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Abstract: Background: Intrauterine adhesion (IUA) is a common complication of endometrial injury. Bone marrow 

mesenchymal stem cells (BMSCs) have been implicated in endometrial repair, but strategies to enhance their therapeutic 

efficacy remain to be optimized. The C-X-C chemokine receptor type 4 (CXCR4)/C-X-C motif chemokine ligand 12 

(CXCL12) axis plays a pivotal role in BMSC homing. Objective: This study aimed to test the hypothesis that ATI-2341, 

a functionally selective allosteric regulator of CXCR4, enhances the therapeutic efficacy of BMSCs in a rat IUA model. 

Methods: After establishing the endometrial injury model, rat BMSCs were extracted and treated with ATI-2341 TFA (100 

ng/mL). IUA model rats were randomly divided into model control group, BMSCs group, BMSCs+ATI-2341 TFA group, 

BMSCs+PBS group and Positive control group (n=10 each). Endometrial thickness was assessed by hematoxylin and eosin 

(HE) staining; cell proliferation by the methyl thiazolyl tetrazolium (MTT) assay; matrix metalloproteinase-9 (MMP-

9)/tissue inhibitor of metalloproteinase-1 (TIMP-1) protein expression by Western blot; and cytokeratin and vimentin 

expression by immunohistochemistry. Results: ATI-2341 TFA-pre-treated BMSCs significantly increased endometrial 

thickness compared to untreated BMSCs (P < 0.05) or estrogen (P < 0.05). ATI-2341 TFA enhanced BMSC proliferation 

at 48 h (P < 0.05) and 72 h (P < 0.05). BMSCs exposed to ATI-2341 TFA or estrogen exhibited strong cytokeratin positivity 

and vimentin negativity. MMP-9 was downregulated (P < 0.05) and TIMP-1 upregulated (P < 0.05) in the ATI-2341 TFA 

group relative to controls. Conclusion: ATI-2341 TFA promotes acquisition of epithelial-like immunophenotype in 

BMSCs within the injured endometrial microenvironment and is associated with improved endometrial morphology in 

IUA rats. These findings provide preliminary evidence for the functional modulation of BMSCs by CXCR4-targeted 

therapy in endometrial repair. 
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INTRODUCTION 

 

The uterus and endometrium are essential for female 

reproductive physiology and play a critical role in 

pregnancy (Jia et al., 2024; Zhao et al., 2023). Although 

the human endometrium possesses remarkable 

regenerative capacity, various factors, such as miscarriage, 

infection, and endocrine disorders, can impair its repair and 

regeneration (Hu et al., 2023). Intrauterine adhesions 

(IUA), a common endometrial disorder, are characterized 

by local fibrosis and adhesion formation within the uterine 

cavity, often resulting from damage to the endometrial 

basal layer (Qin et al., 2025; Song et al., 2021). Once the 

basal layer is injured, repair often leads to scar tissue 

formation, making functional recovery challenging (Cheng 

et al., 2025). 

 

Bone marrow-derived mesenchymal stem cells (BMSCs) 

have garnered significant attention due to their 

multilineage differentiation potential and suitability for 

autologous transplantation, which minimizes immune 

rejection (Chen et al., 2025). These cells can differentiate 

into endometrial cells and participate in physiological 

endometrial regeneration (Yuan et al., 2022). Under 

pathological conditions, BMSCs migrate to injured sites 

and modulate inflammation, a process largely governed by 

chemokine signaling (Wang et al., 2022). Among these, 

stromal cell-derived factor-1 (SDF-1, also known as 

CXCL12) and its primary receptor, C-X-C chemokine 

receptor type 4 (CXCR4), play a central role in directing 

BMSC homing and mobilization (Gonzalez-Meljem et al., 

2023; Yang et al., 2024). Although an alternative receptor, 

CXCR7 (ACKR3), has been identified, the SDF-1/CXCR4 

axis remains the dominant regulator of BMSC recruitment 

(Ma et al., 2025; Park et al., 2024). 

  

The local microenvironment critically influences stem cell 

behavior and differentiation (Zhang et al., 2022). Previous 

studies have shown that endometrial culture medium and 

β-estradiol can promote stem cell differentiation into 

endometrial epithelial cells, suggesting that the intrauterine 

environment is key to inducing epithelial differentiation 

(Kim et al., 2025). However, the exact composition of 

endometrial culture medium remains undefined and the 

mechanisms underlying BMSC differentiation into 
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endometrial epithelial cells require further investigation. 

