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Abstract: We have recently demonstrated that endometrial–myometrial interface (EMI) disruption
(EMID) can cause adenomyosis in mice, providing experimental evidence for the well-documented
epidemiological finding that iatrogenic uterine procedures increase the risk of adenomyosis. To
further elucidate its underlying mechanisms, we designed this study to test the hypothesis that
Schwann cells (SCs) dedifferentiating after EMID facilitate the genesis of adenomyosis, but the sup-
pression of SC dedifferentiation perioperatively reduces the risk. We treated mice perioperatively
with either mitogen-activated protein kinase kinase (MEK)/extracellular-signal regulated protein
kinase (ERK) or c-Jun N-terminal kinase (JNK) inhibitors or a vehicle 4 h before and 24 h, 48 h and
72 h after the EMID procedure. We found that EMID resulted in progressive SCs dedifferentiation,
concomitant with an increased abundance of epithelial cells in the myometrium and a subsequent
epithelial–mesenchymal transition (EMT). This EMID-induced change was abrogated significantly
with perioperative administration of JNK or MEK/ERK inhibitors. Consistently, perioperative ad-
ministration of a JNK or a MEK/ERK inhibitor reduced the incidence by nearly 33.5% and 14.3%,
respectively, in conjunction with reduced myometrial infiltration of adenomyosis and alleviation of
adenomyosis-associated hyperalgesia. Both treatments significantly decelerated the establishment of
adenomyosis and progression of EMT, fibroblast-to-myofibroblast trans-differentiation and fibrogen-
esis in adenomyotic lesions. Thus, we provide the first piece of evidence strongly implicating the
involvement of SCs in the pathogenesis of adenomyosis induced by EMID.

Keywords: adenomyosis; dedifferentiation; endometrial–myometrial interface disruption; JNK
pathway; MEK/ERK pathway; pathogenesis; Schwann cell

1. Introduction

Adenomyosis, defined as the presence of the endometrium within the myometrium, is
a common gynecological disease and is one contributing factor to dysmenorrhea, abnormal
uterine bleeding (AUB), heavy menstrual bleeding (HMB), and subfertility [1]. Despite
its first description by the German pathologist Carl von Rokitans over 160 years ago [2],
its pathogenesis and etiology are still poorly understood [3]. While invagination and
metaplasia are the two most popular theories [4], unfortunately, neither of them has much
support from either epidemiological or experimental data [5].

In light of extensive epidemiological reports that iatrogenic uterine procedures, such as
induced abortion and dilatation and curettage (D&C), could increase the risk of developing
adenomyosis [6–10], we proposed a new hypothesis, termed endometrial–myometrial
interface (EMI) disruption (EMID) [11]. Subsequent animal experiments demonstrated that
mechanically or thermally induced EMID can and does cause adenomyosis in mice [12].
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More remarkably, the EMID hypothesis successfully predicted that the risk of develop-
ing adenomyosis depends on the mode and severity of EMID, and that the risk can be
mitigated by perioperative intervention [12]. Importantly, the finding that EMID induces
adenomyosis has also been independently confirmed very recently in another mouse
model [13]. Thus, our mouse model also provides a perfect explanation of why iatrogenic
uterine procedures are a risk factor for adenomyosis.

While the establishment of the mouse model of EMID-induced adenomyosis provides
experimental proof of the EMID hypothesis, questions about its exact molecular mechanism
and the optimal way to intervene would naturally arise. It is possible that the understanding
of its underlying mechanisms may help to uncover the etiology and pathogenesis of
adenomyosis due to other causes.

Of particular interest is the EMI, a term which has been used somewhat interchange-
ably with another term, junctional zone (JZ), although the latter was originally defined by
Hricak in 1983 [14] as a low signal band between the endometrium and myometrium in
T2-weighted magnetic resonance imaging (MRI). The EMI/JZ has been well documented to
be an important uterine region in adenomyosis as well as in uterine function, and its change,
viewed under MRI, has long been used as an aid for the diagnosis of adenomyosis [15].
Incidentally or not, Leyendecker’s tissue injury and repair (TIAR) hypothesis postulates
that adenomyosis originates from uterine hyperperistalsis that causes tissue injury in the
JZ [16].

It is generally thought that endometrial epithelial cells could invade into the disrupted
myometrium through epithelial–mesenchymal transition (EMT) due to elevated local
estrogen levels [17] within an EMI which experiences injury. While EMT has been shown
to be involved in the progression of adenomyosis [18], so far, there has no direct proof of its
involvement in the formation of adenomyotic lesions.

By all standards, EMI is more than just a demarcation that separates the endometrium
from the myometrium, or a physical barrier that impedes the invasion of endometrial
epithelial cells into the myometrium. As a start, it is the region where the endometrial
stem cells reside [19,20]. It also serves as an origin of uterine contractions [21]. Unlike the
endometrium or myometrium, EMI is densely innervated with peripheral nerves [22–25],
maintained by ensheathing Schwann cells (SCs) that are derived from the neural crest [26].
SCs are the most important type of glial cells in the peripheral nerve system (PNS) and
are distributed nearly ubiquitously in the human body [27]. Their abundance, coupled
with their remarkable plasticity that is capable of dedifferentiating and re-differentiating
following injury to the nerve, gives them important roles in tissue repair and in promoting
cancer progression [26,28–30].

