PCI-34051. PCI-34051 (HDAC8 
IC50 = 10 nM), which has >200-fold selectivity over the other HDAC 

Variable Controls (n = 24)

Ovarian 
endometrioma 
(n = 38)

Deep 
endometriosis 
(n = 20)

Age (in years) Mean = 35.9 (SD = 5.5)
median = 35; range = 28–44

Mean = 34.6NS 
(SD = 6.5)

median = 33; 
range = 24–49

Mean = 38.4NS 
(SD = 7.0)

median = 36.5; 
range = 29–49

Menstrual phase

Proliferative 14 (58.3%) 18 (47.4%)NS 10 (50.0%)NS

Secretory 10 (41.7%) 20 (52.6%) 10 (50.0%)

Parity

0 11 (45.8%) 18 (47.3%)NS 7 (35.0%)NS

1 8 (33.3%) 17 (44.7%) 12 (60.0%)

≥2 5 (20.8%) 3 (7.9%) 1 (5.0%)

Severity of dysmenorrhea

None 24 (100.0%) 18 (47.4%)*** 5 (25.0%)***

Mild 0 (0.0%) 10 (26.3%) 6 (30.0%)

Moderate 0 (0.0%) 7 (18.4%) 9 (45.0%)

Severe 0 (0.0%) 3 (7.9%) 0 (0.0%)

rASRM Stage

I NA 1 (2.7%) 0 (0.0%)

II 10 (27.0%) 0 (0.0%)

III 15 (40.5%) 0 (0.0%)

IV 11 (29.7%)
(1 missing)

20 (100.0%)

Lesion size (mm) NA Mean = 70.1 
(SD = 18.3);

median = 69; 
range = 35–123

(4 missing)

Mean = 14.4 
(SD = 14.1);

median = 10; 
range = 3–50

(6 missing)

Co-occurrence of OE

No 24 (100.0%) NA 20 (100.0%)

Yes 0 (0.0%) 0 (0.0%)

Co-occurrence of DE

No 24 (100.0%) 36 (94.7%) NA

Yes 0 (0.0%) 2 (5.3%)

Co-occurrence of adenomyosis

No 24 (100.0%) 38 (100.0%) 18 (90.0%)

Yes 0 (0.0%) 6 (0.0%) 2 (10.0%)

Co-occurrence of fibroids

No 24 (100.0%) 32 (84.2%) NS 10 (50.0%) ***

Yes 0 (0.0%) 6 (15.8%) 10 (50.0%)

Note: The comparison was made in reference to the control group. Symbols for statistical 
significance levels: NS: p > 0.05; ***: p < 0.001. Location of DE lesions: 6 (30%) in uterosacral 
ligament, 4 (20%) in rectovaginal septum, 3 (15%) in peritoneal reflection, 2 (10%) in pelvic wall, 1 
(5%) each in rectum, the infundibulopelvic ligament, and the posterior wall of uterus, and 2 (10%) 
had missing information.
Abbreviations: DE, deep endometriosis; OE, ovarian endometriomas; SD, standard deviation.

TA B L E  1 Characteristics of recruited 
patients in different groups.
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isoforms,81 is by far the most widely used selective inhibitor of 
HDAC8.82 On Day 0, all donor mice were sacrificed, and their uteri 
were harvested. To induce endometriosis, uterine tissues harvested 
from one donor mouse were processed and then injected i.p. into 
two recipient mice, one from each group. PCI-34051 was dissolved 
in normal saline containing 5% DMSO (Sigma-Aldrich), 30% PEG300 
(Sangon Biotech, Shanghai, China), and 0.5% Tween80 (Saiguo 
Biotech, Guangzhou, China). Four weeks after the induction of deep 
endometriosis, mice in the PCI-34051 group were i.p. administrated 
with PCI-34051 (20 mg/kg/day, S2012, Selleck, Houston, TX, USA), 
while mice in the control group received equal volume of vehicle for 
2 weeks.

All mice were sacrificed by cervical dislocation 6 weeks after 
the induction of deep endometriosis. The abdominal cavities were 
immediately cut open, and all visible lesions were carefully ex-
cised. The total weight of lesions from each mouse was weighed 
and fixed immediately in fixative and embedded in paraffin for 
histological and immunohistochemical analyses. Bodyweight and 
hotplate latency were evaluated before induction, intervention, 
and sacrifice.

