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Abstract. Activin A promotes the development of endometriotic lesions in a murine model of endometriosis, and the
immunohistochemical localization of phosphorylated suppressor of mothers against decapentaplegic homolog 2/3
(pPSMAD?2/3) complex in endometriotic lesions has been reported. Activin may therefore be involved in the development and
proliferation of endometriotic cells via the SMAD signaling pathway. However, few detailed reports exist on SMAD7
expression in endometriosis. The purpose of this study was to investigate the expression of pSMAD2/3 or pSMAD3 and
SMAD?7 in the orthotopic human endometrium, ovarian endometriosis, and endometriotic lesions in a murine model and the
effect of activin A on pSMAD2/3 and SMAD7 expression. We established an endometriosis murine model via the
intraperitoneal administration of endometrial tissue and blood from donor mice. Activin A was intraperitoneally administered
to the activin group. We immunohistochemically evaluated orthotopic endometria, ovarian endometriotic tissues, and
endometriotic lesions in the murine model followed by western blotting. We found that pSMAD3 and SMAD7 were expressed
in ovarian endometriosis and orthotopic endometria from patients with and without endometriosis. In the murine model,
endometriotic lesions expressed pPSMAD2/3 and SMAD?7 in the activin and control groups, and higher SMAD?7 expression
was found in the activin group. To the best of our knowledge, this study is the first to show that SMAD7 expression is
upregulated in endometriosis. In conclusion, these results suggest that activin A activates the SMAD signaling pathway and
promotes the development of endometriotic lesions, thus identifying SMAD7 as a potential therapeutic target for

endometriosis.
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ENDOMETRIOSIS involves the extrauterine develop-
ment of normal endometrium-like tissues and is a com-
mon gynecological disorder that affects 6-10% of
women of reproductive age. Endometriosis causes
dysmenorrhea and infertility and significantly impairs
quality of life [1]. Although the pathogenesis of
endometriosis is still unclear, the retrograde menstruation
theory, which purports that the orthotopic endometrium
penetrates the peritoneal cavity during menstruation and
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implants into the pelvic peritoneum, is widely accepted
[2-4].

Activin is a double-stranded glycoprotein that belongs
to the transforming growth factor beta (TGFB) super-
family and promotes the secretion of FSH from the pitu-
itary gland [5]. Additionally, activin acts as a local
regulator in a paracrine or autocrine manner to exert var-
ious physiological effects on embryonic development
[6], neuroprotection [7], cell apoptosis [8, 9], and fibrosis
[10]. The major activin transduction pathway is the sup-
pressor of mothers against decapentaplegic (SMAD) sig-
naling pathway. Activin first binds to the type 2 receptors
activin A receptor type 2A (ACVR2A) and type 2B
(ACVR2B) and then to the type 1 receptors ACVRIA
and ACVRIB, also known as ALK4, to form a complex.
At this point, the type 1 receptor is phosphorylated, and
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this phosphorylates the receptor-regulated SMADs (R-
SMADs) SMAD2 and SMAD3 and forms a complex
with SMAD4, which then enters the nucleus. In the
nucleus, SMAD complexes bind to the transcription fac-
tors of various target genes and regulate their expression
[11]. The inhibitory SMAD (I-SMAD) SMAD?7 inhibits
the activation of R-SMADs by binding to type 1 recep-
tors activated by type 2 receptors, thereby preventing the
activation of the SMAD signaling pathway. SMAD?7 is
also induced by activin and inhibits its signaling via a
negative feedback mechanism [12-14].

Patients with endometriosis have been reported to
exhibit higher concentrations of activin in the peritoneal
fluid than in women without endometriosis [15]. Patients
with endometriosis also have higher serum activin con-
centrations than those of healthy women [16]. We have
previously reported that the intraperitoneal administra-
tion of activin A promotes the development of
endometriotic lesions in a murine model and showed the
immunohistochemical localization of pSMAD2/3 in
endometriotic lesions [17]. Furthermore, Mabuchi et al.
[18] reported the immunohistological localization of
SMAD?2, SMAD3, and SMAD4 in orthotopic endome-
trial tissue and ovarian endometriotic lesions. Therefore,
activin is likely involved in the development and prolif-
eration of endometriotic cells via the SMAD signaling
pathway. However, the expression of SMAD7 in
endometriotic lesions has not been investigated in detail.
Therefore, we investigated the expression of pSMAD3 or
pPSMAD2/3 and SMAD7 in orthotopic human endome-
tria and ovarian endometriosis and endometriotic lesions
in a murine model. Additionally, we evaluated the effect of
activin A on the expression of pPSMAD2/3 and SMAD?7.