When the peripheral nerves are injured, SCs can dedifferentiate into immature SCs
and acquire stemness [26,31,32]. In addition, SCs can also transdifferentiate into en-
doneurial fibroblasts [33], chromaffin cells [34], melanocytes [35], mesenchymal cells [36],
and parasympathetic, sympathetic, enteric, GABAergic, glycinergic, serotoninergic and
cholinergic neurons [37–41]. In view of their multifaceted roles after injury, we speculated
that dedifferentiated SCs resulting from EMID might be coaxed and differentiated into
endometrial epithelial cells through increased local production of estrogens due to platelet
aggregation and hypoxia [42], and inflammatory cytokines and growth factors following
tissue injury [43]. Furthermore, through EMT, these SC-turned endometrial epithelial and
stromal cells (through EMT) may form the original focus of adenomyotic lesions. That
is, SCs residing in the EMI, when injured, would become dedifferentiated and turn into
endometrial epithelial and stromal cells, forming an original adenomyotic lesion in the
disrupted myometrium.

Our in vitro experiments using a rat SC cell line indicated that SCs can indeed be
coaxed into endometrial epithelial cells, which can be further differentiated into stromal
cells through EMT (Wang et al., unpublished data). To test the hypothesis through an
in vivo experiment, we designed this study, with the added goal of investigating whether
perioperative suppression of SC dedifferentiation could reduce the risk of adenomyosis
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resulting from EMID in mice. It has been reported that Ras/Raf/extracellular-signal
regulated protein kinase (ERK) and the c-Jun N-terminal kinase (JNK) are two important
signaling pathways involved in the dedifferentiation of SCs [26,44], and inhibition of
either pathway can prevent SCs from dedifferentiating [45,46]. Therefore, we tested our
hypotheses in mice treated perioperatively with an MEK/ERK or JNK inhibitor.

2. Materials and Methods
2.1. Animals and Chemicals

One hundred and fifty-three female BALB/c mice, 6–8 weeks old, were purchased
from Shanghai Jie Sijie Laboratory Animal Company (Shanghai, China) and used for this
study. All mice were maintained under controlled conditions with a light/dark cycle of
12/12 h and had access to food and water ad libitum. All procedures were performed under
the guidelines of the National Research Council’s Guide for the Care and Use of Laboratory
Animals [47] and approved by the Institutional Experimental Animals Review Board of
Shanghai OB/GYN Hospital (No. 2018-035, approved on 28 March 2018), Fudan University.

The MEK/ERK inhibitor U0126 and the JNK inhibitor SP600125 were purchased from
Sigma (St. Louis, MO, USA). Both U0126 and SP600125 were dissolved in a DMSO/PEG300/
Tween-80/saline mixture at a 1:4:0.5:4.5 ratio (by volume) at a dose volume of 10 µL/g
bodyweight per day. We chose this dosage on the basis of previous reports [48–51].

2.2. Experimental Procedures
2.2.1. Experiment 1

To investigate whether SCs in the EMI undergo dedifferentiation after EMID induction
and whether the two inhibitors can prevent SCs in the EMI from dedifferentiating, 112 sex-
ually mature female BALB/c mice were randomly divided into 4 groups: sham (n = 28),
CTL (control, vehicle only; n = 28), U0126 (MEK/ERK inhibitor, n = 28) and SP600125 (JNK
inhibitor, n = 28). After 2 weeks of acclimatization, EMID was induced mechanically on one
of two uterine horns, chosen at random, of each mouse for all mice from the CTL, SP600125
and U0126 groups as described previously [12]. The mice from the sham group received
an incision identical to that of the other 3 groups but without the EMID procedure. Mice
from different groups were intraperitoneally injected with different drugs 4 h before and
24 h, 48 h and 72 h after the induction procedure. Mice in the U0126 and SP600125 groups
received daily treatment with U0126 (5 mg/kg bodyweight) and SP600125 (20 mg/kg body-
weight), respectively, while both the sham and CTL groups received a daily administration
of a vehicle buffer of the same volume in an identical manner. Seven mice from each group
were then sacrificed at 4 h, 24 h (before the second injection), 48 h and 72 h after the EMID
or sham procedure. The uteri were collected and fixed in 4% neutral-buffered formalin for
histological, immunohistochemical and immunofluorescence examinations. The design of
this experiment is schematically illustrated in Figure 1A.

2.2.2. Experiment 2

Forty-one sexually mature female BALB/c mice were randomly divided into 3 groups:
CTL (control, n = 14), U0126 (n = 14) and SP600125 (n = 13). After 2 weeks of acclimatization,
the bodyweight was recorded for all mice, and a baseline hotplate test was administered
before the EMID induction procedure.

The EMID was performed mechanically on one of the two uterine horns, randomly
chosen, of each mouse as described previously [12]. Mice from different groups were
intraperitoneally injected with different compounds 4 h before and 24 h, 48 h and 72 h
after the EMID procedure. Mice in the U0126 and SP600125 groups received a daily
treatment of U0126 (the same as in Experiment 1) and SP600125 (the same as in Experiment
1), respectively, while the CTL group received a daily injection of the vehicle buffer at
the same volume in the same manner. To assess the extent of adenomyosis-associated
hyperalgesia, a hotplate test was performed with a commercially available Hot Plate
Analgesia Meter (Model BME-480, Institute of Biomedical Engineering, Chinese Academy
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of Medical Sciences, Tianjin, China) as reported previously [12], on all mice before and
every 4 weeks after the EMID procedure until sacrifice. Three months after the EMID
procedure, all mice were sacrificed by cervical vertebra dislocation, and all their uterine
horns were harvested and processed for further histological and immunohistochemistry
analysis. The experimental design is shown in Figure 1B.

Biomedicines 2022, 10, x FOR PEER REVIEW 4 of 22 
 

 
Figure 1. Schematic illustration of the experimental designs: Experiment 1 (A) and Experiment 2 
(B). 

2.2.2. Experiment 2 
Forty-one sexually mature female BALB/c mice were randomly divided into 3 

groups: CTL (control, n = 14), U0126 (n = 14) and SP600125 (n = 13). After 2 weeks of accli-
matization, the bodyweight was recorded for all mice, and a baseline hotplate test was 
administered before the EMID induction procedure. 

