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Abstract

Background: Adenomyosis involves epithelial-mesenchymal transition (EMT), yet the role of mitochondrial regulator Mitofusin 2
(Mfn2) remains unclear. This study investigated the role of Mfn2 in adenomyosis-related EMT and evaluated its potential as a therapeu-
tic target. Methods: Mfn2 expression was compared between human adenomyotic and normal endometrial tissues using immunohisto-
chemistry. Transforming growth factor-beta 1 (TGF-£1)-induced EMT was established in Ishikawa cells, and Mfn2 was overexpressed
to assess EMT markers using quantitative polymerase chain reaction (QPCR) and Western blot, as well as cell migration and invasion (via
scratch and Transwell assays). A neonatal mouse model of tamoxifen-induced adenomyosis received intrauterine lentiviral Mfn2 overex-
pression. Uterine morphology, fibrosis, and EMT markers were evaluated after 20 days. Results: Mfn2 was significantly downregulated
in adenomyosis (p < 0.05). Overexpression of Mfn2 reversed EMT, evidenced by increased E-cadherin and decreased N-cadherin and
Vimentin (p < 0.05), suppressed cell migration and invasion in vitro (p < 0.05), improved uterine morphology (p» < 0.05), reduced
fibrosis (p < 0.05), and inhibited EMT in vivo. Conclusion: Mfn2 suppresses EMT in adenomyosis, suggesting its protective role and
potential as a therapeutic target.
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1. Introduction

Adenomyosis (ADS) is a common gynecological dis-
ease, and the main pathological feature is ectopic growth
of endometrial glands and stroma into the myometrium [1].
The ectopic growth results in a cascade of clinical prob-
lems, including dysmenorrhea, dyspareunia, abnormal uter-
ine bleeding, and infertility [2,3], which seriously impair
the quality of life of reproductive-age women [1]. The es-
timated prevalence of adenomyosis in women of reproduc-
tive age ranges from 20% to 34.6% on the basis of radio-
graphic assessment to 10% to 88% on the basis of patho-
logical diagnosis in resected uterine specimens, so this di-
agnostic heterogeneity underscores the underrecognition of
this disease [4].

It has been demonstrated by recent studies that en-
dometrial basal cell abnormal proliferation and invasion
have intimate connections with epithelial-mesenchymal
transition (EMT) [5]. EMT is a salient biological program:
through reprogramming of some molecules, epithelial cells
are able to transform into extremely migratory and invasive
mesenchymal cells. Despite the inevitability of the process
in embryonic development and tissue restoration, its patho-
logical activation is widely implicated in inflammatory re-
actions and metastasis of tumors [6,7]. In adenomyosis,
EMT may lead to the phenotypic transformation of endome-

trial epithelial cells, which lose their original features step
by step, acquire invasive stromal cell characteristics, and
further breach the basal barrier and invade the myometrium
to form the typical ADS lesions [8].

Because the dynamic equilibrium of mitochondria is
in charge of cell homeostasis and even the body’s home-
ostasis, as the core center of cellular energy metabolism,
the dynamic equilibrium of mitochondria is thus very cru-
cial. In the regulating network, Mitofusin 2 (Mfn2) is
also the core executor of mitochondrial fusion and an im-
portant safeguard of mitochondrial network structure [9].
By interacting with Mitofusin 1 (Mfnl) and other proteins
to form functional complexes, Mfn2 initiates processes of
membrane fusion between the mitochondria [10], thus en-
suring mitochondrial function and morphology integrity.
The regulation has a profound effect on basic processes
such as energy metabolism, signaling by calcium, and cell
life and death processes [11—13]. It should be noted that
the abnormal expression or dysfunction of Mfn2 has been
demonstrated to be closely related to a series of severe dis-
eases, ranging from neurodegenerative diseases, metabolic
disorders, to cardiovascular diseases, and even throughout
the whole process of tumor occurrence, development, and
metastasis [14—17].
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With an increasing depth of research on cell biol-
ogy and molecular mechanisms, the regulatory network
between Mfn2 and EMT has been progressively exposed.
Present data suggest that Mfn2 has a tumor suppressor func-
tion by dynamically regulating the balance of mitochon-
drial fusion/fission in thyroid cancer progression and di-
rectly regulates the EMT process [18]. In ovarian cancer
xenograft models, Mfn2 may be induced by genetic or drug
approaches to cause mitochondrial fusion, which strongly
inhibits the growth, migration, invasion and EMT pheno-
type of cancer cells by reducing the level of reactive oxy-
gen species (ROS) [19]—the mechanism is mitochondrial
fusion-mediated F-actin remodeling, decreasing the forma-
tion of lamella pseudopodia, a key connection in EMT.
These findings collectively describe a multi-organ role of
Mifn2 as an EMT mediator.

