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Interleukin-33 promotes intrauterine
adhesion formation in mice through the
mitogen-activated protein kinase
signaling pathway
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Dan Liu1,2,3, Liwei Yuan1,2, Fengjuan Xu2,4,5, Yulan Ma1,2,5, Huixing Zhang6, Yiran Jin2, Meixia Chen4,
Zhining Zhang7 & Sang Luo 2,3

IL-33 belongs to the inflammatory factor family and is closely associated with the inflammatory
response.However, its role in thedevelopment of intrauterine adhesions (IUAs) remains unclear. In this
study, the role of IL-33 in the formation of IUAs after endometrial injury was identified via RNA
sequencing after mouse endometrial organoids were transplanted into an IUA mouse model. Major
pathological changes in themouse uterus, consistent with the expression of fibrotic markers, such as
TGF-β, were observed in response to treatment with IL-33. This findingmay be attributed to activation
of the phosphorylation of downstreamMAPK signaling pathway components, which are activated by
the release of IL-33 in macrophages. Our study provides a novel mechanism for elucidating IUA
formation, suggesting a new therapeutic strategy for the prevention and clinical treatment of IUAs.

The endometrium, the mucus lining of the uterus, plays a crucial role in the
reproductive lifespan of a woman, and its cyclic regulation is governed by the
steroid hormones estrogen and progesterone. Intrauterine adhesions (IUAs)
can arise fromdamage to the basal layer of the endometriumdue to traumaor
infection, leading to clinical symptoms such as reduced menstrual flow,
amenorrhea, infertility, and recurrent miscarriage. These issues substantially
impact female reproductivehealth1. IUAsposeamajor reproductivechallenge
to women worldwide, and 19% of women were found to experience IUAs
after abortion2. Unfortunately, the prevailing treatment methods still rely on
artificialhormonesor intrauterine contraceptivedevices (IUDs),whichdonot
promote the restoration of endometrial structure and function3. Research has
revealed that the local microenvironment of the uterine cavity following
trauma may influence the function of stem/progenitor cells under abnormal
inflammation and immunity, hindering the functional repair of the endo-
metrium and leading to scar formation. Consequently, the ability of the
uterine cavity to support the growth of fertilized eggs is lost4. Investigating the
interaction between the microenvironment of the uterine cavity and the
proliferation and differentiation of stem cells is critical for both clinical stra-
tegies and basic research concerning IUAs, providing valuable insights into
this challenging infertility issue.

Building on the foundation of stem cell therapy, researchers have
shown that organoids are promising candidates for injury and regenerative
applications. Organoids are clonal structures derived from the in vitro
proliferation and differentiation of stem cells, and their structure and
function are similar to those of living organs. Organoids serve as “seed cells”
for tissue and organ reconstruction5. In a mouse IUA model, endometrial
epithelial cell-derived organoids were evaluated and found to rebuild the
structural integrity of the endometrial epithelium after injury and respond
to ovarian hormones, leading to enduring endometrial functional repair6.
On the basis of these findings, we hypothesize that organoids influence the
microenvironment at the injury site in the uterine cavity and that the altered
factors in this microenvironment may directly or indirectly regulate critical
signaling pathways involved in maintaining stem cell stemness and self-
renewal capacity, thereby alleviating IUAs. This research has major clinical
implications for addressing this challenging issue of refractory infertility.

Through transcriptomic sequencing analysis, we identified a sig-
nificantly altered factor, interleukin-33 (IL-33), in uterine cavity tissue fol-
lowing organoid treatment. Research has established that IL-33 is an
inflammatory and profibrotic factor involved in tissue repair processes7. As
amember of the IL-1 family, IL-33delivers signals through the ST2 receptor,
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exerting proinflammatory and profibrotic functions8. IL-33 is known to be
released during cell necrosis and is closely associated with tissue infection
and trauma, resulting in its designation as an “alarmprotein”9,10.Given these
biological characteristics, IL-33 has attracted increased attention from
researchers, leading to extensive studies exploring its role in immune reg-
ulation. Notably, IL-33 has been implicated in inflammation and patholo-
gical fibrosis, including its capacity to induce anaphylactic shock and
contribute to fibrotic disease development11,12. In vivo, activation of the IL-
33/ST2 signaling pathway is essential for the progression of severe liver
fibrosis, cardiac fibrosis, and renal fibrosis13. Since its discovery in human
tissues by Baekkevold et al. in 2003, IL-33 has been the subject of over
2000 studies to date14. As a “warning” cytokine, IL-33 is released in response
to cellular damage, indicating tissue damage or inflammatory infection15.
Despite the extensive study of the role of IL-33 in the immune system, its
involvement in the formation of IUAs remains relatively unexplored.

Therefore, in this study, we not only induced the culture and trans-
plantation of mouse endometrial organoids but also utilized transcriptomic
sequencing to identify the changes in the uterine cavity microenvironment
before and after organoid transplantation. This comprehensive approach
aimed to elucidate the role of the inflammatory factor IL-33 in the formation
of IUAs, with the hope of revealing the relationship between IL-33 and the

development of IUAs. Ultimately, this research endeavors to provide novel
treatment strategies for clinical applications.

