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Abstract
Objective  SLE is a multisystem autoimmune disease 
characterised by chronic inflammation and progressive 
organ damage, including ovarian dysfunction. This 
study investigated the therapeutic efficacy of umbilical 
cord-derived mesenchymal stem cells (UC-MSCs) in 
ameliorating ovarian impairment and restoring ovarian 
function through the inhibition of fibrosis in a lupus mouse 
model.
Methods  Serum levels of sex hormones were quantified 
via ELISA. Ovarian tissue samples were histologically 
evaluated for follicle count and fibrosis via H&E and 
Masson’s trichrome staining. Quantitative reverse-
transcriptase-PCR, western blot, immunofluorescence 
and immunohistochemistry were employed to evaluate 
inflammatory cytokines, fibrotic factors, hormone receptors 
and signalling proteins. Primary granulosa cells (GCs) 
isolated from lupus mice (MRL/lpr) were cocultured with 
MSCs and the expression of fibrotic factors was analysed 
by western blot. Additionally, a human GC line (KGN) was 
used to further explore the relationships among connective 
tissue growth factor (CTGF), focal adhesion kinase (FAK)/
FAK-Tyr576/577 phosphorylation and fibrosis. This was 
achieved through stimulation with recombinant CTGF, the 
CTGF antagonist FG-3019 or the FAK inhibitor SU6656.
Results  UC-MSC transplantation significantly 
downregulated the expression of proinflammatory 
cytokines (Tnf-α, Il-1β) and fibrotic markers (Ctgf, α-Sma) 
while upregulating the expression of key hormone 
receptors (Amh, Esr1, Esr2). Additionally, a reduction in 
CD3+/CD4+ T-cell infiltration, C3 complement deposition 
and IgG levels was observed, accompanied by an increase 
in regulatory T cells. Further analysis revealed that fibrotic 
markers and FAK-Tyr576/577 phosphorylation were 
markedly suppressed in primary ovarian GCs following 
MSC transplantation. In vitro experiments demonstrated 
that recombinant CTGF promoted fibrogenesis in the 
human GC line KGN. Conversely, MSC treatment inhibited 
phosphorylated FAK-Tyr576/577 and downregulated the 
expression of Collagen 1 and α-SMA, suggesting that 
UC-MSCs alleviate ovarian fibrosis by suppressing FAK-
Tyr576/577 phosphorylation.
Conclusion  This study demonstrated that UC-MSC 
treatment ameliorated ovarian dysfunction and attenuated 
ovarian fibrosis in lupus mice by modulating the CTGF/FAK-
Tyr576/577 phosphorylation pathway.

Introduction
Prolonged chronic inflammation in SLE inev-
itably results in multi-organ damage. Notably, 
a growing number of female patients with SLE 
exhibit reproductive system impairments, 
including irregular menstruation, amenor-
rhoea, premature ovarian failure (POF) and 
other reproductive system injuries.1 Indeed, 
chronic inflammatory stimulation by TNF-α 
and interleukin (IL)-6 seems to play a role in 
the pathogenesis of polycystic ovary syndrome 
(PCOS).2 In patients with SLE, elevated 
levels of proinflammatory cytokines (IL-1β 
and IL-18) in serum, which are involved in 
fibrosis,3 4 presumably contribute to ovarian 
damage in turn. In addition, ovarian hard-
ening and insufficiency are also associated 
with elevated concentrations of inflamma-
tory cytokines induced by the autoantibody-
complement complex in patients with SLE.5–9 
Moreover, increased infiltration and prolifera-
tion of peripheral neutrophils and Th17 cells 

WHAT IS ALREADY KNOWN ON THIS TOPIC

⇒⇒ Fibrosis and chronic inflammation can cause ovarian 
dysfunction in SLE. Mesenchymal stem cells (MSCs) 
have shown therapeutic efficacy in alleviating lupus 
nephritis. However, their effects on ovarian function 
in patients with SLE remain poorly understood.

WHAT THIS STUDY ADDS

⇒⇒ Umbilical cord-MSC treatment was found to improve 
ovarian function and reduce ovarian fibrosis in lupus 
mice by modulating the connective tissue growth 
factor/focal adhesion kinase-Tyr576/577 pathway.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

⇒⇒ This study suggests that MSCs might be potential 
therapeutic agents for the treatment of ovarian dys-
function in patients with lupus in the future, espe-
cially for the treatment of ovarian inflammation and 
fibrosis.
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also seem to participate in the process of impairing the 
ovaries.10 Although insufficient blood supply, deposition 
of immune complexes, autoreactive immune cell infil-
tration and dysregulated gonadal hormones (eg, oestra-
diol and Müllerian hormone) are primarily observed in 
the ovaries of SLE, how the onset of lupus disease causes 
ovarian dysfunction remains mostly unknown.11–13