Surprisingly, despite accumulating evidence, the func-
tional role of Mfn2 in ADS remains largely unknown.
Based on confirmed Mfn2-EMT regulation in oncology
models, and EMT’s established role in adenomyosis patho-
genesis, we hypothesize that Mfn2 inhibits adenomyosis
progression by suppressing EMT in endometrial cells. This
study is the first to test this mechanism in benign gyneco-
logical disease. By combining the three-dimensional veri-
fication system of in vitro cell model, clinical sample anal-
ysis, and animal experiment, the principal role of Mfn2 in
the occurrence and development of diseases will be studied
deeply, which will provide a new understanding of ADS
pathological mechanism and create the possibility of trans-
lational medicine for targeted intervention.

2. Materials and Methods
2.1 Collection of Clinical Samples

In the present study, samples were obtained from the
Waujia District of Yichang Central People’s Hospital. The
experimental group consisted of 15 cases of endometrial tis-
sue of ADS patients, and the control group consisted of 8
cases of endometrial tissue of hysterectomy due to cervi-
cal intraepithelial neoplasia. No patients received any hor-
monal therapy, radiotherapy, or chemotherapy during the
last 3 months before surgery. All the specimens were con-
firmed to be of the proliferative phase by histological exam-
ination, and other pathological conditions such as uterine
fibroids and endometrial lesions were excluded.

2.2 Cell Culture and Transfection of Plasmid

Given the challenges in primary endometrial epithe-
lial cell isolation and culture stability, we selected the
Ishikawa human endometrial adenocarcinoma cell line
as a well-established in vitro model. Although derived
from malignancy, this cell line retains key endometrial
epithelial characteristics and is widely used in adeno-
myosis/endometriosis EMT studies due to its hormone re-
sponsiveness and reliable transfection efficiency.

Mycoplasma contamination in the Ishikawa cell line
was assessed using PCR and colorimetric assays, with re-
sults indicating no contamination. To verify genetic iden-
tity and purity, genomic DNA was extracted and ampli-
fied using a multiplex PCR system targeting 20 short tan-
dem repeat (STR) loci and a gender identification marker.
The amplified products were analyzed using a genetic ana-
lyzer and compared against the national database (CCRID,
https://http://www.cellresource.cn/) for matching analysis.

The human endometrial cancer cell line Ishikawa (CL-
0283, Pricella Biological, Wuhan, Hubei, China) was cul-
tured in DMEM supplemented with 10% FBS and 1%
penicillin-streptomycin at 37 °C in 5% CO,. Cells were
divided into four groups: Normal Control, transforming
growth factor-beta 1 (TGF-51) Model, Mfn2 Negative
Control (Mfn2-NC), and Mfn2 Overexpression (Mfn2-OE).
Cells (1 x 10°/well in 6-well plates) were cultured for
24 h, serum-starved for 12 h in DMEM, and then treated:
the TGF-81 Model, Mfn2-NC, and Mfn2-OE groups re-
ceived 10 ng/mL TGF-g1 (HZ.1011, PeproTech, Rocky
Hill, NJ, USA) for 24 h [20]. Mfn2 overexpression plasmid
or empty vector plasmid (negative control) was transfected
into cells using Lipofectamine 3000 (Invitrogen, Carlsbad,
CA, USA) reagent. The plasmid vector sequences are
shown in Supplementary Table 1. After transfection, the
cells were cultured for 2448 hours and then harvested for
further analysis.

2.3 Real-Time Quantitative PCR

Total RNA was extracted using TRIzol. Purified RNA
was reverse-transcribed to cDNA using the HiScript III re-
verse transcription kit (AKR-201, Accuri, Nanjing, Jiangsu,
China). Quantitative real-time reverse transcription PCR
(qRT-PCR) was performed using ChamQ Universal SYBR
quantitative polymerase chain reaction (qQPCR) Master Mix
(AKR-301, Accuri, Nanjing, Jiangsu, China) on an Agilent
Statagene Mx3000P instrument. Primers (Hunan Accuri
BioEngineering Co., Ltd., Nanjing, Jiangsu, China) were
used. The reaction conditions were: 50 °C for 30 min (re-
verse transcription); 95 °C for 3 min (pre-denaturation); fol-
lowed by 40 cycles of 95 °C for 15 sec (denaturation) and
60 °C for 30 sec (annealing). Relative gene expression was
calculated using the 2~24C method. Primer sequences are
provided in Supplementary Table 2.