2.7  |  Induction of endometriosis

A well-established mouse model of endometriosis by i.p. injection 
of uterine fragments was used as reported previously.80 Briefly, 
after 1 week of acclimatization, the donor mice received an intra-
muscular (i.m.) injection of estradiol benzoate (3 μg/mouse; Animal 
Medicine Factory, Hangzhou, China) twice a week to stimulate en-
dometrial growth. One week later, these donor mice were sacri-
ficed by cervical dislocation, and their uteri were harvested. The 
harvested uterine tissues were seeded in a Petri dish (Corning, 
Corning, NY, USA) containing warm sterile normal saline, split lon-
gitudinally with a pair of scissors, and minced until each fragment 
was no larger than 1 mm3. The fragments were then i.p. injected 
into the abdominal of the recipient mice. To minimize any potential 
bias, the uterine fragments from one donor mouse were divided 
into two equal parts, with each i.p. injected into one mouse from 
each experimental group.

2.8  |  Hotplate test

To evaluate the evoked pain behavior resulting from induced en-
dometriosis, the hotplate test was administrated to all mice using 
a commercial Hotplate Analgesia Meter (Model BME-480, Institute 
of Biomedical Engineering, Chinese Academy of Medical Sciences, 
Tianjin, China) as reported previously.23 Briefly, all mice were allowed 
to acclimatize for 10 min before the test. The withdrawal latencies 
to thermal stimulation were determined according to the following 
criteria: shaking or licking its hind paws or jumping on the hotplate 
from the moment we initially placed the mouse into the cylinder. The 
latency was measured twice and then averaged by a 1-h interval.

2.9  |  Immunohistochemistry (IHC)

All tissue samples were fixed with 10% formalin fixative and paraffin-
embedded. Serial 4 μm sections were obtained from tissue samples. 
We applied the first slide for H&E staining for pathological confirma-
tion and the subsequent slides for Masson trichrome staining and 
IHC analysis. The vendor's names and catalog numbers of these an-
tibodies and the dilution ratios are listed in Table S4.

Routine deparaffinization and rehydration procedures were per-
formed. For antigen retrieval, all the slides were heated at high tem-
perature and high pressure in citrate buffer (pH 6.0) or EDTA (pH 8.0) 
(Servicebio, Wuhan, China) for 3 min and then cooled to room tem-
perature naturally. The slides were then incubated with the primary 
antibodies overnight at 4°C. The next day, the slides were allowed 
to rewarm for 1 h at room temperature before incubating them with 
HRP-labeled goat antirabbit/mouse IgG antibodies (JieHao Biotech, 
Shanghai, China) at room temperature for 1 h. After the slides were 
rinsed, they were stained with Diaminobenzidine (DAB) Detection 
Reagent (JieHao) for 1–3 min until appropriate for microscopic ex-
amination and then counterstained with hematoxylin (30 s) and 
mounted. Images were obtained with the microscope (Olympus 
BX53; Olympus, Tokyo, Japan) fitted with a digital camera (Olympus 
DP73; Olympus). Three to five randomly selected images at a certain 
magnification of each sample slide were taken to obtain a mean op-
tional density value by Image Pro-Plus 6.0 (Media Cybernetics, Inc., 
Bethesda, MA, USA) as described previously.15

For positive control, different tissue slides were used for different 
antibodies according to the vendor's informative sheet. For negative 
controls, tissue samples were incubated with rabbit or mouse serum 
instead of primary antibodies. The representative photomicrographs 
for positive and negative control are provided in Figure S1.

2.10  |  Masson trichrome staining

Masson trichrome staining was performed to quantify the pro-
portion of collagen fibers within the tissue samples of interest as 
reported previously.15 Tissue sections were deparaffinized, rehy-
drated, and immersed in Bouin's solution (75 mL of saturated picric 
acid, 25 mL of 10% formalin solution, and 5 mL of acetic acid) at 37°C 
for 2 h. Under the manufacturer's instructions, sections were then 
stained using Masson's Trichrome Staining kit (Servicebio). The area 
of regions where the collagen fiber layer stained blue in proportion 
to the entire field area within the tissue was measured using Image 
Pro-Plus 6.0.