Results
Culture of endometrium-derived organoids
In this study, we aimed to investigate the reparative potential of organoids
on the endometrium.We isolated endometrium rich in epithelial cells from
the mouse uterus and cultivated mouse endometrial organoids via our
previously established culture method (Fig. 1a). After 10 days of culture, we
observed a significant increase in the number of organoids. Furthermore,we
observed that the volume of the organoids gradually increased with culture
time, confirming the stable growth of the organoids in our established
culture system (Fig. 1b).

RNA sequencing analysis of changes in themicroenvironment of
the uterine cavity in mice
To determine the impact of organoids on the microenvironment of the
uterine cavity in mice with IUAs, we conducted transcriptomic sequencing
to identify changes in genes and signaling pathways following orthotopic
transplantation of endometrial organoids (Fig. 2a). Initially, we identified
genes related to fibrosis in the NCBI database and performed cluster

Fig. 1 | Cultivation and identification of mouse
endometrial organoids. a Schematic diagram of
female C57BL/6J mouse organoid culture.
b Representative brightfield images of endometrial
organoids at different time points were captured
under a lightmicroscope (×4, scale bar, 500 μm; ×40,
scale bar, 50 μm; ×20, scale bar, 100 μm).
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heatmap analysis. This analysis revealed that IL-33 was highly expressed in
the IUAmodel group and significantly decreased after transplantation. The
heatmap highlighted two regular gene modules related to fibrosis: one
modulewashighly expressed in the controls and expressedat low levels in all
IUA models, whereas the other was expressed at low levels in the control
group and the IUA model group; however, its expression was high in the
first week after repair and decreased thereafter (Fig. 2b).Next, we conducted
weighted correlation network analysis (WGCNA) using all the genes from
all the samples, and we identified the gene module containing IL-33. We
subsequently analyzed 440 geneswithin thismodule and found associations
with the MAPK, Wnt, and Hippo signaling pathways. To explore the
potential connection between IL-33 and the MAPK pathway, we selected
models and organoids that exhibited significant changes after one week of
repair and remained stable within the group for further analysis. We per-
formed enrichment analysis via the ORA overcharacterized algorithm and
generated a bubble diagram for the top 20 gene pathways (Fig. 2c). These
results suggest a correlation between the MAPK signaling pathway and
IL-33.

IL-33 expression was significantly increased in the IUA
mouse model
The transcriptome sequencing results revealed a significant increase in the
expression of IL-33 in the IUAmouse model, indicating a close association
between IUAs and the inflammatory response. To further confirm the role
of IL-33 in the formation of IUAs, we measured its expression level in the
IUA model via enzyme-linked immunosorbent assays (ELISAs). Addi-
tionally, we investigated the ability of anti-IL-33 antibody (αIL-33) treat-
ment to alleviate IUAs (Fig. 3a). After αIL-33 treatment for 3 days, the IL-33
level in the uterine cavity of the mice decreased significantly (Fig. 3b–d).
Moreover, the expression levels of IL-1β, TNF-α, IL-6, and IL-10 were
substantially lower than those in the IUA model group (Fig. 3e–i). This

observation suggests that IL-33, which functions as a warning protein, is
closely associated with the development of IUAs.

IL-33significantlyaggravated thepathological featuresof IUAs in
the IUA mouse model
The main pathological changes observed in IUAs involve disordered regen-
eration of epithelial and mesenchymal cells at the endometrial base, excessive
proliferation of fibroblasts, and abnormal accumulation of the extracellular
matrix, all ofwhich contribute tofibrous connective tissuehyperplasia and scar
formation16,17. Abnormal fibroblast proliferation is considered a central
mechanismin thepathogenesis of IUAs18. Inour study,weobservedchanges in
uterinemorphology and analyzed thenumber of glands via hematoxylin‒eosin
(HE) staining (Fig. 4a, b). Additionally, we examined the extent of fibrosis
through Masson staining (Fig. 4c). TGF-β, a well-known fibrosis-promoting
factor, is an important marker for evaluating tissue fibrosis19,20. In the uterine
cavity of the mice with IUAs treated with rmIL-33, we observed increased
IUAs, reduced numbers of glands with fragmented and dissolved glands,
thinning of the endometrium, substantial hyperplasia of fibrous tissue in the
interstitium, and a notable increase in the expression of TGF-β (Fig. 4d).
However, afterαIL-33 treatment in theuterine cavity of themicewith IUAs,we
observed a reduction in the fibrotic area and an increase in the number of
glands. These results indicate that IL-33 aggravates the occurrence of IUAs and
leads to more pronounced pathological features in mice with IUAs.