2.4 Western Blot

Proteins were extracted using radioimmunoprecip-
itation assay (RIPA) lysis buffer (Applygen Technolo-
gies Inc., Beijing, China). Protein concentration was
determined by bicinchoninic acid (BCA) assay (P0009;
PINUOFEI Beijing, China) and samples were normal-
ized. Samples were mixed with 5x sodium dodecyl sul-
fate (SDS) loading buffer, denatured by boiling, sepa-
rated by SDS-polyacrylamide gel electrophoresis (PAGE),
and transferred to polyvinylidene fluoride (PVDF) mem-
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branes. After blocking with 5% skim milk, membranes
were incubated overnight at 4 °C with primary anti-
bodies: E-cadherin (1:20,000, 20874-1-AP; Proteintech,
Rocky Hill, NJ, USA), N-cadherin (1:10,000, 22018-1-AP;
Proteintech, Rocky Hill, NJ, USA), Vimentin (1:50,000,
10366-1-AP; Proteintech, Rocky Hill, NJ, USA) and Mfn2
(1:2000, CY6638; Abways, Shanghai, China). Follow-
ing Tris-buffered saline with Tween-20 (TBST) washes,
horseradish peroxidase (HRP)-conjugated secondary anti-
body (1:15,000, G1213; Sevier, Wuhan, Hubei, China) was
incubated at room temperature. Proteins were detected
using enhanced chemiluminescence (ECL) chemilumines-
cence and analyzed with Image Lab software (v6.1, Bio-
Rad, Hercules, CA, USA).

2.5 Wound Healing Assay

Cell migration was assessed using a scratch wound
healing assay. Ishikawa cells (5 x 10° cells/well) were
seeded in 6-well plates. Upon reaching ~90-100% conflu-
ence, a scratch was created in the monolayer using a sterile
pipette tip. Cells were gently washed 3 times with PBS to
remove debris and incubated in serum-free DMEM. Images
of three random fields per well were captured at 0 h (base-
line), 24 h, and 48 h using an inverted microscope. The
scratch area at each time point was measured using ImageJ
software (v1.53k, NIH, Bethesda, MD, USA). The wound
healing rate was calculated as: Healing rate (%) =[1—(Area
at Tn/Area at Ty)] x 100% (Where Ty = area at 0 h; Tn =
area at measurement time point).

2.6 Transwell Invasion Assay

Ishikawa cells (2 x 10° cells/well) were plated in the
upper chamber of Matrigel-coated Transwell inserts (BD
Biosciences). The lower chamber contained DMEM with
10% FBS. After 48 h incubation at 37 °C/5% CO-, non-
migrated cells in the upper chamber were removed with a
cotton swab. Migrated cells on the lower membrane sur-
face were fixed with 4% paraformaldehyde, stained with
0.1% crystal violet, and imaged using an inverted micro-
scope. Invading cells in five random fields per insert were
quantified using ImagelJ software (v1.53k, NIH, Bethesda,
MD, USA); the mean value was calculated and compared
statistically.

2.7 Animal Experiments

ICR newborn female mice (<24 h postpartum; Hu-
nan Slake Jingda Laboratory Animal Co., Ltd., China)
were housed under SPF conditions (22 £ 2 °C, 50%—-60%
humidity, 12-h light/dark cycle). Sixty mice were ran-
domly assigned to establish an ADS model using tamox-
ifen (T5648-1G, Sigma-Aldrich, St. Louis, MO, USA).
Model group mice received tamoxifen suspension (1 pg/g
in peanut oil/lecithin/purified milk mixture [2:0.2:3 v/v/v];
5 uL/g) by daily gavage on postnatal days (PND) 2-5 [21].
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Controls received the same volume of vehicle without ta-
moxifen.

At PND 60, three mice per group were sacrificed.
Uterine tissues were collected for hematoxylin and eosin
H&E staining to confirm successful modeling, defined by
histopathological observation of endometrial glands and
stroma invading the myometrium to form characteristic
adenomyosis lesions, accompanied by significant changes
in EMT markers (down-regulated E-cadherin, up-regulated
N-cadherin, Vimentin).