2.11  |  Statistical analysis

The comparison of distributions of continuous variables among over 
2 groups was made using the Kruskal test. The paired Wilcoxon's 
rank-sum test (n ≥ 5) and paired t-test (n < 5) were employed to com-
pare two paired groups. Wilcoxon's rank test (n ≥ 5) and t-test (n < 5) 
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were employed to compare two independent groups. Pearson's or 
Spearman's rank correlation coefficient was used when evaluating cor-
relations between two variables when both variables were continuous 
or when at least one variable was ordinal. To evaluate which factors 
were associated with the staining levels, multiple linear regression 
analysis was used, incorporating age, menstrual phase, co-occurrence 
of adenomyosis or of uterine fibroids, and whether the patient had OE 
or DE as covariables. p-Values of <0.05 were considered statistically 
significant. All computations were made with R version 4.2.2.83

3  |  RESULTS

3.1  |  Changes in expression pattern of HDACs in 
endometriotic cells resulting from TGF-β1 stimulation

TGF-β1 is the archetypical profibrotic cytokine and a driver of EMT, 
FMT, and SMM in endometriosis.70 As an initial screening, we first 
evaluated the expression patterns of the Zn2+-dependent HDAC 
family (HDAC1-11) in endometriotic cells after TGF-β1-induced EMT, 
FMT, and SMM. As shown previously, TGF-β1 treatment induced 
EMT, FMT, and SMM in endometriotic cells70,71 (Figure S2). We first 
treated the endometriotic epithelial cell line 11Z with TGF-β1 for 72 h 
to induce EMT. We found that TGF-β1 induced a significant increase 
in gene expression of HDAC1, HDAC2, HDAC3, HDAC8, and HDAC6 
while other members of HDACs were not affected (Figure  1A). 
Consistently, similar changes in protein levels of HDAC1, HDAC2, 
HDAC3, HDAC8, and HDAC6 were also observed (Figure 1B).

We next treated primary human endometriotic stromal cells 
(hESCs) derived from OE lesions with TGF-β1 for 3 and 15 days, 
respectively, to induce FMT and SMM, as shown previously.70 We 
found that the treatment significantly increased gene expression 
levels of HDAC2, HDAC3, and HDAC6 in hESCs during FMT and 
SMM processes (Figure  1C,D), which were confirmed by Western 
blot analysis (Figure 1E). These results suggest that TGF-β1 regulates 
select members of the Zn2+-dependent HDAC family in endometri-
otic cells, and this regulation appears to be cell-type-dependent. 
Thus, we decided to further evaluate all members of Class I and one 
member of Class II HDACs, that is, HDAC6, and their possible roles 
in the progression and fibrogenesis in endometriosis.

3.2  |  Differential expression of class I HDACs and 
HDAC6 in OE and DE lesions

Next, we assessed the immunoreactivity of Class I HDACs, and 
HDAC6 in endometriotic tissues from patients with OE and DE, as 
well as normal endometrium from controls. The characteristics of 
the recruited patients with OE and DE, and the control paricipants 
are listed in Table 1.

We evaluated the lesional staining levels separately for glandu-
lar epithelial and stromal components. The cell types of positive-
staining cells and the localization of stained cells are listed in Table 2. 

The HDAC1 and HDAC2 staining was both localized in the nucleus, 
while that of HDAC3 and HDAC8 was localized in the nucleus and 
cytoplasm, and that of HDAC6 was localized in the cytoplasm of the 
epithelial and stromal cells (Figure 2). To control for possible con-
founding and to account for comorbidity, we employed multiple 
linear regression analyses when analyzing the lesional staining lev-
els and the extent of lesional fibrosis using age, parity, menstrual 
phase, co-occurrence of OE, DE, adenomyosis, and uterine fibroids 
as covariables.