IL-33 inhibitors increased the expression level of endometrial
stem cell markers
In female endometrial tissue, there are three main types of stem cells: epi-
thelial stemcells, endothelial stemcells, and endometrialmesenchymal stem
cells21,22. The renewal ability of these stem cells regulates the renewal and
differentiation functions of the endometriumduring the reproductive cycle.
In our study, we evaluated changes in endometrial function by analyzing the

Fig. 2 | RNA sequencing (RNA-seq) analysis of changes in themicroenvironment
of the uterine cavity of mice. a Schematic diagram of the RNA-seq data of female
C57BL/6 J mice. bHeatmap depicting all differentially expressed genes identified by
RNA-seq analysis of the endometria from endometrial organoid-transplanted mice
and normal mice. The colors range from blue (indicating low expression) to red

(indicating high expression). ODorganoid. cKEGGanalysis of genes involved in the
IL-33-relatedmodule (highlighted in blue). The size of the nodes represents the gene
count, and the color of the nodes reflects the statistical significance represented as
[−log10 (p value)]. The data are fromone experimentwith three biological replicates
per group (n = 3).

https://doi.org/10.1038/s42003-024-06709-1 Article

Communications Biology |          (2024) 7:1022 3



expression of stem cell renewal markers (FOXA2, SOX9, and SSEA1) and
vascular endothelial markers (VEGF) (Fig. 5a). The results from Western
blotting (Fig. 5b) and qRT‒PCR (Fig. 5c) demonstrated that when the IUA
mouse model was treated with αIL-33, the expression levels of endometrial
stem cell renewal markers were significantly increased. However, there was
no significantdifference in the expression levels of stemcell renewalmarkers

in the rmIL-33-induced group compared with those in the IUA
model group.

Fertility evaluation
For determination of the degree of endometrial repair, fertility is a classic
standard (Fig. 6a). In our study, we further investigated the role of IL-33 in the

Fig. 3 | Expression level of IL-33 in the mouse
uterus. a Schematic diagram of experiments carried
out inmice. Themice were randomly assigned to the
following groups (30 in each group): the control
group; the sham operation group (sham), in which
the mice underwent laparotomy without any treat-
ment; the IUA model group (IUA), in which mice
underwent induction of previously described
mechanical damage; the rmIL-33-treated group
(IUA+ IL-33), in which mice experienced intrau-
terine injection of rmIL-33 (4 µg) on day 0 on both
sides of the uterus during the mechanical scratching
process; the αIL-33-treated group (IUA+ αIL-33),
in which the mice received an intrauterine injection
of αIL-33 (10 µg) on both sides of the uterus on day 0
during the mechanical scratching process. The mice
from each groupwere killed on day 7. b–d qPCR and
Western blotting were employed to analyze the
mRNA and protein levels of IL-33 in the endome-
trium. The full-length blots/gels are presented in
Supplementary Fig. 2 (e–i). The protein levels of IL-
33 and fibrogenic cytokines in the uterus were
determined via ELISAs. The data are from one
experiment with three independent experiments
with three mice per group (n = 3). The values are the
means ± SDs. *p < 0.05, **p < 0.01, ***p < 0.001, ns
denotes p > 0.05 (unpaired Student’s t test).
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formation of IUAs by evaluating improvements in fertility inmice. During the
mechanical scratchingprocess,we injected4 μgof rmIL-33and10 μgofαIL-33
intobothsidesof theuterusandmixedmaleandfemalemice in thecagesonthe
12thdayaftermodeling.Thedayofvaginalplugdetectionwasdesignatedday0
of gestation, and on day 30 of cocaging, the female mice were euthanized. The

improvement in mouse fertility was assessed by observing the number of
gestational sacs in mice from different pregnancy groups. The results revealed
that the IUA model nearly completely lost fertility after rmIL-33 injury.
However, the infusion of αIL-33 significantly rescued the fertility of the mice
with IUAs, enabling them to conceive successfully (Fig. 6b, c).
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IL-33 localization analysis and MAPK signaling pathway
verification
To investigate the source of IL-33 production, we performed immuno-
fluorescence (IF) staining to determine the correlation between IL-33 and
macrophages. The results revealed that IL-33 and the macrophage marker
F4/80 presented similar expression trends (Fig. 7). Therefore, we isolated
monocytes/macrophages frommouse endometrial samples anddetermined
IL-33mRNAandprotein expression inmonocytes/macrophages.As shown
in Supplementary Fig. 3, the expression of IL-33 was significantly greater in
the IL-33-treated group than in the control group. After intervention with
αIL-33, the expression of IL-33 decreased substantially. These findings
suggest that macrophages are a major source of IL-33 production in the
uterine cavity. Given that the inflammatory response is closely linked to the
MAPK signaling pathway, we established amouse organoidmodel to study
the role of the downstream MAPK signaling pathway of IL-33 in the for-
mation of IUAs (Fig. 8a, b). We analyzed key response targets of MAPK,
including IL6, IL-1β, TGF-β, and α-SMA, at the mRNA expression level in
endometrial organoids fromeach group. The results demonstrated that 3 μg
of the ST2 inhibitor was optimal for alleviating the production of inflam-
matory factors (Fig. 8c).Next,we focusedon the activation/phosphorylation
levels of JNK, ERK, and P38 in endometrial organoids stimulated with 3 μg
of ST2 inhibitor. The results showed that JNK, ERK, and P38were inhibited
by the ST2 inhibitor, similar to the effects observed with αIL-33 treatment.
Conversely, the JUN/ERK/p38 signaling pathway was activated through
rmIL-33, indicating that rmIL-33 can influence the expression levels of
downstream molecules in the MAPK signaling pathway (Fig. 8d).