The EMID was performed mechanically on one of the two uterine horns, randomly 
chosen, of each mouse as described previously [12]. Mice from different groups were in-
traperitoneally injected with different compounds 4 h before and 24 h, 48 h and 72 h after 
the EMID procedure. Mice in the U0126 and SP600125 groups received a daily treatment 
of U0126 (the same as in Experiment 1) and SP600125 (the same as in Experiment 1), re-
spectively, while the CTL group received a daily injection of the vehicle buffer at the same 
volume in the same manner. To assess the extent of adenomyosis-associated hyperalgesia, 
a hotplate test was performed with a commercially available Hot Plate Analgesia Meter 
(Model BME-480, Institute of Biomedical Engineering, Chinese Academy of Medical Sci-
ences, Tianjin, China) as reported previously [12], on all mice before and every 4 weeks 
after the EMID procedure until sacrifice. Three months after the EMID procedure, all mice 
were sacrificed by cervical vertebra dislocation, and all their uterine horns were harvested 
and processed for further histological and immunohistochemistry analysis. The experi-
mental design is shown in Figure 1B. 

  

Figure 1. Schematic illustration of the experimental designs: Experiment 1 (A) and Experiment 2 (B).

2.3. Hematoxylin–Eosin (H&E), Immunohistochemistry Staining (IHC) and Immunofluorescence

All uterine horns were fixed in 4% neutral-buffered formalin and then embedded
vertically in paraffin. Each uterine horn was divided into 5–6 roughly equal-sized segments
depending on the size of the uterine horns, and each tissue block was sliced into serial 4-µm
sections. The first slides were used for H&E staining to evaluate the presence or absence
of adenomyotic lesions or where the EMID procedure was performed. Five to six slides
were evaluated for each mouse for confirmation. The depth of infiltration of the ectopic
endometrium into the myometrium was evaluated according to the criteria of Bird et al. [52],
as previously described [12]. Briefly, the infiltration of the ectopic endometrium tissues into
the myometrium was classified into three grades (1, 2 and 3) depending on the depth of
infiltration, involving the superficial, mid- or beyond mid-myometrium, respectively. For
analytic purposes, Grade 0 was assigned when no ectopic endometrium was observed in
the myometrium, i.e., no adenomyosis was present.

For the IHC and immunofluorescence analyses, slides were deparaffinized in xylene
and rehydrated in a graded alcohol series. The slides were then heated to 98 ◦C in a
citric acid buffer (pH 6.0) or EDTA (pH 9.0) for antigen retrieval. All sections were cooled
naturally at room temperature and then incubated with 5% goat serum for 1 h at room tem-
perature. Slides were then incubated overnight at 4 ◦C with primary antibodies (Table 1).
On the next day, slides for IHC were incubated with the secondary antibody (JieHao Biotech-
nology, Shanghai, China) for 30 min at room temperature. The bound antibody complexes
were stained for 3–5 min until they were appropriate for microscopic examination with
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diaminobenzidine (DAB) (JieHao Biotechnology, Shanghai, China) and then counterstained
with hematoxylin. Five randomly selected images of each slide were obtained by an Olym-
pus microscope (Olympus BX51, Olympus, Tokyo, Japan) at 400× magnification. Cells
stained with tan-yellow colors in conjunction with the presence of violet-blue-colored nuclei
were considered to be positive, and the mean density of staining intensity was acquired
using Image Pro-Plus 6.0 (version 6.0.0.206; Media Cybernetics, Bethesda, MD, USA). Slides
for immunofluorescence were incubated with donkey anti-mouse or donkey anti-rabbit
IgG antibodies for 1 h at 37 ◦C and then stained with DAPI. Images were obtained by a
laser scanning confocal microscope (Leica TCS SP5 Confocal Microscope, Leica, Solms,
Germany). Cells with red-colored staining coupled with the presence of blue-colored
nuclei were considered to be E-cadherin-positive, while cells with yellow-colored staining
accompanied by the presence of blue nuclei were considered to be E-cadherin/vimentin
dual-positive. The number of E-cadherin+ cells or E-cadherin/vimentin dual-positive cells
within the myometrium was quantitated at 400× magnification, as they were present in
the myometrium. For each mouse, 4 slides per marker were used for IHC analysis, and
for the immunofluorescence analyses, 2–3 slides were evaluated for each mouse, and their
averages were used.

To minimize any bias, the group identity of the slide that the scorer (X.W.) was evalu-
ating was deliberately concealed from the scorer (X.W.); hence, she was practically blinded.

Table 1. List of antibodies used in the IHC and immunofluorescence analyses.

Antibody Name Catalog Number Vendor Name and Location Concentration

E-cadherin 3195S CST, Boston, MA, USA 1:200
Vimentin ARG66199 Arigobio, Shanghai, China 1:500
α-SMA ab2675 Abcam, Cambridge, UK 1:100
S100β 90393 CST, Boston, MA, USA 1:200

p75 ab52987 Abcam, Cambridge, UK 1:100

2.4. Masson Trichrome Staining

Three to six slides from each mouse were used to evaluate the extent of fibrosis in the le-
sions by Masson trichrome staining, as described previously [12]. Routine deparaffinization
and rehydration procedures were performed as described above. The slides were immersed
in Bouin’s solution at 37 ◦C for 2 h and were stained using the Masson’s Trichrome Staining
kit (Baso, Wuhan, China) following the manufacturer’s instructions. Five randomly selected
images of each sample were obtained by an Olympus microscope (Olympus, Tokyo, Japan)
at 400× magnification. The proportion of collagen fibers, stained in blue, was calculated by
Image Pro-Plus 6.0 (version 6.0.0.206; Media Cybernetics, Bethesda, MD, USA). Again, to
minimize any bias, the evaluator was unaware of the group identity of the mouse she was
evaluating and was practically blinded.