We found that overall there are different staining levels between 
different cellular components as well as between OE and DE tissues. 
However, lesional staining of HDAC2 was consistently reduced in both 
epithelial and stromal components (all p-values ≤ 0.023; Table  2 and 
Figure 2). In contrast, lesional staining of HDAC8 was consistently ele-
vated in both epithelial and stromal components (all p-values ≤ 0.0032; 
Table 2 and Figure 2). In addition, while in DE lesions the staining lev-
els of HDAC1 and HDAC6 in both epithelial and stromal components 
were significantly elevated (all p-values ≤ 0.028) but that of HDAC3 
were significantly reduced (all p-values ≤ 0.013), their staining levels 
in OE samples were either similar to control endometrium or differ-
ent from those of DE samples (Table 2 and Figure 2). This discrepancy 
may be attributable to the difference in the extent of lesional fibrosis 
and thus the tissue rigidity or difference in functions in different cel-
lular components. Regardless, our data consistently demonstrate the 
HDAC8 appears to be elevated in the entire progression course.

Consistent with our previous results,15 we found that both OE 
and DE lesions exhibit a significant increase in the fibrotic content 
compared to control endometrium (both p-values ≤ 4.0 × 10−15; 
Table 2 and Figure 2), and the extent of fibrosis was even higher in 
DE as compared with OE.

Next, we analyzed the correlation between the extent of lesional 
fibrosis and lesional staining of various HDACs. We found that the 
extent of lesional fibrosis correlated positively with the lesional stain-
ing of HDAC1 in the epithelial component (r = 0.60, p = 8.8 × 10−9; 
Figure 3A) but negatively with that of HDAC2 in both epithelial and 
stromal components (r = −0.61, p = 5.6 × 10−9; Figure  3B; r = −0.61, 
p = 0.3 × 10−9; Figure  3C, respectively) and with that of HDAC3 in 
the epithelial component (r = −0.28, 0.014; Figure 3D). In addition, 
the extent of lesional fibrosis correlated positively with the lesional 
staining of HDAC8 and HDAC6 in both the epithelial and stromal 
components (r = 0.64, p = 2.7 × 10−10, r = 0.75, p = 2.3 × 10−15, r = 0.59, 
p = 2.0 × 10−8, r = 0.41, p = 2.3 × 10−4, respectively; Figure 3E–H). Of 
note, these correlations were consistent with what we observed in 
serially harvested lesions from mice with induced endometriosis.72

3.3  |  Confirmation by gene and protein analysis

To further confirm our IHC findings, we prepared primary endome-
trial stromal cells that were separated from the normal endometrium 
(NESCs) and endometriotic stromal cells derived from OE lesions 
(EESCs), and evaluated both the gene and protein expression levels 
of HDAC1, HDAC2, HDAC3, HDAC8, and HDAC6 in NESCs and 
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F I G U R E  1 Expression of histone deacetylases (HDACs) in transforming growth factor-β1 (TGF-β1)-induced EMT, FMT, and SMM in 
endometriotic cells. (A) 11Z cells were cultured with vehicle (PBS) or TGF-β1 (10 ng/mL) for 72 h to induce EMT, and the mRNA expression 
levels of the Zn2+-dependent HDAC family (11 isoforms) were detected by qPCR (N = 3). (B) Western blot detection (left panel) and data 
analysis (right panel) of HDAC1, HDAC2, HDAC3, HDAC8, and HDAC6 in 11Z cells cultured with vehicle or TGF-β1 (10 ng/mL) for 72 h 
(N = 3). (C) Primary endometriotic stromal cells (hESCs) cells were cultured with vehicle or TGF-β1 (10 ng/mL) for 3 days to induce FMT; (D) 
hESCs cells were cultured with vehicle or TGF-β1 (10 ng/mL) for 15 days to induce SMM, and the mRNA expression levels of the Zn2+-
dependent HDAC family (11 isoforms) were detected by qPCR (N = 6). (E) Western blot detection (left panel) and data analysis (right panel) 
of HDAC2, HDAC3, and HDAC6 in hESCs cells cultured with vehicle or TGF-β1 (10 ng/mL) for 3 and 15 days (N = 6). Gene and protein 
expression levels were normalized to GAPDH expression. The data are represented by the means ± SDs. Symbols of statistical significance 
levels: *p < 0.05; **p < 0.01. Student t-test was used in panels (A) and (B) and Wilcoxon matched-paired signed-rank test was used in panels 
(C), (D), and (E).