Fibrosis, a marker of tissue ageing and dysfunction, 
plays an important role in the pathogenesis of organ 
insufficiency, including ovarian dysfunction. Many proin-
flammatory factors can induce fibrosis in multiple organs, 
resulting in their dysfunction. TNF-α and IL-17 have toxic 
effects on liver fibrosis.14 Blockade of IL-6 signalling 
reportedly reduces renal fibrosis.15 In osteoarthritis, the 
upregulation of proinflammatory cytokines (IL-1β and 
IL-18) and fibrosis markers (TGF-β, PLOD2, COL1A1 and 
TIMP1) affects the recovery of arthritis.16 Notably, fibrosis 
also affects ovarian function. Lliberos et al reported that 
the failure of follicles resulted from ovarian ageing due 
to chronic inflammation and fibrosis with the activation 
of proinflammatory cytokines (TNF-α, IL-1α/β and IL-6), 
inflammasome genes (ASC and NLRP3) and Collagen I 
and III.17 Collagen and hyaluronic acid have been shown 
to regulate ovarian stiffness, which can affect follicular 
development and oocyte quality.18 19 In addition, NLRP3 
inflammasome activation via Toll-like receptor 4 in PCOS 
ovaries affects follicular dysfunction by increasing the 
expression of fibrotic factors, such as TGF-β, connective 
tissue growth factor (CTGF), α-SMA, β-catenin, type I 
collagen and β-collagen, in ovarian cells.20 Furthermore, 
focal adhesion kinase (FAK) can link mechanical force 
to certain types of fibrosis via inflammatory signalling.21 
Hence, ovarian fibrosis seems to directly affect ovarian 
function. Blocking the excessive activation of fibrosis is 
assumed to be an effective strategy to alleviate ovarian 
pathological remodelling.

Recently, human umbilical cord-derived mesenchymal 
stem cells (UC-MSCs) have shown broad application 
prospects in the treatment of autoimmune diseases and 
regenerative medicine.22 Transplantation of UC-MSCs has 
achieved beneficial results in SLE, rheumatoid arthritis, 
Sjögren’s syndrome, etc.23–25 MSC therapy has also been 
shown to be one of the most effective treatments for 
restoring fertility and pregnancy. Notably, UC-MSCs are 
the most appropriate MSCs for treating immune-related 
ovarian insufficiency because of their painless extraction 
procedure.26 27 MSCs can improve ovarian function by 
ameliorating ovarian inflammation and granulosa cell 
(GC) apoptosis and restoring functional hormone levels 
in POF and PCOS mice.28 29 However, there are few 
reports on the treatment of ovarian fibrosis with MSCs. 
Cui et al reported that human UC-MSC transplantation 
(MSCT) significantly inhibited the expression of α-SMA 
in primary ovarian insufficiency and the production of 
collagen I and collagen III but did not provide strong 
evidence of functional improvement.30 Therefore, the 
underlying mechanism by which MSCs improve ovarian 
function in SLE is still unclear.

In this study, we used a Fas mutant lupus mouse model 
(LPR) to investigate the effect of MSCs on ovarian fibrosis 
in SLE. We analysed the changes in ovarian fibrosis, the 
immune microenvironment and ovarian function after 
the onset of SLE and after MSCT in LPR mice. We further 
explored the important role of the CTGF/FAK signalling 
pathway in suppressing fibrosis and restoring ovarian 
function in SLE.

Materials and methods
Animals
Female MRL/lpr mice (LPR) at the ages of 7 weeks 
(n=5) and 22 weeks (n=5) and female MRL/mpj mice 
(MPJs) at the ages of 7 weeks (n=5) and 22 weeks (n=5) 
were purchased from Sibeifu (Beijing, China) for in 
vivo experiments. The mice were housed in cages 
under conditioned air and had free access to food 
and water under specific pathogen-free conditions. 
All animal experiments followed the institutional 
guidelines of the Affiliated Drum Tower Hospital of 
Medical School of Nanjing University.

Culture and transplantation of MSCs
Human UC-MSCs were acquired from the Stem Cell 
Center of Jiangsu Province. The details of isola-
tion, purification and identification were described 
previously.30 Dulbecco’s Modified Eagle’s Medium/
nutrient mixture F-12 (DMEM/F12, Gibco) supple-
mented with 10% fetal bovine serum (FBS, Gibco) was 
used to culture the MSCs. For animal experiments, 
MSCs at passage six were harvested after removal 
of the cell culture media, suspended in phosphate-
buffered saline (PBS) and injected into LPR mice 
(5×105 cells/mouse) through the tail vein at 20 weeks 
of age. The mice were then sacrificed, and the tissues 
were collected at the age of 22 weeks for further 
experiments. To track the engraftment of UC-MSCs 
after transplantation in 20-week-old LPR mice, the 
cells were labelled with a PKH26 red fluorescent cell 
linker (Sigma, USA) according to the manufacturer’s 
protocol. One hour after the transplantation of the 
PKH26 labelled UC-MSCs, the LPR mice were sacri-
ficed and their ovaries were collected for further 
immunofluorescence examination.

Histological examination
Murine ovaries were fixed, embedded and sectioned 
at 5 µm. Sections of the largest area of the whole ovary 
were dewaxed with xylene, dehydrated in a graded 
alcohol series and dyed with H&E and Masson. Pictures 
were taken via a photomicroscope (Olympus, Tokyo, 
Japan) at 100× magnification. Histological scores 
were measured with ImageJ according to the protocol 
described previously.31 Independent sample Student’s 
t tests were used to compare the measurement data 
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between the two groups. p<0.05 was considered statis-
tically significant.

Immunohistochemistry
The ovary sections were treated with 3% hydrogen 
peroxide to block endogenous peroxidases and then 
incubated overnight with rabbit anti-mouse primary 
antibodies, including α-SMA (1:200, Proteintech, 
55135–1-AP), COLLAGEN1 (1:500, Proteintech, 
14695–1-AP), FSHR (1:200, Proteintech, 22665–1-
AP), CTGF (1:500, Proteintech, 25474–1-AP), F4/80 
(1:1000, Servicebio, GB113373-100, Wuhan China) 
and Ly6G (1:1000, Servicebio, GB11229-100), at 4°C. 
The secondary antibodies used were horseradish 
peroxidase (HRP)-conjugated goat anti-rabbit/mouse 
IgG (1:200, Servicebio, GB23303/GB23301). The 
3,3-N-diaminobenzidine tetrahydrochloride (DAB) 
chromogen (Servicebio, G1211) was further applied 
for colour reactions, and the development time was 
controlled under a microscope, followed by haema-
toxylin staining and sealing of the sections.