2.5. Statistical Analysis

Wilcoxon’s and Kruskal’s tests were used to make a comparison of the distributions of
the continuous variables between or among two or more groups. Pearson’s correlation co-
efficient was calculated to evaluate the correlation, if any, between two IHC measurements.
Multiple linear regression analyses incorporating the time of tissue harvest (4 h, 24 h, 48 h
and 72 h), EMID induction (yes or no), treatment group (SP600125, U0126 or none) and
their interactions were conducted to identify which factors were associated with the IHC
staining levels. We noted that the use of linear regression used the data more efficiently and
minimized the need for multiple testing. Here, p-values of less than 0.05 were considered
to be statistically significant. All computations were made with Prism 9 software.
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3. Results
3.1. Perioperative Administration of U0126 or SP600125 Prevents SCs in the EMI from
Dedifferentiation after EMID Induction

All mice survived Experiment 1. IHC analysis was performed for S100β and p75,
which are markers of mature SCs and dedifferentiated SCs [53–57], respectively. In mice
from the sham group, we found that S100β-positive SCs were abundant in the EMI (Fig-
ure 2A), concomitant with fewer and more sporadic p75-positive SCs in the EMI and, to a
lesser extent, in the stromal component (Figure 2B). The density of S100β+ SCs and of p75+
SCs was more or less constant 4 to 72 h after the EMID procedure (Figure 2A,B).

In contrast, the density of S100β+ SCs was progressively reduced (Figure 2A) and
that of p75+ SCs was progressively elevated (Figure 2B) in the EMI from 4 to 72 h after
the EMID induction, suggesting that EMID in itself resulted in SC dedifferentiation in the
EMI. At all time points, there was a significant difference in the density of both S100β+
SCs and of p75+ SCs among the four groups of mice (all p-values ≤ 0.010; Figure 2A,B).
Multivariate regression analysis incorporating the time of evaluation, whether or not the
mice received the induction procedure, and whether or not they received SP600125 or U0126
treatment indicated that the EMID procedure resulted in a significant and progressive
reduction in the density of S100β+ SCs (p = 0.023, R2 = 0.84; Figure 2A) but a significant
and progressive increase in the density of p75+ SCs (p = 2.3 × 10−13, R2 = 0.82; Figure 2B)
irrespective of the SP600125 or U0126 treatment. For all groups of mice and at all time
points, the density of S100β+ SCs in the EMI correlated negatively with that of p75+ SCs
(r = −0.85, p < 2.2 × 10−16; Figure 2C), indicating that the increase in dedifferentiated SCs
was concomitant with a reduction in SCs losing their myelination marker.

Within mice with EMID-induced adenomyosis, the density of S100β+ SCs reduced
progressively with time (p = 1.9 × 10−5), but treatment with SP600125 or U0126 resulted
in a significant increase in the density of S100β+ SCs in the EMI (p = 2.8 × 10−8 and
p = 1.9 × 10−5, respectively, R2 = 0.76; Figure 2A). Consistently, the density of p75+ SCs
increased progressively with time (p < 2.2 × 10−16), but treatment with SP600125 or U0126
resulted in a significant decrease with time in the density of p75+ SCs in the EMI (p = 0.0002
and p = 0.0035, respectively, R2 = 0.75; Figure 2B).

Taken together, these data indicate that perioperative administration of either SP600125
or U0126 abrogates EMID-induced SC dedifferentiation in the EMI region of mice
with adenomyosis.

3.2. Perioperative Administration of U0126 or SP600125 Reduces the Presence of Epithelial Cells
in the Myometrium and Reverses Supsequent EMT after EMID Induction

To see whether EMID would induce EMT with the subsequent presence of epithelial-
like cells in the myometrium, we also performed a dual immunofluorescence staining
using antibodies against E-cadherin (an epithelial cell marker) and vimentin (a stromal cell
marker) in the uteri of mice in the sham (no EMID, laparotomy only) and CTL (received
EMID but otherwise untreated) groups. We found that E-cadherin+ and E-cadherin and
vimentin dual-positive cells in the myometrium were completely absent in the sham group
at 4 h, 24 h, 48 h and 72 h after EMID induction (Figure 3A). In contrast, E-cadherin-positive
epithelial cells, which are normally confined to the endometrial epithelium and stroma,
were found in the myometrium in the CTL mice with or without glandular morphology at
4 h, 24 h, 48 h and 72 h after EMID induction (Figure 3A). Additionally, E-cadherin and vi-
mentin dual-positive cells with glandular morphology were also found in the myometrium
at 72 h after, but not before, EMID (Figure 3B), indicating that EMT indeed occurred in
these epithelial cells in the myometrium. The average number of E-cadherin+ cells in the
myometrium in the CTL group at 4 h, 24 h, 48 h and 72 h after EMID induction were
15.6 (±7.1), 13.7 (±9.4), 8.2 (±5.7) and 8.6 (±8.1) per high-power field, respectively, which
were significantly more than those from the sham group (p = 0.001, p = 0.004, p = 0.011
and p = 0.03, respectively; Figure 3C). Moreover, at 72 h after EMID induction, there was a
sudden surge in E-cadherin and vimentin dual-positive cells in the myometrium in mice
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in the CTL group, significantly more than that in the sham group (7.4 ± 7.0 vs. 0.0 ± 0.0,
p = 0.030; Figure 3D).
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Figure 2. Perioperative administration of either SP600125 or U0126 abrogates EMID-induced SC
dedifferentiation in the EMI region. Representative immunostaining results for S100β staining (A) and
p75 staining (B) in the EMI from the sham, CTL, SP600125 and U0126 groups of mice, along with
multivariate regression analysis summarizing the staining level at different times (right-hand panel).
(A,B). The black arrows point to S100β+ SCs in the EMI (A). Magnification = 400×; scale bar = 50 µm.
(C) The density of S100β+ SCs in the EMI correlated negatively with that of p75+ SCs at all time
points (r = −0.85, p < 2.2 × 10−16). The solid line represents the regression line. Symbols for statistical
significance levels: *: p < 0.05; **: p < 0.01; ***: p < 0.001, all according to Kruskal’s test.
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sham group (A) and from mice that underwent EMID induction (B) were double-stained with
antibodies against E-cadherin (red) and vimentin (green). DAPI was used as a nuclear stain (blue).
Yellow-colored staining in the merged panel indicates the co-expression of both E-cadherin and
vimentin. The arrows point to the E-cadherin-positive or E-cadherin and vimentin dual-positive cells
in the myometrium. Enlarged versions of the images in the rectangle are shown in the upper/lower
right corner in the merged panel (B). All images were captured using a confocal microscope at a
magnification of 50 ×. Scale bar = 200 µm (except for the enlarged versions, which are shown in the
upper/lower right corner in the merged panel). Dynamic changes in the number of E-cadherin+ cells
(C) and E-cadherin and vimentin dual-positive cells (D) per visual field in the myometrium after
induction at a magnification of 400×. Scale bar = 25 µm. Symbols for statistical significance levels:
*: p < 0.05; **: p < 0.01, all according to Wilcoxon’s test.