Materials and Methods

Patient selection, characterization, and sample
preparation

This study was approved by the ethics committee of
the Tokushima University Hospital (No. 3836).

Ovarian endometriosis and uterine-endometrium sam-
ples were obtained from 10 patients admitted to the
Tokushima University Hospital between 2015 and 2020.
The diagnoses were established via laparoscopy and sub-
sequent histological examination of the endometriotic
lesions. Normal uterine-endometrium tissues
obtained from five patients without endometriosis who
underwent total hysterectomy for uterine cervical
intraepithelial neoplasia. Informed consent was obtained
via an opt-out format on the Institute of Clinical Review
Board website. Endometrial and ovarian endometriotic
tissues were fixed in 4% paraformaldehyde and embed-
ded in paraffin.

were

Murine model
Experimental mice

Female C57BL/6J mice, aged 7 weeks, were pur-
chased from Charles River Laboratories Japan
(Yokohama, Japan) and CLEA Japan (Tokyo, Japan).
The mice had unrestricted access to food and water and
were exposed to alternating light—dark cycles (12 h each)
in a controlled environment. Invasive procedures were
performed under sevoflurane anesthesia. The surgery
was performed under sterile conditions [15]. The experi-
mental protocol involving animals was approved by the
Institutional Animal Care and Use Committee of the
University of Tokushima (No. T2020-53).
Induction of endometriotic lesions
treatment

Donor mice were ovariectomized and subcutaneously
injected with estrogen (2.0 pg/mouse/day) (B-estradiol;
Sigma-Aldrich, St. Louis, MO, USA) in peanut oil
(0.1 mL) daily. The donor mice were euthanized 7 days
after the ovariectomy. Their uteri were removed and
placed in 0.2 mL of phosphate-buffered saline (PBS).
The endometrium was gently peeled from the uterine
muscle and cut into small pieces (approximately 1 mm in
diameter) with small scissors. Recipient mice were
intraperitoneally injected with endometrial fragments in
PBS and 0.1 mL donor blood. The treatment group
(n = 8) received intraperitoneal injections of activin A
(400 ng/mouse; R&D Systems, Minneapolis, MN, USA),
and the control group (n = 8) was injected with PBS
daily for five days [17].
Evaluation of murine endometriotic lesions

The recipient mice were euthanized 5 days after the
surgical procedure. The peritoneal cavity of each mouse
was examined. Endometriotic lesions were measured,
and sizes were reported as the maximum diameter and
total area of the lesions for each mouse. The lesions were
excised, fixed in 4% paraformaldehyde, and embedded
in paraffin [17].
Immunohistochemical detection of estrogen receptor
1, SMAD2/3, and SMAD7

Paraffin-embedded tissues were cut into 5-um sec-
tions, deparaffinized, and rehydrated using xylene and a
graded series of alcohol solutions. Antigen unmasking
was performed using Antigen Unmasking Solution
(Vector Laboratories, Newark, CA, USA) in a pressure
cooker for 5 min. Endogenous peroxidase activity was
quenched using 3% H,O, for 15 min. Nonspecific bind-
ing was blocked using 2.5% normal horse serum for
20 min. Estrogen receptor 1 (ESR1) (1:2000) (ab32063;
Abcam, Cambridge, UK), SMAD7 (1:200) (ARG42203;
arigo Biolaboratories, Hsinchu, Taiwan), and SMAD3
(phosphorylated S423 + S425) antibodies (1:200)
(ab52903; Abcam, Cambridge, UK) were used as
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primary antibodies. The sections were incubated with
primary antibodies for 30 min (ESR and SMAD7) or
overnight (SMAD3) at 24°C. The sections were then
incubated with ImmPRESS Anti-Rabbit IgG (Vector
Laboratories) for 30 min. Antigens were detected
using diaminobenzidine staining (2.5 min), and sec-
tions were counterstained with hematoxylin QS (Vector
Laboratories) for 30 s. Finally, the sections were dehy-
drated and mounted. Negative control slides were pre-
pared by replacing the primary antibody with PBS, as
previously described [17].
Western blotting