Discussion
The human endometrium exhibits a strong regenerative capacity, which is
primarily attributed to the presence of endometrial stem/progenitor cells23.
Tissue self-repair following uterine cavity trauma relies on the plasticity of
differentiated cells and stem cells. These injuries lead to partial loss of
resident stem cells. Additionally, abnormal inflammatory reactions in the
microenvironment further impede the proper functioning of stem cells,
ultimately resulting in a failure of functional regeneration24. Therefore,
determination of the post-traumatic microenvironmental changes that
affect stem cell proliferation and differentiation is crucial. This under-
standing is critical for guiding decisions regarding IUAs in clinical treat-
ment, and these issuesmust be overcomebefore the clinical implementation
of stem cell therapy.

In our study, we focused on comparing the microenvironment after
organoids promoted endometrial repair, which revealed a significant and
intriguing factor, IL-33. We further investigated the role of IL-33 in the
development of IUAs.

IL-33 is a cytokine belonging to the IL-1 family that is abundantly
expressed in endothelial cells, epithelial cells, and fibroblast-like cells,
especially during inflammation. Upon tissue damage, IL-33 functions as an
alarm signal, indicating tissue damage or inflammatory infection25. IL-33
can induce the expression of IL-4, IL-5, and IL-13, leading to severe
pathological changes in injured organs. Studies by Lefrancais et al.
demonstrated that in a mouse model of acute lung injury with alveolar
epithelial damage and alveolar wall neutrophil accumulation, IL-33 levels
significantly increased2 hafter injury andwere involved in thedevelopment

of pulmonary fibrosis26. However, the role of IL-33 in intrauterine trauma
remains insufficiently explored. To elucidate the relationship between IL-33
and IUAs, we established an IUAmouse model through mechanical injury
and introduced rmIL-33 and αIL-33 to assess their impact on injury and
inflammation. The results indicated that the expression level of IL-33 was
closely associated with the degree of adhesion in the mouse endometrium.
To further examine the pathological changes induced by rmIL-33 inmouse
endometrial adhesions, we analyzed alterations in the uterine gland and
fibrotic areas via HE staining and Masson staining, respectively. We also
precisely assessed the changes in the fibrosis index TGF-β through
immunohistochemistry (IHC).

In subsequent investigations, we investigated the effects of rmIL-33 on
the proliferation and self-renewal abilities of endometrial stem cells. We
analyzed the expression levels of SOX9, Foxa2, and SSEA1 in the uterine
cavity of themicewith IUAsviaWesternblotting. SOX9 is amarker gene for
progenitor cells and is expressed in the basal endometrial glands in vivo,
acting as a marker for stem cell renewal27. SSEA1 is a cell surface glycan
expressed stage-specifically, with SSEA1+ cells located in epithelial and
basal cells during the proliferative phase28. FoxA2 is critical for endometrial
gland development and fertility inmice29. The results revealed that rmIL-33
significantly reduced the expression levels of epithelial stemcellmarkers and
affected the expression of the vascular endothelial factor VEGF. Conversely,
αIL-33 significantly normalized the proliferation of stem cells induced by
mechanical damage and rmIL-33 stimulation.

Assessing fertility is the gold standard for evaluating the reproductive
ability of mice. Consequently, we further evaluated the effect of αIL-33 on
the fertility of mice with IUAs in vivo through male and female cage
experiments. After 28days of observation,αIL-33 significantly increased the
formation of gestational sacs in the mice with IUAs. These findings further
substantiate the importance of IL-33 in the pathological formation of IUAs
following trauma and demonstrate the rescue effect of αIL-33 on this
pathological process. These findings provide a new intervention strategy for
the initial stage of IUA pathology.

As a cytokine with a “warning” function, IL-33 plays a critical role in
innate immunity. Numerous cells can produce IL-33 in response to
trauma, and our analysis of IUA tissue indicates that abnormal inflam-
matory responses play a role in the development of endometrial fibrosis.
The potential relationship of macrophages, which are closely associated
with inflammation, with IL-33 has garnered our interest. Consequently,
we sought to trace the source of IL-33 and analyze its colocalization with
macrophages through IF staining. The results revealed that the expres-
sion of IL-33 was the same as that of macrophages within the uterine
cavity. To verify this result, we isolated macrophages frommouse uterine
tissues via flow cytometry and analyzed the expression level of IL-33 in
macrophages via qPCR and Western blotting. As expected, IL-33
expression was significantly increased in the IUA group and IUA+ IL-33
group, whereas the expression level of IL-33 in macrophages was sig-
nificantly decreased after αIL-33 treatment, which indicated that αIL-33
may reduce the release of IL-33 through macrophages, thus attenuating
fibrotic development. These findings highlight macrophages as a major
source of IL-33 production during endometrial injury and fibrosis in
mice. The results suggest that IL-33 promotes endometrial fibrosis in a
macrophage-dependent manner, providing a precise mechanism for