To see whether EMID-induced SC dedifferentiation yielded any presence of epithelial
cells in the EMI region, we next performed IHC analysis of E-cadherin and vimentin in
the myometrium regions harvested at different time points after the EMID. At all time
points, there was a significant difference in the myometrial staining of both E-cadherin and
vimentin among the four groups of mice (all p-values ≤ 0.033; Figure 4A,B). While in mice
in the sham group (without EMID), the E-cadherin staining was essentially negative in the
myometrium at all time points (all p-values ≥ 0.38 at 24 h, 48 h and 72 h as compared with
4 h; Figure 4A), the EMID procedure resulted in significantly elevated E-cadherin staining
in the myometrium according to multivariate linear regression (p < 2.2 × 10−16, R2 = 0.84;
Figure 4A). Similarly, the vimentin staining was weak in the myometrium from mice in
the sham group at all time points (all p-values ≥ 0.73 at 24 h, 48 h and 72 h as compared
with 4 h; Figure 4B). In contrast, the EMID procedure resulted in significantly elevated vi-
mentin staining in the myometrium in a time-dependent manner (p < 2.2 × 10−16, R2 = 0.86;
Figure 4B). The elevated staining of vimentin induced by EMID was consistent with the
immunofluorescence staining result and its time-dependency, as there was elevated vi-
mentin staining in the myometrium at 48 h and 72 h as compared with 4 h and 24 h after
EMID induction (Figure 3), strongly suggestive of EMT. The density of S100β+ SCs in the
EMI region was found to be negatively correlated with the myometrial vimentin staining
(r = −0.78, p < 2.2 × 10−16; Figure 4C), while the density of p75+ SCs in the EMI region
was found to be positively correlated with the myometrial vimentin staining (r = 0.92,
p < 2.2 × 10−16; Figure 4D).

Within mice that received EMID, the vimentin staining in the myometrium increased
time-dependently (p < 2.2 × 10−16), but perioperative treatment with SP600125 or U0126
resulted in significantly reduced vimentin staining in a time-dependent fashion (p = 7.1 × 10−7

and p = 4.8 × 10−10, R2 = 0.81; Figure 4B).
Taken together, these data suggested the increased presence of epithelial-like cells in

the myometrium after EMID with progressive EMT. Perioperative treatment with either
SP600125 or U0126 abrogated the presence of epithelial-like cells in the myometrium and
arrested subsequent EMT.

3.3. Perioperative Administration of U0126 or SP600125 Reduces the Risk of
EMID-Induced Adenomyosis

In light of the above evidence for the involvement of SCs in EMID-induced adenomyosis,
we next performed a mouse experiment to see whether inhibition of the ERK or JNK signaling
pathway in the perioperative window can reduce the risk of developing adenomyosis.