Marker name Component
Location of the 
staining OE DE R2

HDAC1 Epithelium N NS ↑ 0.06

Stroma ↓ ↑↑ 0.27

HDAC2 Epithelium N ↓↓↓ ↓↓↓ 0.65

Stroma ↓↓↓ ↓ 0.58

HDAC3 Epithelium N + C ↑↑↑ ↓ 0.51

Stroma NS ↓↓↓ 0.23

HDAC8 Epithelium N + C ↑↑ ↑↑↑ 0.29

Stroma ↑↑ ↑↑↑ 0.60

HDAC6 Epithelium C NS ↑↑↑ 0.48

Stroma NS ↑↑ 0.24

Extent of fibrosis Entire lesion ↑↑↑ ↑↑↑ 0.70

Note: ↓: Significant decrease; ↑: Significant increase. The number of arrows indicates the 
significance level, for example, ↑: p < 0.05; ↑↑: p < 0.01; ↑↑↑: p < 0.001.
Abbreviations: C, cytoplasm; DE, deep endometriosis; N, nuclear; OE, ovarian endometriomas.

TA B L E  2 List of immunohistochemistry 
markers, along with their distribution 
in different cell types, and the location 
in which the scoring was performed, 
along with the results of multiple linear 
regression analyses.
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EESCs by qPCR and Western blot (Figure 4A). The characteristics 
of the recruited patients with OE and the control participants are 
listed in Table S1. We found that, compared with NESCs, EESCs had 
significantly elevated gene expression levels of HDAC1 and HDAC8 
and significantly reduced expression of HDAC2 and HDAC3 (all 
p-values < 0.0044; Figure  4B). However, there was no significant 
difference in the expression level of HDAC6 (p = 0.19; Figure 4B). 
Western blot analysis confirmed significantly elevated protein ex-
pression levels of HDAC1 and HDAC8 (p = 0.006 and p < 0.001, re-
spectively), reduced levels of HDAC2 and HDAC3 (p = 0.0099 and 
0.048, respectively), but not HDAC6 (p = 0.15; Figure  4C). These 

results further confirmed our IHC findings and suggested that the 
aberration of HDAC1-3 and HDAC8, and HDAC6 in the stroma, 
likely to play a vital role in endometriosis.

3.4  |  Therapeutic potentials of a specific 
HDAC8 inhibitor

Given the results of the above ex vivo experiments and in view of 
the in vivo results that HDAC8 activation accelerated, while HDAC8 
inhibition decelerated lesional progression and fibrogenesis,72 we 

F I G U R E  2 Representative photomicrographs of the immunostaining of HDAC1, HDAC2, HDAC3, HDAC8, and HDAC6, and Masson 
trichrome staining in control endometrium (CT), ovarian endometrioma (OE), and deep endometriosis (DE) tissue samples. Different 
rows show different markers as indicated. Different columns represent different tissue samples. In all figures, magnification: ×400. Scale 
bar = 50 μm. Box plots summarizing the difference in HDAC1, HDAC2, HDAC3, HDAC8, and HDAC6, and the extent of fibrosis in control 
endometrium (CT), ovarian endometrioma (OE), and deep endometriosis (DE) tissue samples. The staining level was evaluated in glandular 
epithelial and stromal components, respectively. The data are represented by the means ± SDs. Symbols of statistical significance levels: 
*p < 0.05; **p < 0.01; ***p < 0.001; ns: not statistically significant (p > 0.05). Multiple linear regression analyses were used.
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speculated that inhibition of HDAC8 may have a therapeutic effect. 
Consequently, we next evaluated the potential therapeutic effect of 
PCI-34051 (PCI), an HDAC8-specific inhibitor, on mice with induced 
deep endometriosis.

No mouse died during the experiment, and no adverse effect 
was detected. PCI appeared to be well tolerated in treated mice. 
Endometriosis was successfully induced and histologically confirmed 
by H&E staining. There was no difference in bodyweight among all 
groups of mice before and after the successful induction of deep 
endometriosis (all p-values ≥ 0.56; Figure 5A).

We also evaluated the pain behavior of all mice using the hot-
plate test. As expected, we found no difference in hotplate latency 
before the start of induction and before the start of the treatment 
(both p-values ≥ 0.43; Figure 5B), even though the latency was sig-
nificantly shortened in both groups due to the presence of deep 
endometriosis (both p-values = 0.008). After 2 weeks of treatment, 
mice treated with PCI had significantly longer latency than that of 
control mice (p = 0.005; Figure 5B).