Immunofluorescence
Frozen sections of ovaries were 10 microns thick and 
fixed at room temperature with 4% PFA (paraformal-
dehyde) for half an hour. After blocking endogenous 
peroxidase with 1% hydrogen peroxide, the sections 
were blocked with 3% bovine serum albumin (BSA) 
for 1 hour and incubated with rabbit and mouse 
primary antibodies at 4°C overnight. The primary anti-
bodies used were C3 (1:100, Abcam 200999), FSHR 
(1:300, Proteintech 14 695–1-AP), α-SMA (1:300, 
Proteintech 55 135–1-AP), Collagen Type 1 (1:100, 
Proteintech 14 695–1-AP) and CTGF (1:100, Protein-
tech 25 474–1-AP). After rinsing the slides with PBS 
(pH 7.4), goat anti-mouse IgG conjugated to Alexa 
Fluor 488 (1:1000, CST 4408S) or PE (1:1000, CST 
8887S), and goat anti-rabbit IgG conjugated to Alexa 
Fluor 488 (1:1000, CST 4412S) or Alexa Fluor 555 
(1:1000, CST 4413S) were added to the slides, which 
were incubated for 1 hour at room temperature. The 
slides were washed with PBS three times, nucleated 
with Hoechst 33 258 (1:200, Sigma 94403) at room 
temperature for 10 min, washed again with PBS and 
sealed with a fluorescence quencher. Slice imaging 
was performed using a laser confocal scanning micro-
scope (Olympus FV3000, Tokyo, Japan).

ELISA and flow cytometry
Serum from each LPR mouse was collected, centri-
fuged and stored at −80°C for analysis. The levels of 
anti-Müllerian hormone (AMH) and oestradiol (E2) 
were measured using an ELISA kit according to the 
manufacturer’s instructions (Multi Sciences, China).

Cells were isolated from 22-week-old LPR murine 
ovaries according to a previously described isolation 

method.32 33 The cells were stained with the following 
anti-mouse antibodies: anti-CD25-APC (BioLegend, 
101909), anti-CD4-FITC (BioLegend, 100510) and 
anti-FOX3-PE (BioLegend, 126403). The stained cells 
were analysed by flow cytometry (BD LSRFortessa), 
and the data were analysed by FlowJo software.

Collection, culture and treatment of ovarian granulosa cells 
from ovaries
Ovarian GCs were isolated from 22-week-old LPR females. 
The GCs were isolated by piercing the follicles with a 
sterile syringe under a stereoscope (Olympus, Tokyo, 
Japan).34 35 The remaining ovarian tissue was cut into 1 
mm3 pieces with scissors and washed three times with 
PBS. Mixed digestive juices (0.4% collagenase intrave-
nous, 0.1% deoxyribonuclease I, 0.2% dispase II and 0.2% 
hyaluronidase) dissolved in DMEM/F12 medium were 
used to digest the tissues at 37°C for 30 min. After diges-
tion, the strain was strained through a 100 µm strainer 
and centrifuged at 1000 rpm for 5 min. The precipitates 
were suspended in DMEM/F12 medium supplemented 
with 10% FBS (ExCell Bio, FSP500), 1% 100 U/mL strep-
tomycin sulfate and 100 U/mL penicillin G and cultured 
in a humid incubator containing 5% CO2 at 37°C.

Transwell assays
Primary GCs were cocultured with MSCs in a transwell 
chamber (0.4 µm pore size, Corning, New York, USA), 
and the control group was cultured without MSCs. The 
upper chamber, which contained 300 µl of serum-free 
DMEM/F12 medium, was filled with a density of 1×104 
MSCs. The lower compartment contained GCs filled with 
1 mL of DMEM/F12 containing 10% FBS. After incuba-
tion at 37°C for 24 hours, 200 µl of radioimmunoprecipi-
tation assay (RIPA) (NCM Biotech, WB3100) lysis solution 
containing 1% phosphatase inhibitor and 1% protease 
inhibitor (Epizyme BioTech, GRF101) was added to one 
part, and 1 mL of TRIzol (Vazyme, R401-01) was added to 
the other part and stored at −80°C.