All but one mouse in the CTL group survived the experiment. The CTL mouse died
prior to the EMID procedure, probably due to bullying by the other mice in the same cage.
During the entire course of the experiment, all three groups of mice gained weight during
the course of the experiment, and no statistically significant difference in bodyweight was
found among the three groups of mice measured at all four time points (all p-values ≥ 0.24).
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lation of epithelial cells and EMT in the myometrium. Representative immunostaining results for
E-cadherin staining (A) and vimentin staining (B) in the myometrium from the sham, CTL, SP600125
and U0126 groups of mice, along with multivariate regression summarizing the staining level at
different times (right-hand panel). (A,B). Magnification = 400×; scale bar = 50 µm. Scatter plot
showing the density of S100β+ SCs in the EMI vs. myometrial vimentin staining (C) The density of
p75+ SCs in the EMI region vs. myometrial vimentin staining (D). (C,D). The dotted line represents
the regression line. Pearson’s correlation coefficient is shown, along with its statistical significance
level. Symbols for statistical significance levels: *: p < 0.05; ***: p < 0.001. In (A,B), Kruskal’s test
was used.
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Three months after the EMID procedure, we found adenomyotic lesions in all CTL
mice (13/13 = 100%), but eight in the SP600125 group (8/13 = 66.5%) and 12 in the U0126
group (85.7%). Thus, the incidence of adenomyosis in the SP600125 group, but not the
U0126 group (p = 0.48), was significantly lower than that in the CTL group (p = 0.039;
Figure 5A, Table 2). However, the average grade of myometrial infiltration of adenomyotic
lesions in both the SP600125 and U0126 groups was significantly lower than that in the CTL
group (p = 0.0002 and p = 0.001, respectively; Figure 5B and Table 2). The maximum depth
of infiltration of both treatment groups, which correlated positively with the mean depth
(r = 0.82, p = 7.3 × 10−11), was also significantly lower than that of the CTL group (p = 0.007
and p = 0.028, respectively). That is, even though the incidence of adenomyosis between
the U0126 and the CTL groups was not statistically significantly different, the former group
had significantly shallower infiltration than the latter group.
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Figure 5. Perioperative administration of SP600125 and U0126 reduces the risk of
endometrial–myometrial interface disruption (EMID)-induced adenomyosis. (A) Representative
images of uterine tissues from the uterine horn subjected to EMID in mice from the three groups. The
images in the SP600125 and U0126 groups are from mice without adenomyosis. Magnification = 100×;
scale bar = 200 µm. The black arrows point to adenomyotic lesions. (B) Boxplot of the average grade of
myometrial infiltration in uterine tissues from mice in the three groups. (C) Average hotplate latency,
tested at the indicated times, in the three groups. (D) The hotplate latency correlated negatively with
the average depth of myometrial infiltration (r = −0.89, p = 1.9 × 10−14). The solid line represents the
regression line. Symbols for statistical significance levels: NS: p > 0.05; *: p < 0.05; ***: p < 0.001. In (B),
Wilcoxon’s test was used (against the control). In (C), Kruskal’s test was used.
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The hotplate latency in all groups decreased, but only significantly in the CTL mice
(p = 0.006), and not in the SP600125 and U0126 mice (p = 0.15 and p = 0.091, respectively;
Figure 5C). This is due to (1) the greater magnitude of reduction in the CTL group (30.9%
as compared with that prior to the induction) than in either the SP600125 (18.0%) and
U0126 (200%) groups and (2) the stabilization of the reduction in latency 1 month after
the induction in the latter two groups. Multiple linear regression incorporating baseline
latency, bodyweight at sacrifice and dummy variables representing the group identities
indicated that at 3 months after induction, mice in the SP600125 and U0126 groups both had
significantly longer latency than that of the CTL mice (p = 0.0057 and p = 0.023, respectively;
R2 = 0.21; Figure 5C).

Consistently, the hotplate latency at the end of the experiment correlated negatively
with the average depth of myometrial infiltration (r = −0.89, p = 1.9 × 10−14; Figure 5D)
and with the maximum infiltration depth (r = −0.70, p = 4.9 × 10−7).

Table 2. Incidence of adenomyosis and average grades of myometrial infiltration in mice.

Groups Number and
Sizes of Groups

# of Mice with Adenomyosis
(Incidence of Adenomyosis) n (%)

Average Grades of Myometrial Infiltration

Average Median Range

CTL 13 13 (100%) 2.1 ± 0.7 2.2 0.8–3.0

SP600125 13 8 (61.5%) 0.6 ± 0.6 0.7 0.0–1.8

U0126 14 12 (85.7%) 1.1 ± 0.6 1.2 0.0–2.0

3.4. Perioperative Administration of U0126 and SP600125 Arrests the Progression of Adenomyosis

We next evaluated the staining of key markers in EMT and fibroblast-to-myofibroblast
trans-differentiation (FMT), as well as the extent of fibrosis in adenomyotic lesions. We
found that, compared with the CTL group, perioperative intervention with SP00125 and
U0126 resulted in significantly increased E-cadherin staining (p = 0.00099 and p = 0.0002,
respectively; Figure 6A) but significantly decreased vimentin staining in the epithelial com-
ponent (p = 0.0002 and p = 0.0013, respectively; Figure 6B). In addition, the α-SMA staining
in the adenomyotic stromal component was significantly reduced in both intervention
groups (p = 0.0002 and p = 0.0003, respectively; Figure 6C).

Consistently, we found that the fibrotic content in the adenomyotic lesions was sig-
nificantly reduced in both the SP600125 and U0126 groups as compared with CTL group
(p = 1.3 × 10−5 and p = 0.0016, respectively; Figure 6D).

Remarkably, the average depth of myometrial infiltration correlated negatively with
the E-cadherin staining levels but positively with the vimentin staining levels in the ade-
nomyotic epithelial component (r = −0.93, p < 2.2 × 10−16, and r = 0.92, p = 2.6 × 10−14;
Figure 7A,B). In addition, it correlated highly and positively with the α-SMA staining
levels as well as the extent of lesional fibrosis (r = −0.91, p = 6.5 × 10−14, and r = 0.90,
p = 1.1 × 10−14; Figure 7C,D).

Taken together, these data suggest that the perioperative intervention with SP600125
and U0126 retarded the development, or establishment in some cases, of adenomyosis
through hindering EMT, FMT and fibrogenesis.
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Figure 6. Perioperative administration of U0126 or SP600125 reduces the extent of lesion fibrosis and
disease progression. Representative immunostaining results for E-cadherin staining (A), vimentin
staining (B), α-SMA staining (C) and Masson staining (D) in the uteri from the three groups of mice,
along with boxplots summarizing the staining data (right-hand panel). (A–D) Magnification = 400×;
scale bar = 50 µm. Symbols for statistical significance levels: **: p < 0.01; ***: p < 0.001, all according
to Wilcoxon’s test (against the control).
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adenomyosis through the suppression of EMT, FMT and fibrogenesis. The average depth of myome-
trial infiltration correlated negatively with the E-cadherin staining levels (r = −0.93, p < 2.2 × 10−16)
(A) but positively with the vimentin staining levels (r = 0.92, p = 2.6 × 10−14) (B) in the adenomyotic
epithelial component. The average depth of myometrial infiltration correlated positively with the
α-SMA staining levels (r = −0.91, p = 6.5 × 10−14) (C) and the extent of lesional fibrosis (r = 0.90,
p = 1.1 × 10−14) (D). The solid line represents the regression line. Symbol for statistical significance
level: ***: p < 0.001.