We found no visible endometriotic lesions in one PCI-treated 
mouse. The lesion weight correlated positively with the hotplate 

F I G U R E  3 Scatter plots showing the correlation between the extent of lesional fibrosis and the staining levels of HDAC1 in the 
epithelial component (A), HDAC2 in the epithelial (B) and stromal components (C), HDAC3 in the stromal component (D), HDAC8 in the 
epithelial (E) and stromal components (F), and HDAC6 in the epithelial (G) and the stromal components (H) in control endometrium, ovarian 
endometrioma and deep endometriosis tissue samples. In each plot, each dot represents one data point from one patient, and the dashed 
line represents the regression line. Pearson's correlation coefficient, along with its p-value, also is shown. Symbol of statistical significance 
level: *p < 0.05; ***p < 0.001.

F I G U R E  4 Western blot (A and C) and qPCR (B) detection of HDAC1, HDAC2, HDAC3, HDAC8, and HDAC6 expression in normal 
endometrium-derived stromal cells (NESCs) and ovarian endometrioma-derived stromal cells (EESCs). The data are represented by the 
means ± SDs. Symbols of statistical significance levels: *p < 0.05; **p < 0.01; ***p < 0.001; ns, not statistically significant (p > 0.05). N = 11–13 
for each group. The Wilcoxon test was used.
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latency (r = −0.74, p = 0.001). Compared with the control mice, the av-
erage lesion weight in PCI group was reduced by 63.6% (43.3 ± 36.9 
vs. 118.8 ± 69.2 mg; Figure 5C).

To gain insight into the possible mechanisms underlying the sup-
pressive effect of the above inhibitors, we also performed IHC analyses. 
We analyzed the expression of E-cadherin (a marker for epithelial cells), 
α-Sma (a marker for myofibroblasts), desmin, and smooth muscle myo-
sin heavy chain (Sm-mhc (two markers of highly differentiated smooth 
muscle cells or SMCs) in ectopic lesions. In addition, we evaluated the 
extent of lesional as well as endometrial fibrosis by Masson trichrome 
staining. E-cadherin staining was seen mostly in the cytoplasm and 
membranes in epithelial cells, and that of α-Sma, desmin, and Sm-mhc 
was in the cytoplasm in both stromal and epithelial cells (Figure 5D).

We found that treatment with PCI significantly increased the le-
sional staining of E-cadherin (p = 0.006) but significantly reduced the 
lesional staining of α-Sma (p = 0.0006), desmin (p = 0.006), Sm-mhc 
(p = 0.021), as well as the extent of lesional and endometrial fibrosis 
(p = 0.0006 and p = 0.0011, respectively; Figure 5D).

The extent of lesional fibrosis correlated positively with that 
of endometrium (r = 0.56, p = 0.029). As expected, the extent of 
lesional fibrosis correlated negatively with the E-cadherin stain-
ing (r = −0.54, p = 0.036) but positively with the staining levels of 
α-Sma (r = 0.89, p = 9.1 × 10−6), and desmin (r = 0.54, p = 0.038). 
It also correlated positively with the lesion weight (r = 0.81, 
p = 0.0002) but negatively with the hotplate latency (r = −0.87, 
p = 2.7 × 10−5).

F I G U R E  5 Dynamic changes in the mean bodyweight (A) and the mean hotplate plate latency (B) between two groups of mice. In both 
(A) and (B), the data are represented by the means ± SDs, and the time point at which deep endometriosis was induced is indicated by an 
arrow. The start time and the duration of the treatment of specific HDAC8 inhibitor (PCI-34051, 20 mg/kg/d) or vehicle also is indicated. 
(C) Boxplot showing the total lesion weight between two groups of mice. The dashed line is the median value of the two groups. (D) 
Representative photomicrographs of immunostaining and Masson trichrome staining analysis of endometriotic lesions and endometrial 
tissues from two groups. Different rows show different tissue samples from control mice (CTL) and mice treated with PCI-34051 (PCI). 
Different columns represent different markers as indicated. In Masson trichrome staining, the collagen fibers in lesions were stained blue. 
In all figures, magnification = ×400. Scale bar = 50 μm. Boxplot of staining levels of E-cadherin, ɑ-Sma, desmin, Sm-mhc and the extent of 
lesional and endometrial fibrosis in lesions or endometrial tissues from control mice and mice treated with PCI-34051, respectively. The 
dashed line is the median value of all groups. Symbols of statistical significance levels: *p < 0.05; **p < 0.01; ***p < 0.001; NS, not statistically 
significant (p > 0.05).
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4  |  DISCUSSION