After successful modeling, mice were randomly di-
vided into four groups (n = 9/group): Normal Control,
ADS Model, Mfn2 Negative Control (LV-NC), and Mfn2
Overexpression (LV-Mfn2). Mice in the LV-NC and LV-
Mfn2 groups received intrauterine injections of empty vec-
tor lentivirus (LV-NC) or Mfn2-overexpressing lentivirus
(LV-Mfn2, 1 x 108 TU/mL; China Jima Gene Co., Ltd.,
Shanghai, China), respectively [22]. Mice were sacrificed
20 days post-injection, and uterine tissues were collected
for analysis. All mice were anesthetized by intraperitoneal
injection of 3% sodium pentobarbital (100 mg/kg) before
surgery. At the end of the experiment, after anesthesia us-
ing the method described above, rapid cervical dislocation
was implemented to ensure that the mice had no pain per-
ception.

2.8 H&E Staining

Uterine tissues were fixed in 4% paraformaldehyde
(24 h), dehydrated, cleared, paraffin-embedded, and sec-
tioned (5 pm). Sections were dried (60 °C, 2 h), deparaf-
finized in xylene I and II, and hydrated through graded
ethanol (100%, 95%, 80%, 70%). After H&E staining, sec-
tions were dehydrated (70%, 80%, 95%, 100% ethanol),
cleared in xylene, and mounted with neutral gum. Five ran-
dom fields per section were imaged under a light micro-
scope.

2.9 Masson Staining

Following hematoxylin and eosin (HE) staining, tissue
sections underwent deparaffinization and hydration. Mas-
son’s trichrome staining was performed sequentially with:
Weigert’s iron hematoxylin, ponceau acid fuchsin, differen-
tiation in 1% phosphomolybdic acid, and aniline blue. After
dehydration and mounting, collagen fibers (blue) and mus-
cle fibers (red) were visualized under a light microscope.
Fiji ImagelJ software was used to quantify the percentage
of collagen fiber area (5 random fields/section). Collagen
regions (stained blue) were identified by Red—Green—Blue
(RGB) threshold segmentation (threshold range: blue chan-
nel 60-255), and nuclei (dark blue, saturation >90%) and
non-specific staining were excluded. The collagen-positive
area was calculated as a percentage of the total visual field
area.
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2.10 Immunohistochemistry

Paraffin-embedded tissue sections (5 um) were fixed
and subjected to H&E staining following standard pro-
tocol. For immunohistochemistry (IHC), sections under-
went microwave antigen retrieval in 0.01 M sodium cit-
rate buffer (pH 6.0), followed by endogenous peroxidase
blocking with 3% H.O,. After blocking with 5% BSA,
sections were incubated overnight at 4 °C with primary anti-
body: Mfn2 (1:1200, 12186-1-AP; Proteintech). After PBS
washes, sections were incubated with HRP-conjugated sec-
ondary antibodies (1:500, G1213; Sevier) at room temper-
ature, developed with 3,3’-diaminobenzidine (DAB), and
counterstained with hematoxylin. Sections were then de-
hydrated, cleared, mounted, and imaged under a light mi-
croscope (5 random fields/section). Mfn2-positive area per-
centage and expression levels were quantified using ImageJ
software.

2.11 Statistical Analysis

Statistical analysis was performed with GraphPad
Prism software (version 8.0, San Diego, CA, USA). Contin-
uous data are presented as mean + standard deviation (SD).
Two-group comparisons were performed using either the
unpaired Student’s ¢-test or the Mann-Whitney U test, as ap-
propriate based on data distribution and normality assump-
tions. Comparisons between more than two groups were
performed using one-way analysis of variance (ANOVA)
followed by Tukey’s post-hoc test for pair-wise compar-
isons. Statistical significance was a p-value of <0.05. All
experiments were conducted with a minimum of three in-
dependent biological replicates.

3. Results

We found that Mfn2 protein levels were significantly
lower in the endometrium of adenomyosis patients com-
pared to healthy women. This hints that Mfn2 might be
involved in the disease. Looking closer at a process called
EMT—which is important in diseases like this—we saw
changes in key markers: the “epithelial” marker E-cadherin
(both mRNA and protein) was down (p < 0.05), while the
“mesenchymal” marker N-cadherin, Vimentin was up (p <
0.05). This confirms EMT is happening in adenomyosis.
Since Mfn2 was low at the same time, we suspected its de-
crease might be linked to triggering EMT (Fig. 1).