Quantitative reverse-transcriptase-PCR
Total RNA was extracted from cells or whole ovarian 
lysate tissues with TRIzol Reagent (Vazyme, R401-
01) and reverse transcribed according to the manu-
facturer’s instructions. Complementary DNA was 
synthesised using the PrimeScript RT Kit (Takara 
Biotechnology, Tokyo, Japan). A QuantStudio 6 Flex 
(Foster City Applied Biosystems, USA) was used for 
PCR amplification. All reactions were performed 
using a FastStart DNA Master SYBR Green I light 
cycler (Takara Biotechnology, Tokyo, Japan) 
according to the manufacturer’s instructions. All 
primer sequences were synthesised and verified via 
Basic Local Alignment Search Tool (BLAST) searches 
via the National Center for Biotechnology Informa-
tion (NCBI) software tool Primer-BLAST (https://
www.ncbi.nlm.nih.gov/tools/primer-blast/). The 
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Figure 1  Deterioration of the ovarian microenvironment with impaired ovarian function in LPR mice after disease onset. 
(A) H&E staining was performed in 7-week-old MRL/lpr (LPR) and MRL/mpj (MPJ) mice compared with 22-week-old LPR and 
MPJ mice. Scale bar: 50 µm. (B) Masson staining of the ovaries of 7-week-old MRL/lpr and MRL/mpj mice and 22-week-old 
MRL/lpr and MRL/mpj mice. (C) The number of mature nucleated follicles in the two groups of mice aged 7 weeks and 22 
weeks. (D) Collagen volume fraction (CVF%) statistics of 7-week-old and 22-week-old mice in the two groups. (E) Comparison 
of Tnf-α, Il-1β, Il-6 and Il-18 mRNA expression levels in the ovaries of 22-week-old LPR and MPJ mice. (F) Comparison of the 
mRNA expression levels of the ovarian fibrosis factors Ctgf, Collagen I, α-Sma and Tgf-β1 between LPR and MPJ mice at 22 
weeks. (G) Comparison of the mRNA expression levels of the ovarian hormone function receptors Amh, Esr1, Esr2 and Fshr 
in LPR and MPJ mice at 22 weeks. Data are presented as the mean±SEM; two-way ANOVA (C–D, n=5) and Student’s t-test 
(E–F, n=5); *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. AMH, anti-Müllerian hormone; ANOVA, analysis of variance; CTGF, 
connective tissue growth factor; ESR, oestrogen receptor; FSHR, follicle stimulating hormone receptor; IL, interleukin; mRNA, 
messenger RNA; SMA, smooth muscle actin; TGF, transforming growth factor; TNF, tumour necrosis factor.

primers were synthesised by GenScript (Nanjing, 
China) and are listed in online supplemental table 
S1.

Western blotting
Cells or tissues were lysed in RIPA buffer containing 
a protease and phosphatase inhibitor cocktail. The 
whole process of ice cracking takes half an hour. 
The protein samples were resolved by 12% sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis 
(SDS-PAGE) and blotted onto polyvinylidene difluo-
ride membranes. After being blocked with 5% non-fat 
milk in Tris-buffered saline-Tween (0.2%) for 1 hour, 
the blots were incubated overnight with appropriate 
primary antibodies and then with HRP-conjugated 
secondary antibodies. The signal was visualised with 
an enhanced chemiluminescence system.

Statistical analysis
Quantitative results are expressed as the mean±SEM. 
All the data were analysed using GraphPad Prism 
V.8.0. Statistical differences were analysed by using 
Student’s t-test between two groups and using two-way 
analysis of variance among multiple groups. p<0.05 
was considered statistically significant.

Results
Deterioration of the ovarian microenvironment with impaired 
ovarian function in LPR mice after disease onset
To determine whether lupus activity affects ovarian func-
tion, we first performed H&E and Masson staining of the 
ovaries of LPR mice and their control MPJ mice. As antic-
ipated, no significant differences were observed between 
the two groups at 7 weeks of age in terms of the number 
of nucleated follicles or the area of collagen fibres, an indi-
cator of fibrosis (figure 1A,B). However, by 22 weeks of age, 
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Figure 2  UC-MSC transplantation reduces inflammation and reshapes the immune microenvironment in the ovaries of 
LPR mice. (A) Comparison of Tnf-α, Il-1β, Il-6 and Il-18 mRNA expression levels in the ovaries of the MSCT and PBS groups. 
(B) Immunofluorescence showed that the levels of IgG and C3 immune complexes were decreased in the MSCT group. Scale 
bar: 50 µm. (C) The expression of CD3 and CD4 in mouse ovaries decreased after UC-MSC transplantation. Scale bar: 50 µm. 
(D) The proportion of Tregs in the ovaries of the two groups of mice was analysed by flow cytometry. Treg cells increased in the 
ovaries of the mice in the MSCT group. The data are presented as the means±SEMs; Student’s t-test (A, n=5; D, n=4); *p<0.05, 
**p<0.01. IL, interleukin; mRNA, messenger RNA; MSCT, mesenchymal stem cell transplantation; PBS, phosphate-buffered 
saline; TNF, tumour necrosis factor; Tregs, regulatory T cells; UC-MSC, umbilical cord-derived mesenchymal stem cell.

the LPR mice exhibited a marked reduction in the number 
of nucleated follicles, accompanied by significant ovarian 
fibrosis (figure 1A,B). Each group of mice presented fewer 
follicle numbers and a greater collagen volume fraction 
(CVF) from the ages of 7 to 22 weeks (figure 1C,D), which 
was probably due to age. Importantly, following the active 
lupus activity confirmed by dramatically elevated serum 
anti-double-stranded DNA (dsDNA) antibody at 22 weeks 
of age (online supplemental figure S1A), the number of 
follicles was significantly reduced by approximately fivefold 
(figure 1C) in the LPR mice compared with the MPJ mice, 
whereas the CVF increased by more than threefold in the 
LPR mice (figure 1D), suggesting that active lupus activity 
indeed impairs ovarian development.

To understand how an ovary is injured under lupus condi-
tions, we examined the expression of inflammatory factors in 
the ovarian microenvironment, as previous studies reported 
that proinflammatory factors can promote fibrosis and 
affect ovarian function.3 4 Indeed, our quantitative reverse-
transcriptase-PCR (RT‒qPCR) results revealed a marked 
upregulation of proinflammatory factors (Tnf-α, Il-1β, Il-6 
and Il-18) in the LPR mice compared with the MPJ mice at 
the age of 22 weeks (figure 1E). In contrast, there was no 
significant difference in terms of the expression of most 
inflammatory factors between the LPR and MPJ mice before 
disease onset at 7 weeks (online supplemental figure S1B), 
at which time only the expression level of IL-1β, a pioneer 
factor driving the pathogenesis of lupus, was significantly 
greater in the LPR mice than in the MPJ mice. Consistently, 
in the ovaries of mice with active lupus at 22 weeks of age, 
the expression of fibrotic markers (Ctgf, collagen I and a-Sma) 

was significantly upregulated, and Tgfβ1 also tended to be 
upregulated, although the difference was not significant 
(figure 1F). However, these fibrotic markers were not upreg-
ulated at 7 weeks of age (online supplemental figure S1C).