Fig. 4 | Pathological features of IUAs in the IUA mouse model. a Schematic
diagram of experiments carried out inmice. Themice were randomly assigned to the
following groups (30 in each group): the control group; the sham operation group
(sham), in which the mice underwent laparotomy without any treatment; the IUA
model group (IUA), in which the mechanical damage of the mice was induced as
previously described; the rmIL-33-treated group (IUA+ IL-33), in which the mice
received an intrauterine injection of rmIL-33 (4 µg) on both sides of the uterus on
day 0 during the mechanical scratching process; and the αIL-33-treated group
(IUA+ αIL-33), in which the mice received an intrauterine injection of αIL-33
(10 µg) on both sides of the uterus on day 0 during the mechanical scratching
process. The mice from each group were killed on day 7. b HE staining was

performed to determine changes in the glands in each group at different stages of
treatment. The capillaries of the IUA model group and the IUA+rmIL-33 group
were disrupted and congested, and inflammatory cells infiltrated the stroma, as
shown viaHE staining. cMasson’s trichrome stainingwas used to analyze changes in
fibrosis in the different groups. d Immunohistochemical staining showing positive
expression of TGF-β. The data are from one experiment with three independent
experiments with three mice per group (n = 3) (×4, scale bar, 500 μm; ×20, scale bar,
100 μm). The results of the statistical analysis of the quantitative data are presented
in Supplementary Fig. 1. The values are the means ± SDs. *p < 0.05, **p < 0.01,
***p < 0.001, ns denotes p > 0.05 (unpaired Student’s t test).
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further exploration of the involvement of IL-33 in the pathogenesis of
endometrial fibrosis.

When the body undergoes a stress response, a substantial amount of
IL-33 is released, exerting its biological effects by binding to the specific
receptor ST28. Studies by Li et al.30 demonstrated that IL-33 promotes the
initiation andprogression of pulmonaryfibrosis by recruiting inflammatory

cells and inducing their functions, leading to the production of fibrotic
cytokines in an ST2- and macrophage-dependent manner. Given the pre-
sence of ST2 receptors on the cellmembrane ofmacrophages, IL-33may act
on macrophages through the IL-33/ST2 signaling axis, thereby promoting
macrophage polarization and participating in the pathological development
of endometrial fibrosis.

Fig. 5 | Increase in the expression of endometrial
stem cell markers under αIL-33 treatment.
a Schematic diagram of experiments carried out in
mice. The mice were randomly assigned to the fol-
lowing groups (30 in each group): the control group;
the sham operation group (sham), in which themice
underwent laparotomy without any treatment; the
IUA model group (IUA), in which the mice under-
went induction of previously described mechanical
damage; the rmIL-33-treated group (IUA+ IL-33),
in which themice experienced intrauterine injection
of IL-33 (4 µg) on both sides of the uterus during the
mechanical scratching process; and the αIL-33-
treated group (IUA+ αIL-33), in which the mice
experienced intrauterine injection of αIL-33 (10 µg)
on both sides of the uterus during the mechanical
scratching process. The mice from each group were
killed on day 7. bWestern blotting was conducted to
determine the protein levels of the stem cell markers
in each group. The full-length blots/gels are pre-
sented, and statistical analysis of the quantitative
results is presented in Supplementary Fig. 2. c qRT‒
PCR was used to measure the mRNA expression
levels of SOX9, SSEA1, VEGF, and FoxA2 in the
endometrial tissues of each group. The data are from
one experiment with three independent experi-
ments with three mice per group (n = 3). The values
are the means ± SDs. *p < 0.05, **p < 0.01,
***p < 0.001, ns denotes p > 0.05 (unpaired Stu-
dent’s t test).
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Typically, the IL-33/ST2/IL1RAcP complex initiates signaling through
kinases, such as the MyD88 adapter, ultimately activating the MAP kinase
pathway8,31. TheMAPK signaling pathway plays a pivotal role in regulating
the occurrence and development of inflammation. In a study by Tang et al.,
after 14 days of oral administration of gentamicin in rats, the expression
levels of ERK1/2, JNK1/2, and p38 in kidney tissue significantly increased32.
To determine whether the IL-33/ST2 signaling pathway also activates
MAPK family-related signalingmolecules during the development of IUAs,
we examined the changes in endometrial signaling pathways induced by
rmIL-33 throughwestern blotting.Weobserved that the expression levels of
ERK1/2, JNK1/2, and p38 were significantly greater in the rmIL-33 group
than in the αIL-33 rescue group, whereas the phosphorylation levels of the
corresponding signaling molecules were significantly lower in the rmIL-33
group than in the αIL-33 rescue group. These findings indicate that IL-33
released by cells binds to the ST2-specific receptor on the macrophage
membrane and participates in the pathological formation of IUAs by
altering the phosphorylation of the MAPK signaling pathway.

Although we have successfully revealed the role of IL-33 in the
development of IUAs and explored its regulatory mechanism, the rela-
tionship between IL-33 and macrophages remains unclear, and further
research is needed to understand how this molecule regulates macrophage
function. Specifically, whether the polarization ofM1 andM2macrophages
is related to the expression of IL-33 requires further investigation.