To test this link, we used a lab model of EMT (treat-
ing Ishikawa cells with TGF-81). Just like in patients,
Mifn2 levels dropped significantly in these treated cells (p
< 0.05). The EMT markers also changed as expected: E-
cadherin down (p < 0.05), N-cadherin and Vimentin up (p
< 0.05). Importantly, these cells became much better at
moving and invading (p < 0.05)—classic signs of EMT.
Then, we boosted Mfn2 levels in this model. This success-
fully reversed the EMT changes: E-cadherin increased (p <
0.05), N-cadherin and Vimentin decreased (p < 0.05). Cru-
cially, it also significantly reduced the enhanced cell mi-

gration and invasion caused by TGF-81 (p < 0.05). This
strongly suggests Mfn2 acts like a brake, slowing down
EMT and the invasive cell behavior seen in adenomyosis
(Figs. 2,3).

To see if Mfn2 protects against adenomyosis in a
living system, we used a mouse model of the disease.
Mice with adenomyosis showed the expected problems:
disrupted boundary between the endometrium and muscle
layer, glands invading the muscle, and increased fibrosis
(p < 0.05). Giving these mice a control virus (LV-NC)
didn’t help. However, using a virus to increase Mfn2 levels
(LV-Mfn2) in the uterus significantly improved things: the
tissue boundary was less disrupted, gland invasion was re-
duced, and fibrosis was lessened (p < 0.05). We confirmed
Mifn2 levels were indeed higher in the treated mice (p <
0.05). Just like in the cells and patients, the diseased mice
showed EMT activation (low E-cadherin (p < 0.05), high
N-cadherin, Vimentin) (p < 0.05). Boosting Mfn2 reversed
these EMT marker changes too (Figs. 4,5).

Together, our results show Mfn2 levels are consis-
tently low in adenomyosis across different systems. In-
creasing Mfn2 counteracts the EMT process, reduces the in-
vasive potential of endometrial cells, and significantly im-
proves disease features in mice. This strongly indicates that
Mfn2 plays a protective role in adenomyosis by inhibiting
EMT, making it a promising potential target for treatment.

4. Discussion

This study provides the first evidence that Mfn2
critically inhibits adenomyosis progression by suppress-
ing EMT. Through integrated clinical, cellular, and an-
imal analyses, we consistently demonstrated significant
Mitn2 downregulation in adenomyosis endometrium, which
strongly correlated with aberrant EMT activation (| E-
cadherin/t N-cadherin, 1 Vimentin). Mechanistically,
Mifn2 overexpression in TGF-/1-stimulated Ishikawa cells
reversed EMT-driven cell invasion, while in vivo lentiviral
delivery of Mfn2 restored uterine architecture and reduced
fibrosis in tamoxifen-induced adenomyosis mice. Criti-
cally, unlike tumors, adenomyosis has no malignant trans-
formation; thus, the anti-EMT effect of Mfn2 is primar-
ily directed against tissue invasion and fibrosis rather than
metastasis. This aligns with its documented role in sup-
pressing pathological fibrosis in other organs, establishing
Mifn2 as a novel therapeutic target for this benign gyneco-
logical disorder.

Taken together with our findings, we propose a com-
prehensive hypothesis that Mfn2 may suppress ROS burst
and reverse pathological metabolic reprogramming by in-
hibiting mitochondrial homeostasis (fusion/fission), ulti-
mately inhibiting EMT. The basic mechanism may include
the following interrelated levels:

1. Regulation of mitochondrial morphology and func-
tion: as a key regulatory protein of mitochondrial outer
membrane fusion, down-regulation of Mfn2 expression di-
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Fig. 1. Immunohistochemical, Western Blot, and qPCR results of clinical samples. (A,B) Immunohistochemistry was used to
compare the expression of Mfn2 in normal endometrium and adenomyosis endometrium. Scale bar: 100 um (x200). (C,D) Western
Blot was used to detect the protein expression of E-cadherin, N-cadherin, Vimentin, and Mfn2 in the endometrium of the two groups. (E—
H) qPCR was used to detect the expression of E-cadherin, N-cadherin, Vimentin, and Mfn2 mRNA in the two groups. Values represent
mean + SD, Adenomyosis group n = 15, Control group n = 8 (#-test). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. qPCR,
quantitative polymerase chain reaction; Mfn2, Mitofusin 2; SD, standard deviation.
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Fig. 2. Ishikawa cells were treated with TGF-51 to induce EMT model and the expression levels of each factor were detected
by qPCR and Western Blot after plasmid transfection. The Mfn2 negative control plasmid was represented by Mfn2-NC. The Mfn2
overexpression plasmid was represented by Mfn2-OE. (A-D) gPCR was used to detect the mRNA expressions of E-cadherin, N-cadherin,
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3 (ANOVA). (E,F) Western Blot was used to detect the protein expression of E-cadherin, N-cadherin, Vimentin and Mfn2 in the control
group vs the TGF-£1 model group and the Mfn2 negative control group (Mfn2-NC) vs the Mfn2 overexpression group (Mfn2-OE).
Values represent mean 4+ SD, n=3 (ANOVA). *p < 0.05, **p < 0.01, ***p < 0.001. TGF-81, transforming growth factor-beta 1; EMT,
epithelial-mesenchymal transition; ANOVA, analysis of variance.
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(B,D) Transwell invasion assay showed that EMT enhanced migration and invasion, while Mfn2 overexpression inhibited this effect.
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rectly leads to excessive mitochondrial fission (fragmen-
tation) [13,23,24]. The morphological defect impairs mi-
tochondrial electron transport chain (ETC) function, lead-
ing to the overproduction of ROS. Overproduced ROS act
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as key signaling molecules, activating nuclear factor kappa
B (NF-xB) and hypoxia-inducible factor-1 alpha (HIF-1«)
signaling pathways [6]. The activation of these pathways
also induces the phosphorylation of the TGF-3/Smad path-


https://www.imrpress.com

HE MASSON

Control
ADS
LV-NC
LV-Mfn2
C
3k 3k >k %k
1.0
gO-B— e ok ok %k
[5°]
g 0.6
=
2 0.4
S —
8 0.2
0.0 T
> S (¢) Q
& & & &
® v
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way, which eventually initiates the EMT process, which 2. Inhibition of metabolic reprogramming: Mitochon-
is manifested as the suppression of the expression of E-  drial fragmentation not only leads to ROS accumulation (as
cadherin and the up-regulation of Vimentin and other mes- described above), but also forces cells to forego efficient
enchymal markers. oxidative phosphorylation (OXPHOS) in favor of ineffi-
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cient glycolysis (i.e., the Warburg effect) [25], a metabolic
shift that is itself a hallmark feature of EMT. Overexpressed
Mifn2 might restore the efficiency of OXPHOS by restoring
the normal structure and function of mitochondrial cristae.
At the same time, it is able to inhibit the activity of key gly-
colytic enzymes such as lactate dehydrogenase A (LDHA)
[23,26], effectively opposing the aberrant metabolic adap-
tation that EMT depends on.

3. Regulation of mitochondrial-endoplasmic reticu-
lum coupling: In addition to regulating mitochondrial fu-
sion, Mfn2 is also involved in the formation and main-
tenance of mitochondrial-endoplasmic reticulum contact
sites (MERCs), which are important for calcium (Ca?™)
signaling [27]. Calcium homeostasis disruption activates
calcium-dependent proteases such as Calpain, which cleave
E-cadherin and destabilize cell polarity, thereby inducing
the EMT process. Therefore, Mfn2 could suppress the
calpain-mediated EMT pathway through the stabilization of
MERCs’ integrity and calcium signaling.

The major finding of the present study—that Mfn2
overexpression substantially suppressed TGF-/1-induced
EMT and cell invasion—provides important experimental
validation of this hypothesis. Of course, the precise molec-
ular network of Mfn2 regulating EMT is yet to be com-
pletely elucidated. Follow-up studies can track the effect
of Mfn2 on ROS levels by knocking down Mfn2 or, more
directly, quantify the OXPHOS/glycolytic flux alternation
with the assistance of metabolomics technology to more
comprehensively map the role of Mfn2.