Additionally, to confirm the impairment of ovarian func-
tion associated with the upregulation of proinflammatory 
factors and fibrosis in LPR mice, we next detected the expres-
sion of ovarian hormone (Amh) and functional receptors 
(Esr1, Esr2 and Fshr). The results revealed significant down-
regulation of these genes in the ovaries of 22-week-old LPR 
mice (figure 1G), whereas no such changes were observed 
in 7-week-old LPR mice (online supplemental figure S1D). 
Thus, lupus disease activity seems to deteriorate the ovarian 
microenvironment through excessive inflammatory factors 
and fibrosis, presumably breaking down the function of 
ovarian hormone secretion and eventually leading to ovarian 
insufficiency in lupus mice.

UC-MSC transplantation alleviates ovarian inflammation and 
reshapes the immune microenvironment in LPR mice
UC-MSCs have shown potential immune modulation 
capabilities in many diseases. To investigate whether they 
can also have immunosuppressive effects that reset the 
immune niche of the ovaries in LPR mice, we first exam-
ined the expression of proinflammatory factors that were 
previously significantly upregulated in the ovaries of LPR 
mice. As expected, the RT‒qPCR results demonstrated 
significant downregulation of Tnf-α, Il-1β, Il-6 and Il-18 
in the ovaries of the LPR mice after UC-MSC treatment 
(figure  2A and online supplemental figure S2). Next, 
immunofluorescence staining verified that UC-MSCT also 
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Figure 3  UC-MSC transplantation improves ovarian 
function and reduces ovarian fibrosis. (A) The area of 
Masson-stained ovaries in the MSCT group was significantly 
smaller than that in the PBS group. Scale bar: 50 µm. 
(B) Collagen volume fraction (CVF%) statistics in the PBS 
and MSCT groups. (C) Ctgf, Collagen I, a-Sma and Tgf-β1 
mRNA expression levels in the PBS and MSCT groups. 
(D) H&E staining results of ovaries in the PBS group and 
MSCT group. Scale bar: 50 µm. (E) The number of ovarian 
follicles in mice before and after MSC transplantation. 
(F) Comparison of the mRNA expression levels of the ovarian 
functional receptors Amh, Esr1 and Esr2 between the PBS 
group and the MSCT group. (G) Comparison of the ovarian 
morphology of 22-week-old mice in the PBS, MSCT and 
MPJ groups. (H) Serum AMH concentrations of the mice in 
the PBS group and MSCT group were detected via ELISA. 
(I) Serum E2 concentrations of the mice in the PBS group 
and MSCT group were detected via ELISA. The data are 
presented as the means±SEMs; Student’s t-test (B–C, E–F, 
H–I, n=5); *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. AMH, 
anti-Müllerian hormone; CTGF, connective tissue growth 
factor; E2, oestradiol; ELISA, enzyme-linked immunosorbent 
assay; ESR, oestrogen receptor; mRNA, messenger RNA; 
MSCT, mesenchymal stem cell transplantation; PBS, 
phosphate-buffered saline; SMA, smooth muscle actin; TGF, 
transforming growth factor; UC-MSC, umbilical cord-derived 
mesenchymal stem cell.

reduced the deposition of IgG antibodies and C3 comple-
ment in the ovaries of the MSCT group (figure  2B). 
Since T cells are implicated in ovarian dysfunction,10 
we further assessed changes in T-cell infiltration in the 
ovaries through immunohistochemistry. The results 
revealed a noticeable decrease in the numbers of both 
CD3+ T cells and CD4+ T cells in the LPR mice following 
MSCT (figure 2C), whereas there was no difference in the 
number of CD8+ T cells between the LPR mice with or 
without MSCT (online supplemental figure S1E). Inter-
estingly, the proportion of regulatory T cells, a well-known 
inhibitory subtype of T cells, significantly increased from 
an average of 8.1–19.2% in the ovaries of LPR mice in 
the MSCT group (figure  2D). With respect to other 
immune cells, F4/80+ macrophages but not Ly6+ neutro-
phils in the ovaries also seemed to be affected following 
MSC treatment (online supplemental figure S3). Taken 
together, these results indicate that MSCT reversed the 
ovarian immune microenvironment and improved the 
inflammatory state in LPR mice.

UC-MSC transplantation improves ovarian function and 
reduces ovarian fibrosis
Given that the immune microenvironment is reset and 
that proinflammatory conditions are reduced in the 
ovaries of LPR mice following UC-MSC treatment, we 
speculated that ovarian fibrosis would be correspond-
ingly suppressed, leading to the restoration of ovarian 
function. To test this hypothesis, Masson staining was 
conducted to assess the extent and distribution of ovarian 
fibrosis. The results revealed that widespread fibrosis 
was predominantly localised around the follicles in the 
ovaries of the PBS group, whereas this fibrotic pattern was 
markedly diminished in the MSCT group (figure 3A,B). 
Further RT-qPCR results confirmed the significant down-
regulation of fibrosis markers (Ctgf, Collagen I, a-Sma and 
Tgf-β1) after MSC treatment (figure  3C). In terms of 
ovarian function, H&E staining revealed that the number 
of nucleated follicles in the ovaries of the MSCT group 
more than doubled compared with that in the PBS 
group (figure 3D,E). Similarly, RT-qPCR analysis showed 
that the expression levels of ovarian hormone function 
markers (Amh, Esr1, Esr2 and Fshr) were greater in the 
MSCT group than in the PBS group (figure 3F). MSCT 
significantly improved the number of ovarian cysts in the 
ovarian tissue (figure 3G). More importantly, the concen-
trations of serum AMH and E2 in the MSCT group were 
significantly higher than those in the PBS group, as 
detected by ELISA, indicating that ovarian function was 
successfully improved as ovarian fibrosis was reduced 
(figure 3H,I).