Given the pivotal role of the SDF-1/CXCR4 axis in BMSC 

homing, we hypothesized that ATI-2341—a functionally 

selective allosteric modulator of CXCR4—could enhance 

the therapeutic efficacy of BMSCs in a rat model of IUA 

by optimizing their functional status. ATI-2341 

trifluoroacetate (ATI-2341 TFA) was used in this study to 

pretreat BMSCs prior to transplantation. The aim of this 

study was to evaluate the effects of ATI-2341 TFA-

pretreated BMSCs on endometrial thickness, cell 

proliferation, the balance of matrix metalloproteinase-9 

(MMP-9) and tissue inhibitor of metalloproteinase-1 

(TIMP-1) and the expression of epithelial markers in a rat 

IUA model. These investigations aim to provide 

preliminary insights into the role of CXCR4 signaling in 

BMSC-mediated endometrial repair. 

 

MATERIALS AND METHODS 

 

Reagents and instruments 

Reagents: Trypsin (0.25%, containing EDTA, Cat. No. 

T1300, Beijing Solarbio Science & Technology Co., Ltd.); 

PBS buffer (pH 7.4, Cat. No. P1020, Beijing Solarbio 

Science & Technology Co., Ltd.); PVDF membrane (0.45 

μm, Cat. No. IPVH00010, Merck Millipore); RIPA lysis 

buffer (containing PMSF, Cat. No. R0010, Beijing Solarbio 

Science & Technology Co., Ltd.); ATI-2341 TFA (purity > 

98%, Cat. No. HY-107595, MCE), Chemical Structure ID: 

121513892, a selective allosteric modulator of CXCR4; 

MTT assay kit (Cat. No. M1020, Beijing Solarbio Science 

& Technology Co., Ltd.); Sodium pentobarbital (Cat. No. 

P3761, Merck Sigma). The chemical structure of ATI-2341 

TFA is shown in fig. 1. 

 

 
 

Fig. 1: Chemical structure of ATI-2341 TFA.  

 

Instruments 

Low-temperature high-speed centrifuge (Model: 5810R, 

Eppendorf, Germany); CO2 cell culture incubator (Model: 

3111, Thermo Fisher, USA); Microplate reader (Model: 

Multiskan FC, Thermo Fisher, USA); Electrophoresis and 

transfer system (Model: Mini-PROTEAN Tetra, Bio-Rad, 

USA). 

 

Animal model   

This study was approved by the Animal Ethics Committee 

of Women’s Hospital, Zhejiang University School of 

Medicine (Approval No. 202510131) and all animal 

procedures were performed in accordance with the Guide 

for the Care and Use of Laboratory Animals. A completed 

ARRIVE checklist is provided as Supplementary Material. 

 

A total of 50 female Sprague-Dawley (SD) rats, aged 5 

weeks and weighing 100 ± 10 g, were purchased from 

Zhejiang University School of Medicine Laboratory 

Animal Research Center [License No. 20250325]. 

Surgeries were performed after one week of 

acclimatization feeding. Sample size was determined a 

priori using G*Power 3.1 software based on pilot 

experiment data (endometrial thickness: 185.4 ± 58.2 µm 

in model group vs. 298.6 ± 60.1 μm in BMSCs+ATI-2341 

TFA group). Setting α = 0.05 and power = 0.80, a minimum 

of 7 rats per group was required. Considering an 

anticipated 20-25% modeling failure rate, 10 rats per group 

were included. 

 

Anesthesia method 

After weighing, the rats were intraperitoneally injected 

with 1% sodium pentobarbital (40 mg/kg) to induce 

anesthesia. The absence of the toe pinch reflex confirmed 

satisfactory anesthesia. 

 

The surgical procedure was based on the reference 

literature (Xi et al., 2023) and modified: After 30 rats (5-

week-old, 100 g) were anesthetized, an incision was made 

in the upper bladder. After the uterus was removed, both 

ends were clamped with vascular clips. The uterus was 

gently straightened using smooth forceps, and sterile gauze 

was wrapped around it to prevent extravasation. Normal 

saline (8 mL) was injected onto the surface of the uterus. A 

needle was then inserted into the uterine cavity and 

advanced approximately 3 cm. After puncture, excess 

normal saline was removed, followed by hot water 

injection. Finally, the uterus was repositioned. The 

abdominal cavity was flushed and the subcutaneous tissue 

and abdominal skin were sutured. Rats were injected with 

2 mL of gentamicin 3 days after the operation. 