In summary, this study demonstrates for the first time
that Mfn2 plays a vital protective role in adenomyosis by
inhibiting the process of EMT, which introduces new ideas
for clinical diagnosis and treatment of adenomyosis. Stud-
ies have found that the low expression mode of Mfn2 in the
endometrium of patients shows that Mfn2 can be used as an
effective auxiliary diagnostic biomarker, and if combined
with serum EMT markers (such as Vimentin), it is expected
to significantly improve the accuracy of disease staging and
invasiveness. In the therapeutic field, therapies targeting
Mifn2 have shown broad prospects. Small-molecule com-
pounds (e.g., natural product derivatives) with selective ac-
tivation of Mfn2 can be developed through high-throughput
screening and combined with in utero sustained release sys-
tems to achieve lesion-precise intervention. Lentiviral or
adeno-associated virus (AAV) vector-mediated gene ther-
apy has been shown to improve pathological phenotypes in
animal models. Maximizing delivery efficiency or creat-
ing tissue-specific promoters may further improve efficacy
and reduce toxicity in the future. Of particular interest is
whether the combination of Mfn2 activators with existing
antifibrotic treatments, e.g., gonadotrophin-releasing hor-
mone (GnRH) agonists, can enhance efficacy through syn-
ergistic mechanisms. However, it is still necessary to sys-
tematically tackle key problems to facilitate clinical trans-
lation: to clarify the correlation of Mfn2 expression with
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clinical stage and symptom severity, to stringently evaluate
the in vivo safety and off-target risk of Mfn2 agonists, and to
fully explore the mechanisms of interaction between Mfn2
regulating mitochondrial function and Wnt/3-catenin and
other key EMT pathways. Overcoming these challenges
will accelerate the process of Mfn2 from bench to bedside
and provide ever more accurate and efficient therapeutic ap-
proaches for patients with adenomyosis.

Limitations

Of course, we also know this study comes with sev-
eral limitations that need to be addressed in the future.
For one, the current clinical sample size is rather limited,
and follow-up studies are urgently required to assess larger
and more representative patient cohorts to more reliably
validate the role of Mfn2 in adenomyosis and its clini-
cal relevance. Although Ishikawa cells successfully mimic
the TGF-B1-induced EMT phenotype, their tumor-derived
properties are different from the benign lesion nature of
adenomyosis, which may affect the physiological relevance
of Mfn2 regulatory mechanisms, which needs to be further
verified in primary adenomyosis cells or disease organoids,
while studying non-EMT mechanisms will provide a com-
prehensive view of pathological mechanisms. At the same
time, although tamoxifen-induced neonatal mouse model
recapitulates the core pathological features of adenomyosis,
the induction mechanism and anatomical structure are dif-
ferent from humans, which may limit the comparability of
Mfn2 pathway regulation. In the future, the role of Mfn2
will be verified in larger human samples and the correlation
between Mfn2 and clinical features of adenomyosis, such as
disease stage and symptom severity, will be explored.

For another, although the function of Mfn2 and its re-
lationship with EMT have been preliminarily revealed, the
exact molecular mechanism of Mfn2 remains to be fully re-
vealed. Gene knockout and RNA interference can be em-
ployed in the future to manipulate Mfn2 expression in cells
and animal models with high accuracy, and their down-
stream effector molecules and signaling pathways can be
further analyzed. In addition, since the regulatory net-
work of Mfn2 is predicted to involve multiple signaling
pathways and complex molecular interactions, multi-omics
analysis (e.g., transcriptomics and proteomics) will be a
promising direction to systemically reveal the key mech-
anism and network association of Mfn2. Overcoming these
limitations will be of great value to clarify a deeper in-
sight into the pathophysiology of adenomyosis and also pro-
vide a good foundation for the further exploration of Mfn2-
targeted therapeutic strategies.

5. Conclusion

This study confirms that Mfn2 is a key repressor of
adenomyosis progression. We consistently demonstrated
that Mfn2 is significantly downregulated in human ade-
nomyosis endometrium, in a cell model of EMT, and
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in a mouse adenomyosis model. Functionally, restor-
ing Mfn2 expression effectively reversed TGF-/31-induced
EMT, suppressed endometrial cell migration and invasion
in vitro, and, in a mouse model of adenomyosis, amelio-
rated key pathological features in vivo, including tissue in-
vasion, fibrosis, and dysregulation of EMT markers. These
results strongly suggest that Mfn2 plays a protective role in
adenomyosis mainly by inhibiting the EMT process. Thus,
Mifn2 holds promise as a novel diagnostic biomarker and
therapeutic target for future interventions to mitigate this
prevalent gynecologic disorder.
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