In this study, we found a significant elevation in HDAC8 immu-
nostaining in both OE and DE lesions as compared with normal en-
dometrium. Consistently, we also found significantly increased gene 
and protein expression levels of HDAC8 in endometriotic stromal 
cells derived from OE lesions. For other Class I HDACs and HDAC6, 
their lesional expression was more subtle and nuanced. HDAC1 
and HDAC6 staining was significantly elevated in DE lesions while 
HDAC2 and HDAC3 staining in DE lesions was significantly reduced. 
Consistently, the gene and protein expression levels of both HDAC2 
and HDAC3 were significantly reduced while that of HDAC1, but 
not HDAC6, were significantly elevated in endometriotic stromal 
cells derived from OE lesions (Table 2 and Figure 4). In addition, we 
found that treatment of mice with induced deep endometriosis with 
an HDAC8 inhibitor resulted in significantly longer hotplate latency, 
a reduction of lesion weight by nearly two-thirds, and significantly 
reduced lesional fibrosis, all suggestive of remarkable therapeutic 
potential.

While aberrant expression of HDAC8 has so far not been re-
ported in endometriosis to our best knowledge, our finding that 
HDAC1 expression is elevated in OE and, in particular, DE lesions 
is consistent with the previous reports.8,52 However, our finding 
that HDAC2 is downregulated in endometriotic lesions is at direct 
odds with either Colón-Díaz et al. who reported lesional overex-
pression of HDAC252 or Samartzis et al., who found no change.8 
It also is in conflict with the result of our own screening results 
(Figure 1).

However, our results of reduced HDAC2 and HDAC3 expres-
sion in endometriotic lesions, especially in DE lesions, are consis-
tent with the report that increased substrate stiffness reduces the 
HDAC2 expression.84 Indeed, as endometriotic lesions progress, 
they exhibit increased fibrotic content and thus increased tissue 
stiffness, rendering easier detection by elastography.85 In par-
ticular, DE lesions are known to be more fibrotic and thus stiffer 
than OE lesions.15 Since cells can transduce chemical as well as 
mechanical cues from their local microenvironment and further 
relay these signals into the nucleus to change the epigenetic 
state and regulate gene expression, nucleus can effectively act 
as a mechanosensor by undergoing deformation in the presence 
of mechanical forces, leading to altered chromatin organization, 
epigenetic modifications, gene expression, and, finally, phenotypic 
changes.86,87 Consequently, there is reason to believe that both 
HDAC2 and HDAC3 expression is reduced as endometriotic le-
sions become more fibrotic, especially in DE lesions as reported 
here, in particular given the report that both HDAC2 and HDAC3 
are constitutively expressed in normal endometrium.88 This may 
also be supported by the report that HDAC3 overexpression in 
conjunction with estrogen-ERα suppresses STING endometrial ep-
ithelial cells89 yet STING is upregulated in ectopic endometrium.90

Indeed, we found that culturing an endometrial epithelial cell 
line in high-stiff substrates resulted in downregulation of HDAC3,91 
which may account for reduced endometrial HDAC3 expression 

in infertile women with endometriosis.92 Viewed from this vista, 
the discrepancy between the screening results (Figure 1) and IHC 
(Figure  2) and in vitro results (Figure  4) could be attributable to 
the failure to recapitulate faithfully the in vivo lesional microenvi-
ronment in the screening experiment. This, along with the recent 
findings of diminished PGE2 signaling as lesions become more fi-
brotic,93,94 underscores the fact that not all endometriotic lesions 
are equal36 and that many molecular aberrations in endometriosis 
are quite subtle and nuanced, depending critically on the develop-
mental stages of lesions. In addition, the discrepancy between our 
screening and later IHC results underscores the importance of the 
faithful recapitulation of the in vivo lesional environment: it is im-
portant to consider not only the stimulant but also the rigidity of the 
culture substrate.