UC-MSC transplantation suppresses ovarian fibrosis by 
inhibiting FAK/FAKp-Tyr576/577 phosphorylation in granulosa 
cells
To investigate the mechanism by which UC-MSCT reduces 
ovarian fibrosis, we performed immunohistochemistry to 
assess the expression of CTGF, COLLAGEN I and α-SMA. 
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Figure 4  UC-MSC transplantation ameliorates ovarian fibrosis by inhibiting FAK/FAKp-Tyr576/577 phosphorylation in 
granulosa cells (A) Immunohistochemical expression levels of the fibrotic protein CTGF in the ovaries of the PBS group and 
MSCT group. Scale bar: 50 µm. (B) Immunohistochemical expression levels of the fibrotic protein COLLAGEN I in the ovaries 
of the PBS group and MSCT group. Scale bar: 50 µm. (C) Expression levels of the fibrotic protein α-SMA in the ovaries of 
the PBS group and MSCT group as determined by immunohistochemistry. Scale bar: 50 µm. (D) FSHR identification by 
immunofluorescence in the renal podocyte line MPC5 (negative control) and primary granulosa cells from 22-week-old MRL/
lpr mice. Scale bar: 25 µm. (E)  Ctgf, Collagen I and a-Sma mRNA expression levels in primary granulosa cells from the Ctrl and 
MSCT groups. (F) The expression levels of CTGF, COLLAGEN I, α-SMA and TGF-β1 in primary mouse granulosa cells were 
detected by western blot after coculture with MSCs. (G) The expression levels of FAK and p-FAK were detected by western blot 
after coculture with MSCs in primary mouse granulosa cells. (H) The expression levels of CTGF, COLLAGEN I and α-SMA in 
mouse ovaries from the PBS group and MSCT group were detected by western blotting. (I) The expression levels of FAK and p-
FAK in mouse ovaries from the PBS group and MSCT group were detected by western blotting. The data are presented as the 
means±SEMs, Student’s t-test (E, n=4); *p<0.05, ****p<0.0001. AMH, anti-Müllerian hormone; CTGF, connective tissue growth 
factor; FAK, focal adhesion kinase; FSHR, follicle stimulating hormone receptor; GC, granulosa cell; mRNA, messenger RNA; 
MSCT, mesenchymal stem cell transplantation; PBS, phosphate-buffered saline; SMA, smooth muscle actin; TGF, transforming 
growth factor; UC-MSC, umbilical cord-derived mesenchymal stem cell.

The results revealed that all three fibrosis markers were 
significantly less abundant in the MSCT group than in the 
PBS group (figure 4A–C). Interestingly, both α-SMA and 
COLLAGEN I were localised primarily within GCs inside 
the follicles or around the follicular structures. Next, we 
isolated primary FSHR+ GCs from LPR mice to further 
investigate the role of UC-MSC treatment in suppressing 
fibrosis within GCs (figure  4D). The RT-qPCR results 
demonstrated that the expression levels of Ctgf, Collagen 
I and α-SMA decreased in primary GCs following MSC 
treatment (figure 4E), a finding that was further corrob-
orated by western blotting (figure  4F). Unexpectedly, 
the levels of TGF-β1, a well-known factor that promotes 
fibrosis, remained unchanged in the ovaries after MSC 
treatment. Because FAK can mediate extracellular matrix 
signals to regulate fibrosis,36 we then examined FAK 
expression at the protein level. The results revealed that 
the phosphorylation of FAK-Tyr576/577 but not FAK was 

inhibited in GCs after MSC treatment (figure 4G). Addi-
tionally, compared with the PBS group, the MSCT group 
presented reduced expression of CTGF, COLLAGEN I, 
α-SMA and phosphorylated FAK-Tyr576/577 in whole 
ovarian tissues (figure  4H,I). These findings suggest 
that MSCs may downregulate the expression of fibrosis-
related factors by inhibiting the phosphorylation of FAK-
Tyr576/577 and α-SMA, potentially through the action of 
CTGF.

MSCs inhibit fibrosis in granulosa cells through the CTGF-
mediated FAK/FAKp-Tyr576/577 signalling pathway
Since MSCT was found to reduce both α-SMA and CTGF 
expression in ovarian tissue, particularly in FSHR+ GCs 
of LPR mice (figure  5A,B), we further investigated the 
effects of CTGF on the expression of α-SMA, COLLAGEN 
I and FAK/FAKp-Tyr576/577As shown in figure  5C, 
recombinant CTGF alone stimulated human GCs (KGNs) 
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Figure 5  MSCs inhibit fibrosis via the FAK/FAKp-Tyr576/577 pathway via CTGF in granulosa cells (A) FSHR and α-SMA 
expression in the ovaries of mice in the PBS group and MSCT group. Scale bar: 50 µm. (B) CTGF and α-SMA expression in the 
ovaries of mice in the PBS group and MSCT group. Scale bar: 50 µm. (C) Representative western blot results of COLLAGEN I, 
α-SMA and FAK/FAKp-Tyr576/577 pathway proteins in KGN cells treated with CTGF and FG-3019. (D) Representative western 
blot results of COLLAGEN I, α-SMA and FAK/FAKp-Tyr576/577 pathway proteins in KGN cells treated with CTGF and SU6656. 
(E) Representative western blot results of COLLAGEN I, α-SMA and FAK/FAKp-Tyr576/577 pathway proteins in KGN cells 
(pretreated with CTGF for 24 hours) cotreated with SU6656 and MSCs. (F) Representative western blot results of COLLAGEN 
I, α-SMA and FAK/FAKp-Tyr576/577 pathway proteins in the coculture of KGN cells with CTGF, SU6656 and MSCs. CTGF, 
connective tissue growth factor; FAK, focal adhesion kinase; FSHR, follicle stimulating hormone receptor; KGN, human ovarian 
granulosa cells; MSC, mesenchymal stem cell; MSCT, mesenchymal stem cell transplantation; PBS, phosphate-buffered saline; 
SMA, smooth muscle actin.