4. Discussion

In this study, we found that EMID resulted in progressive SC dedifferentiation, con-
comitant with an increased abundance of epithelial cells in the myometrium and subsequent
EMT. This EMID-induced change was abrogated significantly through perioperative ad-
ministration of JNK or MEK/ERK inhibitors. Consistently, perioperative administration
of the JNK inhibitor SP600125 reduced the incidence by one-third, in conjunction with
reduced myometrial infiltration of the adenomyosis induced by EMID and alleviation of
adenomyosis-associated hyperalgesia. While perioperative treatment with the MEK/ERK
inhibitor U0126 did not reduce the incidence of adenomyosis significantly, both treatments
significantly decelerated the establishment of adenomyosis and the progression of EMT,
FMT and fibrogenesis in adenomyotic lesions. To our best knowledge, this is the first piece
of evidence that implicates the involvement of SCs in the pathogenesis of adenomyosis
induced by EMID.

Traditionally, the EMI has been viewed as important to the development of ade-
nomyosis [11,58,59]. While uterine contractions have been well investigated in this re-
gard [60,61], the nerve fibers have attracted scant, if any, attention, even though it has been
proposed that injury to nerve fibers in the EMI due to difficult parturition and constipation
is an antecedent of adenomyosis [22]. However, the plasticity of SCs plays an important
role in the regeneration of peripheral nerves and tissue injury [28].

When EMID occurs following iatrogenic uterine procedures, the resulting tissue injury
initiates tissue repair, featuring platelet aggregation and hemostasis, inflammation, hypoxia,
proliferation and tissue remodeling [11]. Platelet aggregation can cause hypoxia, resulting



Biomedicines 2022, 10, 1218 15 of 21

in increased estrogen production in endometrial stromal cells [42]. Increased estrogen
production and inflammatory cytokine secretion can provide a favorable microenvironment
that is conducive to the differentiation of dedifferentiated SCs into endometrial epithelial
cells (Wang et al., unpublished data). Once this happens, the SC-differentiated epithelial
cells may undergo EMT under the combined action of hypoxia and elevated TGF-β and
estrogen [17,62].

The ensuing tissue repair process also would result in the recruitment of macrophages
into the wounding site (the EMI), resulting in the release of inflammatory cytokines and
growth factors such as interleukin-1β (IL-1β), platelet-derived growth factor (PDGF), trans-
forming growth factor β (TGF-β) and tumor necrosis factor (TNF-α) [63,64], all of which
could promote the dedifferentiation of SCs [65–68]. Platelet activation and also proin-
flammatory cytokines such as TNF-α and IL-1β could induce cyclooxygenase-2 (COX-2),
the gene encoding for the rate-limiting enzyme that produces prostaglandin E2 (PGE2),
in endometrial stromal cells [69,70], resulting in increased production of estrogen [71].
Estrogen, coupled with PGE2, could also induce hyperperistalsis in the EMI, which could
further exacerbate injury to the SCs as well as compromise the barrier function of EMI,
making it more receptive to invading cells. Additionally, COX-2, in itself, also plays an
important role in SCs demyelination [72].

One popular view regarding the pathogenesis of adenomyosis is the role of EMT,
in which endometrial epithelial cells acquire their mobility and invasiveness, invade the
myometrium through disrupted/breached EMI, establish the initial lesion and induce
invagination [17,73–76]. Unfortunately, while the role of EMT in the pathogenesis is
biologically plausible, so far, there have been no data that provide direct evidence in
support for EMT.

To be fair, it is very challenging, if not ethically restrictive, to directly prove causal
relationships in pathogenesis in humans. Since adenomyosis can and does occur in mouse
spontaneously or by induction, mouse models of adenomyosis can be capitalized to aid
our research into pathogenesis, especially when the EMID model is backed by ample
epidemiological data [5]. In addition, it is also helpful not to be fixated on a particular
culprit, as in any complex forensic investigations, but instead to have an open mind and
cast a wider net whenever possible and practical [5].

Our findings strongly indicated that EMID-induced SC dedifferentiation contributed
to the development of adenomyosis. However, the risk reduction, in terms of magnitude,
is still moderate, especially for U0126. There are several explanations for this. First,
the major goal of this study was to demonstrate that the perioperative suppression of
SC dedifferentiation could reduce the risk of developing adenomyosis. As such, the
intervention protocol that we used was by no means optimized in terms of dosage, timing
and duration. While both the c-Jun and ERK pathways are rapidly activated after nerve
injury [26,44], the elevated c-Jun protein levels last for 7–10 days, but the activation of
ERK1/2 is reported to last for up to 1 month after injury [55,77]. Conceivably, the partial
abrogation of the risk of adenomyosis by both compounds may be attributable to the partial
suppression, entailed by the perioperative intervention, of the two pathways, at least in
terms of shorter duration. In addition, the shorter duration of c-Jun activation relative to
that of ERK may likely render more effective suppression by SP600125 than U0126, and a
greater reduction in the adenomyosis risk, as seen in this study. This difference in duration
that the two pathways manifest during SC dedifferentiation may account for the difference
in the effects of the two compounds on the risk of developing adenomyosis.

Second, and alternatively, it is possible that SC dedifferentiation might not be the
one and only determinant of the risk of developing adenomyosis resulting from EMID.
In the wake of EMID induction, on top of SC dedifferentiation caused by nerve injury,
resident endometrial epithelial cells may also be translocated into the myometrium by the
tip of the procedure instrument or may simply mobilize and invade, through the EMT,
into the myometrium through the breached barrier due to EMID, establishing the nascent
adenomyotic focus. It is possible that dedifferentiated SCs and endometrial epithelial cells
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are both responsible for the seeding of the initial lesion. Still, given that injury-activated
SCs can promote EMT and FMT through the paracrine action of TGF-β [78], it is very likely
that SCs play a crucial and lasting role in the genesis of EMID-induced adenomyosis via
promoting the EMT of both the SC-derived and endometrial epithelial cells that eventually
invade into the myometrium. Therefore, further experiments are needed to ascertain the
lineage of these epithelial-like cells within the myometrium, as well as the proportion of
those of SC origin or endometrial origin.