 

Model validation 

On the 7th day post-modeling, two model rats were 

randomly selected, euthanized, and uterine tissue samples 

were collected for hematoxylin and eosin (HE) staining. 

The successful establishment of the IUA model was 

histologically confirmed by reduced endometrial glands, 

disruption of epithelial cell continuity, and stromal fibrous 

tissue proliferation. The remaining rats were included in 

subsequent experimental groupings. 
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The pre-determined exclusion criteria include 

intraoperative death, uterine perforation, severe 

postoperative infection, or failure to meet the IUA 

histological criteria on the 7th day. Fifty initial rats were 

excluded without randomization. 

 

Cultivation of BMSCs 

Isolation and culture of BMSCs were performed according 

to the method of Soleimani and Nadri (2009). Rats were 

euthanized and the femurs and tibias were isolated after 

disinfection with 75% ethanol for 30 min. After flushing 

the samples with PBS, the bone marrow cavity was flushed 

with D-MEM until the cavity appeared white. The bone 

marrow suspension was centrifuged at 1 000 × g for 5 min, 

the supernatant was discarded and the pellet was 

resuspended and seeded in DMEM medium (1×106 

cells/mL) for static culture in a 37oC, 5% CO2 saturated 

humidity incubator. The medium was refreshed every 2 

days. 

 

When the cells reached 90% confluence, they were 

passaged. The medium was removed after warming and 

trypsinization at 37oC. The cells were washed twice with 

PBS and trypsin was added again for 30 seconds until the 

cells gradually became round under the microscope. The 

cells were repeatedly pipetted until no adherent cells 

remained, then centrifuged at 1 000 × g for 5 min. The 

supernatant was discarded and 2 mL of red blood cell lysis 

buffer (Cat. No. R1010, Beijing Solarbio) was added. The 

mixture was allowed to stand at room temperature for 5 

min, centrifuged again (1 000 × g, 5 min) and the 

supernatant was discarded. For passaging, when the cells 

reached 90% confluence, 1 mL of 0.25% trypsin-EDTA 

(Cat. No. T1300, Beijing Solarbio) was added and 

digestion was performed at 37oC for 1.5 min. After 

observing that the cells had rounded under the microscope, 

2 mL of DMEM containing 10% FBS was immediately 

added to terminate digestion. A single-cell suspension was 

prepared by pipetting and the cells were subcultured at a 

1:3 ratio. 

 

Drug pretreatment: The third-generation BMSCs were 

taken for subsequent experiments. BMSCs + ATI-2341 

TFA group: Add complete medium containing 100 ng/mL 

ATI-2341 TFA (dissolved in PBS containing 0.1% DMSO) 

and culture for 24 hours; Solvent control group (BMSCs 

+PBS) : Add an equal volume of PBS containing 0.1% 

DMSO and the culture conditions are the same as above; 

BMSCs group: Cultured in conventional complete medium 

for 24 hours. After pretreatment was completed, the cells 

were washed twice with PBS, collected by trypsin 

digestion, and resuspended in PBS to a final concentration 

of 1×10^6 cells/mL, ready for animal transplantation. 
 

Identification of osteogenic and adipogenic 

differentiation  

Experiments were conducted based on previous literature 

(Pittenger et al., 1999). Cells were fixed with 70% ethanol, 

washed with hydrogen peroxide, and stained with Alizarin 

Red solution for 30 minutes. After staining, they were 

washed with H2O2 and observed under a microscope. 

 

After rat BMSCs were induced for 2 weeks, they were 

washed with PBS and fixed and stained with oil red 

solution. Upon washing with PBS, BMSCs were detected.  

 

Western blot analysis 

Following the method of Towbin et al. (1979), cells from 

each group were collected and lysed on ice for 30 min using 

RIPA lysis buffer (containing PMSF). The lysate was 

centrifuged at 12 000 × g for 15 min at 4oC and the 

supernatant was collected. Protein concentration was 

determined using the BCA method. Protein samples were 

mixed with 5× loading buffer at a 4:1 ratio and boiled at 

100 ℃ for 10 min. A total of 30 μg of protein per lane was 

separated by 10% SDS-PAGE and transferred to a PVDF 

membrane using the wet transfer method (300 mA, 90 min). 