to produce fibrosis-related proteins, including α-SMA and 
COLLAGEN I, which was accompanied by the upregula-
tion of phosphorylated FAKp-Tyr576/577. This finding 
implies that CTGF plays a role in regulating fibrosis in 
KGNs. The introduction of a CTGF antagonist (FG-3019) 
effectively suppressed fibrosis by downregulating α-SMA, 
COLLAGEN I and FAK/FAKp-Tyr576/577 in KGN cells. 
Notably, this suppression was reversed when KGN cells 
were treated simultaneously with both CTGF and FG-3019. 
These results indicated that CTGF promoted the expres-
sion of fibrosis markers (α-SMA and COLLAGEN I) in 
KGNs, possibly via FAKp-Tyr576/577.

To assess whether FAK signalling mediates the effect 
of CTGF in promoting fibrosis in KGNs, we treated the 
cells with SU6656, a FAK phosphorylation inhibitor. 
The western blotting results revealed that α-SMA and 
COLLAGEN I were downregulated in the KGNs following 
SU6656 treatment, which was accompanied by a decrease 
in the protein level of FAKp-Tyr576/577 (figure 5D). These 
findings indicate that the FAK/FAKp-Tyr576/577 pathway 
indeed mediates CTGF-induced fibrosis. We subsequently 
performed transwell assays to investigate whether MSCs 
inhibit GC fibrosis via the FAKp-Tyr576/577 pathway. 
KGN cells were pretreated with CTGF for 24 hours to 
induce the expression of fibrosis-related genes, followed 
by indirect co-culture with MSCs. MSC treatment resulted 
in the downregulation of α-SMA and COLLAGEN I, along 
with the inhibition of FAKp-Tyr576/577, although FAK 

levels remained unchanged, as demonstrated by western 
blotting (figure 5E). In contrast, the addition of SU6656, 
either alone or in conjunction with MSCs, further reduced 
the protein levels of FAKp-Tyr576/577 and α-SMA. These 
findings suggest that MSCs exert their antifibrotic effects 
through the FAKp-Tyr576/577 pathway, leading to the 
inhibition of α-SMA and COLLAGEN I expression.

To further elucidate the effect of MSCs on exogenous 
CTGF-induced fibrosis in KGNs, we cocultured KGNs 
(without prior CTGF pretreatment) with MSCs. Western 
blotting revealed that MSCs inhibited the phosphory-
lation of FAKp-Tyr576/577 as well as the expression of 
α-SMA and COLLAGEN I (figure 5F). Collectively, these 
findings suggest that MSCs inhibit fibrosis in KGNs 
through the CTGF/pFAK-Tyr576/577 signalling pathway.

Discussion
In this study, we identified a spectrum of pathological 
alterations in the ovaries of lupus-prone mice following 
disease onset, including disruption of the immune 
microenvironment, fibrosis, gonadal hormone imbal-
ance and follicular depletion. Notably, these patholog-
ical changes were ameliorated, and ovarian function was 
restored following treatment with UC-MSCs. Mechanisti-
cally, UC-MSCs modulated the CTGF/FAKp-Tyr576/577 
signalling pathway, thereby attenuating ovarian fibrosis.
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Ovarian insufficiency remains a significant clinical chal-
lenge for women with SLE, particularly those seeking to 
conceive. However, the precise mechanisms underlying 
this condition remain poorly understood. Although 
ovarian dysfunction in SLE has been attributed to disease 
activity, as evidenced by the progressive decline in serum 
E2 and AMH levels with active disease,37 38 the specific 
pathways leading to ovarian injury and functional impair-
ment are not well defined. In this study, we demonstrated 
that ovarian insufficiency in lupus mice was closely 
related to fibrosis and an imbalanced immune microen-
vironment. The presence of excessive proinflammatory 
cytokines in the ovaries of LPR mice presumably leads 
to or exacerbates fibrosis, as other studies have shown 
that fibrosis is associated with an inflammatory environ-
ment and immune cell infiltration.39 40 The elevated 
levels of proinflammatory cytokines (TNF-α, IL-1β, IL-6 
and IL-18) in the ovaries of LPR mice likely originated 
from peripheral blood, infiltrating CD3+/CD4+ T cells 
and/or resident ovarian cells (eg, macrophages, GCs and 
connective cells) affected by the deposition of IgG and 
C3 complement. This inflammatory milieu is thought 
to drive or exacerbate fibrosis, which is consistent with 
prior studies linking fibrosis to inflammatory environ-
ments and immune cell infiltration. Consequently, the 
disrupted immune niche in the ovary was associated with 
severe fibrosis, as evidenced by the upregulation of profi-
brotic markers (CTGF, α-SMA and Collagen 1). Impor-
tantly, UC-MSCT effectively suppressed these pathological 
changes, restoring ovarian function.