Tissues were lysed in Tissue Protein Extraction
Reagent (T-PER, Thermo Fisher Scientific, Waltham,
Tokyo, Japan) with Halt™ Protease Inhibitor Cocktail
and Halt™ Phosphatase Inhibitor Cocktail (Thermo
Fisher Scientific). The tissue was homogenized and
centrifuged and the supernatant was collected. Protein
concentration was measured using Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific). A total of 20 ng
of protein samples were separated via gel electrophore-
sis on 10% Mini-PROTEAN TGX Gels (Bio-Rad
Laboratories, Inc., Tokyo, Japan) and transferred onto a
polyvinylidene difluoride membrane. The membranes
were blocked with 3% bovine serum albumin in Tris-
buffered saline with 0.1% Tween-20 at 24°C for one
hour. Next, membranes were incubated with primary
antibodies Anti-SMAD2+3 phospho (Serd65/467)/
phosphor  (Serd423/425) (1:250) (ARG40897; arigo
Biolaboratories), Human/Mouse/Rat SMAD7 (4 pg/mL)
(338-AC; R&D Systems), and B-Actin (8H10D10)
Mouse mAb (1:1000)(#3700; Cell Signaling Technology,
Beverly, MA, USA) overnight at 4°C. After washing, the
membrane was treated with secondary antibodies
(1:2000) for one hour at 24°C. Proteins were detected
using the Amersham ECL Prime Western Blotting
Detection Reagent (GE HealthCare, Chicago, IL, USA)
and visualized using an image analyzer (Amersham
Imager 600; GE HealthCare). Densitometry was per-
formed to analyze the differences in chemiluminescence
intensity using Image] software version 1.53 (National
Institutes of Health, Bethesda, MA, USA).
Statistical analyses

To compare groups, the Mann—Whitney U test was
used for non-normally distributed data, and Student’s ¢
test was used for normally distributed data. p < 0.05 was
considered statistically significant. All statistical analy-
ses were performed using R version 4.0.1 [19].

Results

Patient’s baseline characteristics were shown in Table
1. Women with endometriosis had an age range of 40 to

Table 1 Baseline characteristics

patients with women without

endometriosis endometriosis
(n=10) (n=75)

age (y) 463+3.3 42.0+3.5
Body mass index 22.1£3.1 22.1+2.7

0 5 1
Parity

>1 5 4

. . . Uterine cervical

diagnosis endometriosis

neoplasia

50 years (mean =+ standard deviation: 46.3 + 3.3). Diag-
nosis was confirmed via laparoscopy and histological
examination of the endometriotic lesions. Women with-
out endometriosis were between 36 and 47 years of age
(mean =+ standard deviation: 42.0 & 3.5) (Table 1).

Fig. 1 shows the immunolocalization of pSMAD3
and SMAD7 in ovarian endometriosis tissues and the
orthotopic endometria of patients with and without
endometriosis. In ovarian endometriotic tissues and
orthotopic endometria of patients with and without
endometriosis, we observed positive immunoreactive
staining for pPSMAD3 and SMAD?7 in the cytoplasm and
nucleus (Fig. 1).

In the control group of the murine model, endometri-
otic lesions in the abdominal cavities of six mice were
found, whereas lesions were found in all mice in the
activin group (Fig. 2A, B). Most lesions were found in
the peritoneal incision or mesentery. ER1 was expressed
in epithelial and stromal cells of lesions (Fig. 2C). The
maximum diameter of lesions was significantly larger in
the activin group (4.0 £ 1.7 mm) than in the control
group (1.25 + 1.3 mm, p < 0.01) (Fig. 3A). The total
lesion area in the activin group (19.8 £ 16.0 mm?) was
significantly larger than that in the control group (3.6 £
4.1 mm?, p <0.01) (Fig. 3B).