The membrane was blocked with 5% non-fat milk at room 

temperature for 1 h. Primary antibody incubation: Rabbit 

anti-rat MMP-9 monoclonal antibody (1:1000, Cat. No. 

ab76003, Abcam), rabbit anti-rat TIMP-1 monoclonal 

antibody (1:1000, Cat. No. ab109125, Abcam) and mouse 

anti-rat GAPDH monoclonal antibody (1:5000, Cat. No. 

60004-1-Ig, Proteintech) were incubated with the 

membrane on a shaker overnight at 4oC.  

 

The next day, the membrane was washed three times with 

TBST for 10 min each, followed by incubation with HRP-

conjugated secondary antibodies (goat anti-rabbit IgG, 

1:5000, Cat. No. SA00001-2, Proteintech; goat anti-mouse 

IgG, 1:5000, Cat. No. SA00001-1, Proteintech) at room 

temperature for 1.5 h. After three additional washes with 

TBST (10 min each), protein bands were visualized using 

the ECL chemiluminescent method. Grayscale values were 

analyzed using ImageJ software. The relative expression 

level of the target protein was calculated as the grayscale 

value of the target protein divided by the grayscale value 

of the internal reference GAPDH. Each experimental group 

was repeated independently three times. 

 

Grouping 

After model validation on day 7, 50 eligible rats were 

randomly assigned to 5 groups (n=10 each) by an 

independent researcher using a web-based random number 

generator (www.random.org): IUA model rats without any 

intervention. BMSCs group: IUA model rats injected via 

the tail vein with untreated BMSCs (1×106 cells/rat, 

dissolved in 0.5 mL PBS). BMSCs + ATI-2341 TFA group: 

IUA model rats injected via the tail vein with BMSCs 

pretreated with 100 ng/mL ATI-2341 TFA for 24 h (1×106 

cells/rat, dissolved in 0.5 mL PBS). BMSCs + vehicle 

control group (BMSCs + PBS): IUA model rats injected via 

the tail vein with BMSCs pretreated with an equal volume 

of PBS (containing 0.1% DMSO) for 24 h (1×106 cells/rat, 
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dissolved in 0.5 mL PBS). Positive control group: IUA 

model rats intraperitoneally injected with estradiol valerate 

(0.2 mg/kg, once daily for 7 consecutive days). Group 

allocation was concealed in opaque envelopes and revealed 

immediately before treatment administration. 

 

The concentration of 100 ng/mL used in this study was 

based on preliminary experimental results from our 

research group (concentration gradient screening: 0, 10, 50, 

100 and 200 ng/mL) and literature reports (Rosenberger et 

al., 2024). At this concentration, no cytotoxicity was 

observed in the BMSC culture system (CCK-8 viability > 

95%) and it effectively upregulated downstream CXCR4 

signaling (p-ERK1/2 expression increased by 1.8-fold). 

 

Detection of cell proliferation activity 

The MTT assay was performed according to the method of 

Mosmann (1983). After 2 days of culture, BMSCs from 

each group were seeded into 96-well plates at a density of 

5 × 103 cells per well in 200 μL of culture medium, with 

five replicate wells per group. After incubation for 24, 48, 

and 72 h, respectively, 20 μL of MTT solution (5 mg/mL) 

was added to each well, and the plates were incubated for 

an additional 4 h. The supernatant was then discarded and 

150 μL of DMSO was added to each well. The plates were 

shaken for 10 min to dissolve the formazan crystals fully. 

The absorbance (OD) was measured at 490 nm using a 

microplate reader. 

 

Immunohistochemistry 

Rat uterine tissue samples were collected, fixed in 

paraformaldehyde, embedded in paraffin and sectioned. 

Endometrial thickness was examined microscopically after 

hematoxylin and eosin (HE) staining. Following 

deparaffinization and rehydration, sections were subjected 

to microwave antigen retrieval in citrate buffer (pH 6.0) for 

15 min. Endogenous peroxidase activity was blocked by 

incubation with 3% H2O2 for 10 min at room temperature. 

Sections were then incubated with 50 μL of primary 

antibodies: rabbit anti-human broad-spectrum cytokeratin 

antibody (1:200 dilution, Cat. No. Z0622, Lot No. 200456, 

Dako) and mouse anti-rat vimentin antibody (1:400 

dilution, Cat. No. M0725, Lot No. 190876, Dako) 

overnight (14-16 h) at 4oC in a humidified chamber. After 

three washes with PBS, biotinylated goat anti-rabbit/mouse 

secondary antibody (1:200, Cat. No. E0432, Dako) was 

applied and incubated for 30 min at room temperature.  