Methods
Animals
Female C57BL/6 J mice aged 6–8 weeks and weighing 18–20 g were pro-
cured from the experimental animal center of Ningxia Medical University.
All the experimental procedures were conducted with the approval of the
Ethics Committee of the General Hospital of Ningxia Medical University
(Ethics Approval No. KYLL-2022-0460). We have complied with all rele-
vant ethical regulations for animal use.

Inclusion and exclusion criteria
The animals were included in the study if they successfully experienced
mechanical damage, whichwas defined by capillaries breaking and forming
congestion and inflammatory cells infiltrating the stroma, as determined

through HE staining. The animals were excluded if they died prematurely,
preventing the collection of behavioral and histological data.

Blinding/masking
For each animal, three different researchers participated as follows: the first
investigator was responsible for the anesthetic procedure. The second
investigator administered the treatment according to the randomization
table. Finally, a third investigator performed the surgical procedure.

Animal model of IUAs and treatment
Female C57BL/6 J mice were subjected to mechanical damage to establish
the IUAmodel. Briefly, under sterile conditions, themice were anesthetized
with 5% pentobarbital sodium (5mg/kg) before the abdominal cavity was
opened to expose the uterine horn. A 5mmuterine curette was then used to
gently scrape both sides of the uterus until the uterine wall became pale and
rough. The wound was disinfected with iodophor solution and sutured via
5-O lines.

In this study, the mice were randomly assigned to various groups
(30 in each group), including the control group. In the sham operation
group (sham), the mice underwent laparotomy without any treatment. In
the IUA model group (IUA), the mechanical damage of the mice was
induced as previously described. In the rmIL-33-treated group (IUA
+rmIL-33), the mice received an intrauterine injection of rmIL-33 on
both sides of the uterus on day 0 during the mechanical scratching
process. In the αIL-33-treated group (IUA+ αIL-33), the mice received
an intrauterine injection of αIL-33 on both sides of the uterus on day 0
during the mechanical scratching process. The mice from each group
were killed on day 7.

Establishment and transplantation of mouse endometrial
organoids
After the mouse was killed, the uterus was removed from the opened
abdominal cavity and washed with PBS before being dissected into small
fragments. The fragments were digested at 37 °C for 50min with 0.4 mg/ml
collagenase V (Sigma) and 1.25 U/ml Dispase II while gently shaking. The
digestion reaction was neutralized by adding 10ml of DMEM/F12 con-
taining 1% antibiotic. Themixed solutionwas washed three timeswith PBS,

Fig. 6 | The pregnancy rate changed after treatment with αIL-33. a Schematic
diagram of the experiments carried out inmice. bRepresentative images of embryos
in the uterine cavity in each group. c Quantitative analysis of the pregnancy rate in
each group. The data are from three independent experiments with three mice per

group (n = 3). The values are the means ± SDs. *p < 0.05, **p < 0.01, ***p < 0.001,
ns denotes p > 0.05 (unpaired Student’s t test).
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Fig. 7 | Macrophages are the source of IL-33 production. a Schematic diagram of
experiments in the mouse uterus. b IF staining to determine the protein levels of IL-
33 and F4/80 in endometrial tissues (×40, scale bar, 50 μm). The data are from one

experiment with three independent experiments with three mice per group (n = 3).
The values are the means ± SDs. *p < 0.05, **p < 0.01, ***p < 0.001, ns denotes
p > 0.05 (unpaired Student’s t test).
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and the flowthrough solution was collected after passing through a 100 μm
cell filter and centrifuged at 1200 × g for 5min. The pellet was resuspended
inMatrigel (Corning) at a volume ratioof 1:1.5, and20 μl of theMatrigel-cell
mixture was transferred into each well of a 24-well plate and cultured in
medium containing the following components: 500 ng/ml R-spondin 1,
80 ng/ml EGF, 150 ng/ml Noggin, 150 ng/ml Wnt3a, 1.25 mM

N-acetylcysteine, 5 ng/ml FGF-10, 30 ng/ml KIAA1199, B27 (1X), 100 nM
CHIR99021, 8 μMA83-01, 8 μMRKI-1477, 10mMnicotinamide, 50 ng/ml
HGF, N2 (1X), and 100 μg/ml primary cell antibiotic. The cells were cul-
tured at 37 °C, 5% CO2, and saturated humidity. The culture medium was
changed every 2 days, and the organoids were passaged every 7–10 days at a
1:2 passage ratio.