The involvement of SCs in EMID-induced adenomyosis is supported by a recent
study demonstrating that EMID induces the activation of signal transducer and activator
of transcription 3 (STAT3) right after the injury, which persisted throughout the entire
course of adenomyosis progression [13]. Indeed, STAT3 is activated after nerve injury [79],
and it supports SC survival and is essential for the long-term maintenance of the phe-
notype of differentiated SCs [80]. That latter fact may suggest that, firstly, perioperative
suppression of STAT3 could also be effective in reducing the risk of adenomyosis and,
second, a complete elimination of the risk should require not only perioperative but also
postoperative interventions.

Our findings have important scientific and clinical implications. Aside from the round-
ing up of a new culprit that is responsible for causing adenomyosis, which should be further
interrogated to unravel the pathogenesis of adenomyosis, our study, in conjunction with
our previous report [12], strongly indicates that perioperative intervention may be feasible
in future iatrogenic uterine procedures. Given the ubiquity of these procedures nowadays,
an effective intervention would substantially cut the risk of developing adenomyosis.

Our study has several strengths. First, we demonstrated the important role of SCs in
the development of adenomyosis induced by EMID. When dedifferentiated, they could
be trans-differentiated into endometrial epithelial cells and invade the myometrium, and,
through further EMT, form a nascent adenomyotic focus. They could also facilitate the
migration and invasion of endometrial epithelial cells, through inducing EMT, resulting
in the invasion into the myometrium and establishment of the initial lesion. Second, our
data are strongly indicative of the occurrence of EMT in epithelial cells (or, more precisely,
granular epithelial cells) within the myometrium after EMID induction, providing not
only direct but also more concrete evidence not only of the involvement of EMT but also,
more importantly, of the involvement of SCs in the genesis of adenomyosis induced by
EMID. Observations at different time points also provided a somewhat dynamic picture
explaining just how perioperative intervention aimed at suppressing SC dedifferentiation
could reduce the risk of adenomyosis caused by iatrogenic uterine procedures.

Of course, our study also has several notable limitations. First, we only used S100β
and p75 as two markers for mature and dedifferentiated SCs, respectively. While S100β
is exclusively expressed in nerve fibers [81] and p75 is a well-accepted marker for dedif-
ferentiated SCs [55,56], p75 may also be expressed in the myometrium and endometrial
stromal cells [81,82]. Using more than one marker would certainly provide further val-
idation of our results. However, since the number of S100β+ and p75+ SCs within the
EMI region were highly correlated (Figure 2C), which is consistent with our anticipated
result that the increase in dedifferentiated SCs coincided with the decrease in mature SCs,
the likelihood of massively misclassifying non-SCs as dedifferentiated ones is slim. Sec-
ond, we did not investigate the impact of combined perioperative use of SP600125 and
U0126, nor did we evaluate the effect of different dosages or the extended use of either
compound on the incidence pf adenomyosis. In light of the role of SCs in the facilitation of
EMT [30], FMT [78] and fibrogenesis [83], it is conceivable that continued suppression of
SC dedifferentiation is likely to hinder the progression of adenomyosis through impeding
EMT, FMT and fibrogenesis. Future studies are needed to clarify these issues. Third,
since the ERK and JNK pathways are involved not only in SC dedifferentiation but also
in other molecular processes such as inflammation [84,85] and EMT [86,87], future studies
are warranted to delineate the role of SCs in EMID-induced adenomyosis more precisely,
using, say, conditional knockout. Fourth, we made no attempt to ascertain the source of
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epithelial-like cells in the myometrium after EMID. In future studies, conditional knockout
experiments could perhaps be conducted to trace the cellular lineage of the adenomyotic
epithelial cells. Lastly, whether the density of nerve fibers, either PGP9.5+ or S100β+, was
affected by perioperative administration of two inhibitors well beyond the perioperative
window was not evaluated in our study. Therefore, future studies are needed to explore
the effect of perioperative suppression of SC dedifferentiation on neuroprotection and
neuro-regeneration, and their roles in the development of adenomyosis induced by EMID.

5. Conclusions

Our study has provided the first piece of evidence strongly implicating the involve-
ment of SCs in the genesis of adenomyosis induced by EMID. In particular, it demonstrated
that EMID-induced SC dedifferentiation is actively involved in the genesis of EMID-induced
adenomyosis, and that perioperative suppression of SC dedifferentiation can reduce the
risk of adenomyosis resulting from EMID in mice. Moreover, it highlighted the role of
nerve fibers in the pathogenesis as well as the pathophysiology of adenomyosis, espe-
cially given the recent report on the involvement of neuropeptide and neurotransmitter
receptors in adenomyosis [88]. More importantly, it underscores the prospect of effec-
tive perioperative intervention in reducing the risk of developing adenomyosis induced
by iatrogenic uterine procedures. Given the importance of the pathogenesis of adeno-
myosis, our findings necessitate further independent validation. While the exact molecular
mechanisms underlying EMID-induced adenomyosis and its possible intervention are still
unclear, our study has nonetheless identified a culprit that is likely to be crucial in the
pathogenesis of adenomyosis. Future investigations are badly needed to elucidate the
molecular and cellular mechanisms of EMID-induced SC dedifferentiation and its role in
the pathogenesis and pathophysiology of adenomyosis, and to devise effective strategies
to reduce the risk of adenomyosis resulting from iatrogenic uterine procedures through
perioperative interventions.
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