 

Following another PBS wash, streptavidin-horseradish 

peroxidase (1:200, Cat. No. K0679, Dako) was applied and 

incubated for 30 min at room temperature. 

Diaminobenzidine (DAB) chromogen solution (Cat. No. 

K3468, Dako) was applied for 3-5 min in the dark; color 

development was monitored microscopically and stopped 

by rinsing with running water. Sections were 

counterstained with hematoxylin for 30 s, dehydrated 

through a graded alcohol series, cleared in xylene and 

mounted with neutral balsam. The procedure was 

performed according to the method of Ramos-Vara (2005). 

Positive controls: Normal rat endometrial tissue was used 

as a positive control for cytokeratin and rat spleen tissue 

was used as a positive control for vimentin. Negative 

controls were prepared by substituting the primary 

antibody with PBS. Cytokeratin staining was evaluated as 

negative, weakly positive, positive, or strongly positive, 

corresponding to positive cell percentages of <5%, 5%-

25%, 25%-50% and ≥75%, respectively. Vimentin staining 

was evaluated as negative, weakly positive, positive, or 

strongly positive, corresponding to positive cell 

percentages of 0%, <10%, 11%-50% and 50%-80%, 

respectively; >80% positive cells were also considered 

strongly positive. Two pathologists independently assessed 

immunohistochemical staining results under double-blind 

conditions. In cases of discrepant interpretations, a 

consensus was reached through discussion. Inter-observer 

agreement was evaluated using the Kappa test, with a 

Kappa value > 0.80. 

 

Postoperative care and welfare 

Postoperative analgesia was provided with buprenorphine 

(0.05 mg/kg, s.c., q12h for 3 days). Gentamicin (2 mg/kg, 

i.m., once daily for 3 days) was administered for infection 

prevention. Welfare assessments were performed every 6 h 

for the first 3 days and daily thereafter, monitoring body 

weight, posture, behavior, and wound healing. Predefined 

humane endpoints included >20% body weight loss, 

inability to eat/drink for >48 h, severe infection, or a pain 

score ≥3 (modified Rat Grimace Scale); no animals 

reached these endpoints. At experiment termination (day 7 

post-treatment), euthanasia was performed by sodium 

pentobarbital overdose (150 mg/kg, i.p.), confirmed by 

cessation of heartbeat and respiration. 

 

Blinding 

Blinding was applied as follows: group allocation was 

concealed from the investigator performing tail vein 

injections; histopathological and immunohistochemical 

assessments were conducted by two pathologists blinded to 

group allocation; Western blot densitometry was 

performed by a researcher unaware of group assignment. 

In-vitro cell culture and data analysis were not blinded due 

to the nature of the interventions. 

 

Statistical analysis 

The primary outcome measure was endometrial thickness 

assessed by HE staining. Secondary outcome measures 

included BMSC proliferation (MTT assay), MMP-9 and 

TIMP-1 protein expression (Western blot), and 

cytokeratin/vimentin expression (immunohistochemistry). 

Data were analyzed with SPSS 22.0 statistical software, 

presented in GraphPad Prism 7, and reported as mean ± 

standard deviation.  
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Comparisons between two groups were performed using an 

independent samples t-test. Comparisons across multiple 

time points were conducted using repeated measures 

analysis of variance (ANOVA), followed by post hoc 

pairwise comparisons using the Bonferroni method. A P 

value < 0.05 was considered statistically significant. No 

missing data occurred in this study. Outliers were defined 

using the Tukey method (values below Q1 - 1.5×IQR or 

above Q3 + 1.5×IQR). No outliers were detected or 

excluded from the final analysis. All analyses were 

performed on the complete dataset. 
 

RESULTS  
 

The morphology and differentiation ability of BMSCs 

The technological roadmap is shown in fig. 2. After 

extraction of BMSCs, BMSCs at passage 3 were presented 

in long fusiform with different sizes and nuclei were 

observed; after osteogenic induction, dark red nodules 

appeared in the BMSCs, indicating osteogenic 

differentiation potential; in addition, through the induction 

of adipogenesis, red lipid droplets were observed in the 

cells, which indicates the adipogenic differentiation (Fig. 

3). 
 