Fig. 8 | IL-33 activates the formation of IUAs via
the MAPK signaling pathway. a Schematic dia-
gram of mouse organoid culture and experiments
carried out in mice. b Representative images of
endometrial organoids treatedwith ST2 inhibitors at
different time points were captured under a light
microscope. The results of the gradient concentra-
tion experiment for ST2 are presented in Supple-
mentary Fig. 4. c qRT‒PCR analysis of the mRNA
expression levels of IL6, IL-1β,TGF-β, andα-SMA in
endometrial organoids. d The protein expression
levels of JNK, ERK, and p38 were measured via
Western blotting after endometrial organoids were
treated with the JNK inhibitor SP600125, the ERK/
MEK1 inhibitor PD98059, or the p38 inhibitor
SB203580 before rmIL-33 was added at 100 ng/ml.
Full-length blots/gels are presented, and the results
of the statistical analysis of the quantitative results
are presented in Supplementary Fig. 5. The data are
from one experiment with three independent
experiments with three mice per group (n = 3). The
values are the means ± SDs. *p < 0.05, **p < 0.01,
***p < 0.001, ns denotes p > 0.05 (unpaired Stu-
dent’s t test).
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After 7 days of establishment of the IUAmodel, the abdominal cavities
of the mice were opened under sterile conditions to expose the uterine
horns. Then, 40 μl of 1 × 107 mature organoids were transferred into each
uterine cavity. Finally, the uterus and abdominal cavity were cleaned, and
the wound was sutured after disinfection with iodophor solution.

RNA sequencing
Total RNA was extracted from the organoids via an mRNA isolation kit
following themanufacturer’s protocol. The integrity of theRNAwas assessed
via anAgilent 2100 Bioanalyzer, and samples with an RNA integrity number
(RIN) ≥7.5 were selected for further analysis. Libraries were constructed
using TruSeq stranded total RNA with Ribo-zero Gold according to the
manufacturer’s instructions. These libraries were then sequenced on the
Illumina sequencing platform, generating 150 bp/125 paired-end reads.
Differentially expressed genes were used to generate heatmaps, and pathway
analysis was performed via the KEGG pathway database.

HE staining and Masson’s trichrome staining
At the end of each treatment, the rat uterine tissues were fixed in 4%
paraformaldehyde for 24 h and subsequently processed for paraffin
embedding. The paraffin-embedded sections were sliced into 4-μmsections
and stained with HE and Masson’s trichrome using standard protocols
provided by Servicebio (CatNo.G1003;G1006). The images of theMasson-
stained tissues were analyzed via ImageJ software to calculate the area of
fibrosis, and the number of endometrial glands with H&E staining was
counted in the horizontal sections.

Analysis of IL-33 by ELISAs
The weight of the animal tissue was accurately weighed, and 9 volumes of
homogenization medium (0.9% saline) were added at a ratio of weight
(mg):volume (µl) = 1:9. The homogenatewasmechanically homogenized in
an ice–water bath, prepared as a 10% homogenate, and centrifuged for
10min at 3000 rpm, after which the supernatant was collected for the assay.
The levels of IL-33, IL-1β, TNF-α, IL-6, and IL-10 in the serum from the
IUA- and rmIL-33-treated models were determined via ELISAs via kits
from Proteintech (Cat No. KE10054, Cat No. KE10003, Cat No. KE10002,
Cat No. KE10007, Cat No. KE10008) according to the manufacturer’s
instructions.

Gene expression analysis by real-time PCR
Total RNA was extracted from the mouse uterus via the MiniBEST Uni-
versal RNA Extraction Kit (TaKaRa, Cat No. 9767) following the manu-
facturer’s instructions. The PrimeScript™ RT reagent kit, gDNA Eraser
(Perfect Real Time) (TaKaRa, CatNo. rr047), was used to synthesize cDNA,
which was then subjected to amplification via real-time fluorescence PCR.
RT‒PCR analysis was conducted via the ABI Prism 7500 Sequence Detec-
tion System fromApplied Biosystems. The sham operation group served as
the control group, and its value was considered 1. The fold change in the
mRNA levelswas determinedvia the 2-ΔΔCtmethod.Details of all theprimers
used for real-time quantitative PCR are provided in Table 1.

Western blotting for analysis of protein expression in uterine
tissues
The tissue block was washed 3 times with precooled PBS to remove blood
contamination, cut into small pieces and placed in a homogenizing tube.
Two 4mm homogenizing beads were added, 10 times the volume of tissue
lysate (RIPA, Leagene,CatNo. PS0033)was added, and thehomogenization
program was set to homogenization. The homogenized tubes were
removed, and the lysate was placed on ice for 30min. The mixture was
shaken every 5min to ensure complete tissue lysis. The mixture was cen-
trifuged at 12,000 rpm and 4 °C for 10min, and the supernatant was col-
lected as the total proteinmixture. The protein concentrationwasmeasured
via a BCA protein assay kit (KeyGEN, Cat No. KGP903). Proteins were
resolved by 10% SDS‒PAGE and then transferred to nitrocellulose mem-
branes (EMS Millipore). The membranes were blocked with 5% skim fat
milk containing 0.1% Tween 20 for 1 h at room temperature. The mem-
branes were subsequently incubatedwith the relevant primary antibodies at
4 °C overnight. After being washed three times in TBS-T, the membranes
were incubated with the secondary antibody for another hour at 37 °C. The
target proteinswere visualized via enhancedchemiluminescence (ECL)with
aBioImaging System (Bio-Rad).Mousemonoclonal anti-GAPDHwasused
as a control for protein loading.Details of all the antibodies used are listed in
Table 2.