Fig. 4 depicts the immunohistochemical localiza-
tion of pSMAD2/3 and SMAD7 in the murine
endometriotic lesions. In both the control and activin-
treated groups, we observed positive pSMAD2/3 and
SMAD7 immunoreactive staining in the cytoplasm and
nuclei (Fig. 4).

Western blot analysis indicated increased SMAD7
expression in the activin group compared with that in the
control group. However, no significant difference in
PSMAD?2/3 expression was found (Fig. 5).

Discussion

The retrograde menstruation theory is commonly
used to explain the development of endometriosis [2-4].
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Fig. 1
Brown staining indicates immunoreactivity

Immunohistochemical localization of pSMAD2/3 and SMAD?7 in ovarian endometriotic tissues and the normal endometrium.

(A—C) pSMAD2/3. (D-F) SMAD7. (G) Negative control. Normal endometria of women without endometriosis are depicted in the
left panels (A, D, and G). Normal endometria of patients with endometriosis are shown in the middle panels (B and E). Ovarian
endometriosis is shown in the right panels (C and F). Original magnification: X100

Fig.2 Endometriotic lesions

(A) Endometriotic lesion. (B) Hematoxylin—eosin-stained lesion. (C) Immunohistochemical detection of estrogen receptor 1.

Original magnification: x100

However, although menstrual reflux occurs in 75-90%
of women, endometriosis occurs in only some women
[4]. Therefore, both menstrual blood reflux and intra-
abdominal and endometrial differences may cause
endometriosis. Endometriotic SMAD7 expression has
not been widely studied. Hence, we investigated the
expression of pSMAD3, SMAD2/3, and SMAD7 in
orthotopic human endometria, ovarian endometriosis,
and endometriotic lesions in a murine model created by
transplanting endometrial tissue and blood into the
abdominal cavity to mimic menstrual reflux. To the best
of our knowledge, the present study is the first to show
that SMAD7 expression is increased in endometriosis.

Activin was discovered in the follicular fluid as a fac-
tor that promotes FSH secretion in the pituitary gland
and performs numerous physiological activities. The
SMAD pathway is the major pathway for the nuclear
transmission of activin. In mammals, eight types of
SMAD are described and classified into three types
based on their actions. R-SMAD is specifically activated
by TGFB family receptors, such as activin, common
SMADs, which bind to and act on R-SMADs, and I-
SMADs, which have inhibitory effects. R-SMADs com-
prise SMADI, SMAD2, SMAD3, SMADS5, and
SMADS. High structural homology is observed between
SMAD2 and SMAD3, and between SMADI1, SMADS,
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Immunohistochemical localization of pSMAD2/3 and SMAD7 in murine endometriotic lesions. Brown staining indicates

(A, B), pPSMAD2/3. (C, D) SMAD?7. (E) Negative control. The control group is represented in the left panels (A, C). The activin
group is represented in the right panels (B, D). Original magnification: x100

and SMADS, with SMAD2 and SMAD3 transducing
TGFB and activin signals, respectively. SMAD6 and
SMAD7, which are I-SMADs, stably bind to type 1
receptors activated by type 2 receptors and suppress the
activation of R-SMADs. SMADG6 has a stronger effect
on bone morphogenetic proteins and a weaker inhibitory
effect on activin and TGFB [11-14].

In this study, immunohistochemical staining revealed
that pPSMAD2/3 and SMAD7 were expressed in both the
orthotopic endometria and ovarian endometriotic tissues
of patients with and without endometriosis. We found
that the intraperitoneal administration of activin pro-
moted lesion development, which confirms previous
reports [17], and that pSMAD2/3 and SMAD7 were
expressed in endometriotic lesions in the control and
activin groups in the murine model. These results sug-

gest that activin promotes endometriosis via the SMAD
signaling pathway.