The effect of ATI-2341 TFA on the protein expressions 

of MMP-9 and TIMP-1 in BMSCs 

Western blot results showed that compared with the Model 

control group (1.00 ± 0.00), the relative protein expression 

levels of MMP-9 in both the BMSCs+ATI-2341 TFA group 

(0.35 ± 0.04) and the Positive control group (0.47 ± 0.03) 

were significantly decreased (P < 0.05).  

 
 

Fig. 2: Schematic diagram of research idea 
 

 
 

Fig. 3: Morphology of BMSCs 

(A): Representative imaging of BMSCs at passage 3. (×400); (B): Representative imaging of BMSCs after osteogenic 

induction (×200); (C): Representative imaging of BMSCs after adipogenic induction (×400). 
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Furthermore, the MMP-9 level in the BMSCs+ATI-2341 

TFA group was significantly lower than that in the Positive 

control group (P < 0.05). There were no statistically 

significant differences in MMP-9 expression between the 

BMSCs group (0.98 ± 0.05) or the BMSCs+PBS group 

(0.96 ± 0.04) and the Model control group (P > 0.05). See 

Fig. 4. 

 

Regarding the relative expression level of the TIMP-1 

protein, compared with the Model control group (1.00 ± 

0.00), it was significantly increased in both the 

BMSCs+ATI-2341 TFA group (0.73 ± 0.03) and the 

Positive control group (0.62 ± 0.04) (P < 0.05). Moreover, 

the TIMP-1 level in the BMSCs+ATI-2341 TFA group was 

significantly higher than that in the Positive control group 

(P < 0.05). There were no statistically significant 

differences in TIMP-1 expression between the BMSCs 

group (1.02 ± 0.05) or the BMSCs+PBS group (1.01 ± 0.03) 

and the Model control group (P > 0.05). See Fig. 5. 

 

 
 

Fig. 4: The relative expression level of MMP-9 protein 

(A) Representative Western blot bands; (B) Quantitative analysis of gray values. The relative expression level of MMP-

9 is expressed as the ratio of MMP-9 to GAPDH. The data is mean ± SD, with n=3. *P < 0.05 vs. the Model control 

group; #P < 0.05 vs. Positive control group. 

 

 

Fig. 5: Relative expression level of TIMP-1 protein 

(A) Representative Western blot bands; (B) Quantitative analysis of gray values. The relative expression level of TIMP-

1 is expressed as the ratio of TIMP-1 to GAPDH. The data is mean ± SD, with n=3. *P < 0.05 vs. the Model control 

group; #P < 0.05 vs. Positive control group. 
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The effect of ATI-2341 TFA on the proliferation of 

BMSCs 

The MTT assay results showed (Table 1) that at 24 h post-

intervention, there was no statistically significant 

difference in OD values among the groups (P > 0.05). At 

48 h and 72 h post-intervention, cell viability in the 

BMSCs+ATI-2341 TFA group was significantly higher 

than that in the BMSCs group and the BMSCs+PBS group 

(P < 0.05).  
 

The cell viability rate in the Positive control group was also 

higher than that in the BMSCs group (P < 0.05) but was 

lower than that in the BMSCs+ATI-2341 TFA group (P < 

0.05). There were no statistically significant differences 

between the BMSCs group and the BMSCs+PBS group at 

any time point (P > 0.05). 
 

ATI-2341 TFA causes increased endometrial thickness 

HE staining results showed (Table 2) that the endometrial 

thickness in the BMSCs+ATI-2341 TFA group (294.21 ± 

59.97 μm) was significantly greater than that in the Model 

control group (187.36 ± 58.64 μm) (P < 0.05) and the 

Positive control group (258.82 ± 61.04 μm) (P < 0.05). The 

endometrial thickness in the Positive control group was 

also significantly greater than that in the Model control 

group (P < 0.05). There were no statistically significant 

differences in endometrial thickness between the BMSCs 

group (202.45 ± 60.23 μm) or the BMSCs+PBS group 

(198.76 ± 58.92 μm) and the Model control group (P > 

0.05); however, both were significantly less than that in the 

BMSCs+ATI-2341 TFA group (P < 0.05). 
 

Protein expression in the endometrium cytoplasm  

The immunohistochemical staining results showed (Fig. 6) 

that in the BMSCs+ATI-2341 TFA group, endometrial 

glandular epithelial cells showed strong positive 

expression of keratin (cytoplasm brownish-yellow) and 

negative expression of vimentin (cytoplasm blue-purple). 