Immunohistochemistry
Uterine tissue samples were fixed in 4% paraformaldehyde and embedded
in paraffin. After antigen retrieval to activate endogenous peroxidase, the
sections were incubated in 3% hydrogen peroxide for 30min. The samples
were then blocked with 10% normal goat serum for 1 h. The expression of
TGF-beta was determined by incubating the sections with the primary
antibody at 4 °C overnight. The slides were subsequently incubatedwith the
secondary antibody dilution and then treated with DAB solution for 1 h.

Table 1 | Primers used for real-time quantitative PCR

Gene Sequence (5′→ 3′)

SOX9 (F) CACTACAGCGAGCAGCAGCAG

SOX9 (R) GGGTGATGGGCGGGTAGGAG

FOXA2 (F) CTGAAGCCCGAGCACCATTACG

FOXA2 (R) GGTGGTGGCTGTGGTGATGTTG

SSEA-1 (F) GCCCAGATCGTGCCAACTATGAG

SSEA-1 (R) GCAGCCAGGGAAGCAGCATTAG

VEGF (F) TGAACTTTCTGCTCTCTTG

VEGF (R) TCGGGGTACTCCTGGAAGA

IL-33 (F) CAAAGTTCAGCAGCACCGC

IL-33 (R) T GTGTCAACAGACGCAGCAAA

GAPDH (F) C CTCGTCCCGTAGACAAAATG

GAPDH (R) T GAGGTCAATGAAGGGGTCGT

Table 2 | Antibodies used for immunofluorescence and
western blotting

Marker (species) Application (dilution) Distributor (catalog
number)

Primary antibodies

SOX9 (Mouse) WB (1:5000) Proteintech (67439-1-Ig)

SSEA1 (Rabbit) WB (1:1000) ABclonal (A16320)

FOXA2 (Rabbit) WB (1:1000) Proteintech (22474-1-AP)

VEGF (Rabbit) WB (1:1000) Proteintech (19003-1-AP)

IL-33 (Mouse) WB (1:1000) Proteintech (66235-1-Ig)

IL-33 (Rabbit) IF (1:500) Servicebio (GB145309)

F4/80 (Rat) IF (1:1000) Servicebio (GB113373)

TGF-β (Rabbit) IHC (1:500) Servicebio (GB11179)

GAPDH (Rabbit) WB (1:5000) Proteintech (10494-1-AP)

Secondary antibodies

Goat anti-rabbit IgG-
HRP (H+L)

WB (1:1000) ABclonal (AS028)

Goat anti-mouse
IgG-HRP

WB (1:10,000) ABclonal (AS066)

Goat anti-mouse
IgG-FITC

IF (1:200) Servicebio (GB22302)

Goat anti-mouse
IgG-Cy3

IF (1:300) Servicebio (GB21303)

Goat anti-rabbit
IgG-HRP

IHC (1:200) Servicebio (GB23303)
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Hematoxylin solution was briefly applied for 15 seconds to stain the nuclei.
Finally, the slides were examined under a microscope. Details of the anti-
bodies used are listed in Table 2.

Immunofluorescence
Uterine tissues were fixed with 4% paraformaldehyde, permeabilized with
0.5% Triton X-100 for 20min at 37 °C, and blocked with 1% bovine serum
albumin (BSA). The tissues were then stained with appropriate primary
antibodies (Table 1) overnight at 4 °C. Subsequently, relevant fluorescent-
conjugated secondary antibodies were used at appropriate concentrations,
followed by nuclear staining with 4′,6-diamidino-2-phenylindole (DAPI).
Image acquisition and processing were performed via a fluorescence
microscope. The positive cells were counted via IPP6.0 software. All the
antibodies used are listed in Table 2.

Monocyte/macrophage isolation
The mouse endometrial samples were rinsed three times with PBS until
there were no obvious blood clots, after which they were cut into small
pieces. Endometrial cells from five mice in each group were obtained by
digesting the uterine tissue with 5ml of 0.1% IV collagenase I (Gibco) for
1.5 h at 37 °C and mechanical dissociation through a 100-μm cell strainer.
After centrifugation at 1800 rpm for 5min, the cells were resuspended in
5ml of red blood cell lysis buffer (eBisosciences). Monocyte macrophages
were then obtainedvia density gradient centrifugationwith a 50:50%Percoll
(Solarbio) gradient at 2000 rpm for 20min.

Statistics and reproducibility
For all data analysis, we used GraphPad Prism 6.0 software, and the results
are presented as the means ± standard deviations (SDs). To compare dif-
ferences between two groups, we employed Student’s t test. For multiple
comparisons, one-way or two-way ANOVA was used, as appropriate. A P
value less than 0.05was considered statistically significant. Each experiment
was repeated independently three times for each group.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All primary data generated or analyzed in this study are available on request
from the authors. Source data behind the figures can be found in Supple-
mentary Data sheet 1. Raw long-read RNA sequencing data generated and
utilized in the present study are also publicly available in NIH Sequence
ReadArchive (SRA) (accession no. PRJNA1129676) https://www.ncbi.nlm.
nih.gov/sra/PRJNA1129676. The other datasets generated and/or analyzed
during the current study are available from the corresponding author on
reasonable request.
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