Furthermore, in this study, Western blot analysis of
murine endometriosis lesions, depicted a stronger
expression of Smad7 in the activin group than in the PBS
group. Although no statistically significant differences
were observed for SMAD2/3, the results suggested a
similar trend to SMAD?7, suggesting that the activin
group compared to the PBS group. Normally, the addi-
tion of activin causes phosphorylation of Smad2/3 and
translocation of pPSMAD?2/3 into the nucleus. Subsequent
negative feedback induces inhibitory SMAD7, which is
presumed to repress Smad2/3. However, elevated levels
of activin have been reported in peritoneal fluid of
women with endometriosis compared to those without
endometriosis [15]. Thus, it is plausible that under
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Fig.5 pSMAD2/3 and SMAD?7 expression levels in a murine model of endometriosis
(A) Representative western blots of pPSMAD2/3 and SMAD?7. Quantified expression levels of pPSMAD2/3 (B) and SMAD7 (C).

conditions of high activin levels, the SMAD pathway is
constantly activated and the expression of both
pSMAD2/3 and SMAD7 is elevated due to constant
exposure to activin stimulation. This sustained activation
of the SMAD pathway was thought to be involved in the
development of endometriosis.

In scleroderma, a chronic inflammatory disease, which
is considered similar to endometriosis, an upregulated
expression of Smad7 molecules in fibroblasts from
patients with scleroderma has been reported. Besides,
Smad2/3 phosphorylation is enhanced, coupled with an
impaired inhibitory effect of Smad7 on TGFB signaling,
a pathway transmitted through SMAD signaling, similar
to activin [20]. It is possible that in our study, dysfunc-
tion of SMAD7 in endometriosis lesions impaired its
inhibitory effect on the SMAD pathway, resulting in
increased SMAD7 expression. Notably, in Crohn’s dis-
ease and ulcerative colitis, SMAD7 expression is also
increased in mucosal infiltrating T cells, and it had been
reported that inflammatory cytokines were reduced by
SMAD?7 inhibitors [21]. Oral administration of a
SMAD?7 inhibitor in a murine model of colitis has been
reported to suppress colitis and intestinal fibrosis [22].
These reports underscore the involvement of the SMAD
pathway in the pathogenesis of inflammatory diseases
and suggest the importance of SMAD?7 in inflammation
and fibrosis.

The involvement of the SMAD signaling pathway in
endometriosis has also been reported. Mabuchi et al. [18]
reported the expression of SMAD2, 3, and 4 in human
endometriotic lesions and orthotopic endometria. Collec-

tively, these reports suggest that, as in other chronic
inflammatory diseases, the SMAD signaling pathway is
implicated in endometriosis, with a significant role of the
SMAD?7 upregulation.

Recently, in human endometriotic cells, TGFB1 has
been reported to suppress apoptotic cell death via a cas-
cade involving TGFB-activated kinase 1, nuclear factor
kappa light-chain enhancer of activated B cells p65, and
SMAD7 (TAKI-NFKB p65-SMAD7) and which pro-
motes endometriotic cell proliferation [23]. Additionally,
it was reported that TGFB1 suppresses cell proliferation,
increases apoptosis, and promotes tumor progression via
the TAKI-NFKB p65-SMAD?7 pathway in head and
neck cancer [24]. In the present study, intraperitoneal
administration of activin in an endometriosis murine
model may have increased SMAD7 expression and pro-
moted lesion formation via the TAKI-NFKB p65—
SMAD7 pathway; however, this mechanism of patho-
genesis requires confirmation in future studies.

In conclusion, we demonstrated that pSMAD?2/3 and
SMAD?7 were expressed in the orthotopic endometria in
patients with and without endometriosis, as well as in
ovarian endometriotic tissues. In addition, pSMAD2/3
and SMAD?7 were expressed in endometriotic lesions in
a murine model, and SMAD7 expression was enhanced
following an intraperitoneal administration of activin.
This suggests that activin A activates the SMAD
signaling pathway and promotes the development of
endometriotic lesions. Therefore, activin may promote
endometriosis, and SMAD7 may be a new therapeutic
target for endometriosis.
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