Positive control group Keratin positive expression 

(cytoplasm brownish-yellow), vimentin negative 

expression (cytoplasm blue-purple); Model control group 

Keratin negative expression (no obvious brownish-yellow 

color in the cytoplasm), vimentin positive expression (blue 

nucleus, brownish-yellow cytoplasm). 

 

DISCUSSION 

 

This study found that transplantation of BMSCs pretreated 

with ATI-2341 TFA into a rat model of IUA significantly 

increased endometrial thickness. This was accompanied by 

a decrease in the MMP-9/TIMP-1 ratio, upregulation of 

cytokeratin expression, and downregulation of vimentin 

expression. These results suggest that allosteric modulation 

targeting CXCR4 can optimize the reparative capacity of 

BMSCs within the damaged endometrial 

microenvironment. However, the specific mechanisms of 

action and the potential for clinical translation remain 

under cautionary interpretation. 

 

We observed that following the transplantation of BMSCs 

pretreated with ATI-2341 TFA, the rat endometrial tissue 

exhibited strong positivity for cytokeratin and negativity 

for vimentin. Cytokeratin, as a marker of the epithelial cell 

cytoskeleton, is typically interpreted as indicating that cells 

have acquired an epithelial-like phenotype (Alsharif et al., 

2021). However, this phenomenon has multiple possible 

biological explanations. One possibility is that ATI-2341 

TFA directly induces the directed differentiation of BMSCs 

into endometrial epithelial cells.  

Table 1: Comparison of metabolic activities of BMSCs in each group (OD value, x±s). 
 

Group N 24 h 48 h 72 h 

Model control group 10 0.112 ± 0.002 0.114 ± 0.019 0.115 ± 0.020 

BMSCs group 10 0.112 ± 0.004 0.117 ± 0.018 0.118 ± 0.021 

BMSCs+PBS group 10 0.111± 0.005 0.116 ± 0.020 0.117 ± 0.019 

BMSCs + ATI-2341 TFA group 10 0.111± 0.006 0.131 ± 0.012*# 0.136 ± 0.019*# 

Positive control group 10 0.112 ± 0.003 0.126 ± 0.024* 0.129 ± 0.016* 

F 0.021 4.123 5.897 

P 0.999 0.008 0.002 

Note: Compared with the Model control group, *P < 0.05; Compared with the Positive control group, #P < 0.05. 
 

Table 2: Comparison of endometrium thickness in each group (x±s). 
 

Group Quantity Endometrial thickness (μm) 

Model control group 10 187.36 ± 58.64 

BMSCs group 10 202.45 ± 60.23 

BMSCs+PBS group 10 198.76 ± 58.92 

BMSCs + ATI-2341 TFA group 10 294.21 ± 59.97*# 

Positive control group 10 258.82 ± 61.04* 

F 5.234 

P 0.001 

Note: Compared with the Model control group, *P < 0.05; Compared with the Positive control group, #P < 0.05. 
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Although this hypothesis is attractive, the data from the 

current study are insufficient to support such a strong 

conclusion. The expression of epithelial markers does not 

equate to the formation of functional epithelial cells. 

Recent studies have shown that BMSCs can transiently 

express epithelial cell markers through a mechanism of 

"cellular plasticity" in specific inflammatory or injured 

microenvironments, but this does not necessarily imply 

lineage-directed differentiation or the formation of 

epithelial cells with functional characteristics such as 

polarity and tight junctions (Liu et al., 2024). Furthermore, 

ATI-2341 TFA, by enhancing CXCR4 signaling, may 

improve BMSC responsiveness to the injured 

microenvironment, enabling more effective homing to the 

injury site (Liu et al., 2022). Subsequently, through 

paracrine effects, they could modulate the residual 

phenotype of local cells, such as epithelial cells and 

fibroblasts, thereby indirectly contributing to the observed 

 
 

Fig. 6: Morphology of rat endometrial cells. 

(A): BMSCs + ATI-2341 TFA group (×200); (B): Positive control group (×200); (C): Model control group (×200). 
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expression of epithelial markers (Wang et al., 2024). The 

experimental design of this study cannot distinguish 

between the direct differentiation of BMSCs and their 

paracrine regulatory effects. Therefore, we interpret the 

current observations as indicating that BMSCs pretreated 

with ATI-2341 TFA acquire an "epithelial-like 

immunophenotype" within the endometrial 

microenvironment, rather than demonstrating that they 

"differentiate into functional endometrial epithelial cells." 