Our finding of lesional HDAC8 overexpression appears to be in 
agreement with the report that HDAC8 is exclusively expressed by 
cells showing smooth muscle cell (SMC) differentiation95 and is es-
sential for SMC contractility.96 This is consistent with the suppres-
sion of both lesional and endometrial fibrosis in mice treated with 
the HDAC8 inhibitor as well as our mouse data that demonstrated 
increasing HDAC8 staining in later stage of endometriosis,72 since 
both FMT and SMM are two integral parts in lesional progression 
and fibrogenesis.45,70,71 Consistently, the treatment of mice with 
induced deep endometriosis with an HDAC8 inhibitor exhibited re-
markable therapeutic potential.

Similar to HDAC8, aberrant expression of HDAC6 in endome-
triosis has not been reported so far. However, somatic inactivat-
ing mutation at ARID1A in endometriosis has been reported.97–99 
ARID1A mutation in endometriotic epithelial cells has been found 
to be associated with the upregulation of pro-angiogenic and pro-
lymphangiogenic factors and remodeling of the endothelial cell 
compartment, with enrichment of lymphatic endothelial cells.100 
Interestingly, at least in ovarian cancer, ARID1A mutation inactivates 
the apoptosis-promoting function of p53 by upregulating HDAC6,101 
and HDAC6 increases M2 polarization of macrophages through 
GATA3/IL-10.102

Regardless, the roles of both HDAC6 and HDAC8 in various fi-
brotic diseases have been well-documented.103,104 In contrast to the 
therapeutic effect resulting from the inhibition of HDAC8 as demon-
strated by this study, the administration of an HDAC8 activator ac-
celerated lesional progression and fibrogenesis through promoting 
FMT and proliferation.72 The work is ongoing to further elucidate 
the mechanisms underlying HDAC8-facilitated lesional progression.

VPA is known to inhibit Class I (HDAC1-3 and 8) and Class IIa 
(HDAC4-5, 7, and 9) HDACs.50,51 Since HDAC8 belongs to the Class 
I HDAC family, the encouraging therapeutic potential of inhibiting 
HDAC8 as demonstrated in this study provides another reason as 
why VPA has been shown to be of therapeutic potential in endome-
triosis18,21 as well as in adenomyosis.22,24,32

Our study has several strengths. First, we used a combination 
of in vitro screening, IHC, and in vitro gene and protein expression 
analyses, as well as in vivo experimentation to confirm as well as 
to discern different results, highlighting the subtlties and nuances 
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in lesional aberration of Class I HDACs and HDAC6. Second, we 
evaluated the IHC staining separately for OE and DE lesions, the 
two subtypes of endometriosis that are known to have substantial 
histological differences15 and pathophysiology.78,79 Lastly, capi-
talizing on the upregulation of HDAC8 in lesions as demonstrated 
by both in vitro and in vivo experiments and its possible role in 
FMT, we demonstrated the therapeutic potential of HDAC8 sup-
pression in a mouse model of deep endometriosis, a subtype of 
endometriosis that is known to be quite challenging to manage by 
medication.105

Our study also has several limitations. First, it is confined by 
the use of histologic and immunohistochemistry analyses and lim-
ited molecular data, as well as the lack of mechanistic data. Second, 
despite positive results from IHC and our mouse experiment, we 
did not further investigate whether the negative finding of HDAC6 
from the gene and protein expression study is due to the use of cul-
ture substrate, nor did we provide further evidence to show that 
the discrepancy between the screening and the IHC analysis is truly 
the failure in recapitulating the in vivo lesional microenvironment. 
Lastly, we did not measurement of HDAC activities. Further investi-
gations are warranted to illuminate these issues.

In summary, we demonstrated the overexpression of HDAC8 in 
endometriotic lesions and found nuanced aberrations in HDAC1, 
HDAC2, HDAC3, and HDAC6. On these findings, we demonstrated 
that treatment of an HDAC8 inhibitor in mice with induced deep 
endometriosis exhibited promising therapeutic efficacy. Our results 
rectify the previous report of higher or no change in HDAC2 ex-
pression in endometriosis, and we also report that all Class I HDACs, 
plus HDAC6, are aberrantly expressed in endometriosis. These 
findings highlight the progression-dependent nature of these aber-
rations, and demonstrate, for the first time, the therapeutic poten-
tial of suppressing HDAC8, calling for more research on HDACs in 
endometriosis.
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