UC-MSCT has been shown to improve autoimmune 
diseases such as lupus nephritis, Sjogren’s syndrome and 
scleroderma.22 25 41 42 However, its therapeutic poten-
tial for treating ovarian dysfunction in these diseases 
remains underexplored, despite emerging evidence 
that exosomes derived from adipose-derived stem cells 
can ameliorate PCOS.43 In this study, we demonstrated 
that UC-MSCT alleviated immune dysregulation, inhib-
ited ovarian fibrosis and restored ovarian function in 
lupus mice. These effects are mediated, at least in part, 
through GCs, which play a critical role in folliculogenesis 
and hormone production. GCs differentiate into pari-
etal cells of the basement membrane and cumulus cells 
and contribute to the formation of the corpus luteum.44 
Notably, AMH and E2, key biomarkers of the ovarian 
reserve, are secreted primarily by GCs. In 22-week-old 
LPR mice, ovarian reserve function was significantly 
compromised, as reflected by reduced serum levels of 
AMH and E2 and the presence of fibrosis in follicular and 
perifollicular regions, where GCs are normally localised.35 
Following UC-MSCT, markers of ovarian reserve (AMH 
and E2) and oestrogen receptors (ESR1 and ESR2) were 
upregulated, accompanied by an increase in healthy folli-
cles and a reduction in atretic follicles within 1–2 weeks. 
These findings suggest that UC-MSC treatment improves 
GC function, thereby mitigating fibrosis and restoring 
ovarian function.

Most strikingly, we identified the CTGF/FAKp-
Tyr576-577 signalling pathway as a key mechanism 
underlying the antifibrotic effects of UC-MSCs. Although 
TGF-β1/Smad3 signalling contributes to tissue fibrosis, 
including ovarian fibrosis,45 CTGF, rather than TGF-β1, 
plays a more important role in inducing ovarian fibrosis 
under autoimmune conditions in LPR mice since TGF-β1 
levels did not differ significantly between MRL/lpr and MPJ 
mice at 22 weeks of age. Further experiments confirmed 
that the upregulation of fibrosis markers (COLLAGEN1 
and α-SMA) in ovarian tissues, including GCs, was associ-
ated with the elevated CTGF expression both in vivo and 
in vitro. Moreover, inhibition of FAKp-Tyr576/577 phos-
phorylation in cultured GCs blocked collagen produc-
tion, demonstrating that CTGF-induced fibrosis in GCs 
is mediated by FAKp-Tyr576/577 signalling, a pathway 
also implicated in fibrosis in other organs.46 47 Notably, 
MSC treatment can suppress FAKp-Tyr567/577 signalling 
in GCs, leading to the downregulation of fibrosis-related 
markers and the restoration of the hormone-secreting 
function of GCs, which is essential for supporting oocyte 
development and maintaining the ovarian reserve.

However, much work is needed to overcome the 
limitations of this study. In the future, further explo-
ration of the molecular mechanism by which the 
CTGF/FAK-Tyr576/577 pathway regulates the inter-
actions among inflammation, fibrosis and ovarian 
function in lupus is vital. This information is the key 
to understanding what proinflammatory cytokines 
authentically dictate fibrotic transformation within 
GCs and why lupus ovarian function can be restored 
following UC-MSCT. In addition, although a local 
ovarian niche with reduced inflammatory and fibrotic 
conditions was found to help restore ovarian func-
tion after MSC treatment in this study, other organs, 
such as the kidney,22 48 brain,49 joints50 and skin,42 
may benefit from cell therapy simultaneously, as 
reported previously, thereby synergically protecting 
lupus ovarian function and fertility capacity through 
ameliorating the endocrine system, particularly via 
the hypothalamic‒pituitary‒gonadal axis. Another 
limitation is that all the findings were only based on 
LPR mice, a genetic lupus model in which Fas muta-
tion causes autoimmunity, which has high disease 
penetrance and a non-representative inflammatory 
profile compared with human SLE, particularly with 
respect to ovarian fibrosis. We must be cautious to 
directly translate the present achievements to human 
patients before their therapeutic effects on UC-MSCs 
can be further validated to treat ovarian insufficiency 
in other lupus models with profiles that are more 
compatible with those of human SLE and in clinical 
trials with a large number of participants. Moreover, 
although UC-MSC treatment is considered a safe ther-
apeutic strategy without the risk of immune rejection, 
transplanted allogenic cells are ultimately recognised 
and discriminated by the recipient’s immune system 
within a short period of time. Hence, identifying 
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the optimal subgroup of UC-MSCs with the best 
therapeutic effects on ovarian function is essential 
because heterogeneous MSCs comprise different 
subpopulations.48

In summary, our findings highlight the critical role 
of the CTGF/FAKp-Tyr567/577 signalling pathway 
in the recovery of ovarian function in lupus mice 
through the inhibiting of ovarian fibrosis following 
UC-MSCT. However, the precise mechanisms by which 
proinflammatory cytokines induce ovarian fibrosis 
remain to be fully elucidated. Additionally, further 
studies are needed to clarify how GCs contribute to 
the restoration of ovarian function after UC-MSCT.

Conclusion
UC-MSCT can ameliorate ovarian dysfunction in 
lupus mice by suppressing fibrosis and restoring 
the immune microenvironment through the CTGF/
FAKp-Tyr567/577 signalling pathway. This study 
provides a foundation for the development of novel 
therapeutic strategies for treating ovarian insuffi-
ciency in SLE.
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