Future research needs to combine lineage-tracing 

techniques, functional epithelial characteristic assays, and 

single-cell transcriptomic analysis to definitively delineate 

the regulatory role of ATI-2341 TFA in lineage 

commitment of BMSCs. 
 

The MMP-9/TIMP-1 balance is a key indicator of 

extracellular matrix (ECM) metabolism and fibrosis (Short 

et al., 2021). In this study, treatment with ATI-2341 TFA 

significantly decreased MMP-9 and increased TIMP-1. 

This pattern is typically associated with inhibiting 

excessive ECM degradation and promoting matrix 

stabilization, which, in theory, would be beneficial for 

alleviating endometrial fibrosis. This finding is consistent 

with the study by Han et al. (2025), which confirmed that 

BMSC implantation can improve the repair of damaged 

endometrium by modulating matrix remodeling. Notably, 

the magnitude of the modulation of the MMP-9/TIMP-1 

balance by ATI-2341 TFA was significantly greater than 

that by estrogen. This difference suggests that ATI-2341 

TFA may act directly on the CXCR4 receptor on the BMSC 

surface, activating downstream signaling pathways such as 

ERK1/2 and Akt. This, in turn, could alter their paracrine 

profile, leading to increased secretion of anti-fibrotic 

factors such as HGF and IL-10, and decreased secretion of 

pro-fibrotic factors such as TGF-β1 (De Souza et al., 2023). 

Concurrently, ATI-2341 TFA may enhance the recruitment 

of BMSCs to the injury site, allowing more BMSCs to 

exert local regulatory effects (Ferrini et al., 2021). 

However, this study did not directly assess the in 

vivo distribution and survival of the transplanted BMSCs, 

nor did it analyze their paracrine factor profile. Therefore, 

these hypothesized mechanisms require further 

experimental validation. 
 

Although this study provides preliminary positive evidence, 

it is necessary to acknowledge its multiple limitations: first, 

insufficient mechanistic validation. We used the allosteric 

CXCR4 modulator ATI-2341 TFA, but did not perform 

functional rescue experiments using specific antagonists. 

Therefore, we cannot directly prove that the observed 

effects are mediated through the CXCR4 receptor. The 

potential off-target effects of ATI-2341 also need to be 

ruled out in future studies. Second, limitations of the cell 

proliferation assay. This study used the MTT assay to 

measure cellular metabolic activity as an indirect indicator 

of proliferation. Although commonly used, this method 

does not directly measure DNA synthesis or cell division. 

Future studies should incorporate more direct proliferation 

assays, such as EdU incorporation assays or Ki67 

immunofluorescence staining, to confirm the promoting 

effect of ATI-2341 TFA on BMSC proliferation. Third, 

limited observation endpoints. This study only observed 

short-term histological changes and did not address long-

term prognosis. Are there any tumorigenic risks associated 

with BMSC transplantation? What is their long-term 

survival and distribution in vivo? These safety issues have 

not been assessed. 

 

Furthermore, whether histological improvements 

ultimately translate into functional improvements such as 

embryo implantation rates or fertility restoration remains 

unknown—fourth, translational limitations of the animal 

model. Although the rat IUA model used in this study is 

widely adopted, rodent endometrial physiology differs 

significantly from that of humans. The repair mechanisms, 

cycle regulation and responses to drugs may not be fully 

extrapolated to humans. Validation in animal models closer 

to humans, such as rabbits or pigs, is necessary before 

considering clinical translation. 

 

CONCLUSION 
 

In summary, this study demonstrates that BMSCs 

pretreated with ATI-2341 TFA can promote endometrial 

morphological repair in a rat model of IUA. This effect is 

associated with improved MMP-9/TIMP-1 balance and the 

acquisition of an epithelial-like phenotype by BMSCs. 

However, these findings should be considered preliminary 

and correlative, rather than establishing a definitive 

mechanism of action by which ATI-2341 induces directed 

differentiation of BMSCs via CXCR4. Future research 

should be systematically advanced along three dimensions: 

in-depth mechanistic studies (such as lineage tracing and 

CXCR4 blockade), assessment of functional endpoints 

(such as fertility evaluation), and translational feasibility 

(including safety studies and large-animal models). This 

comprehensive approach is necessary to fully evaluate the 

potential of targeting CXCR4 signaling to optimize stem 

cell therapy.  
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