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Extracellular succinate derived from ectopic 
milieu drives adhesion and implantation 
growth of ectopic endometrial stromal cells 
via the SUCNR1 signal in endometriosis
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Abstract 

Background  As a dual-function metabolite, succinate has emerged in cell function and plays a key signaling role 
in linking mitochondrial function to other cellular functions. Succinate accumulation in the cytoplasm is commonly 
associated with hypoxia in the microenvironment and immune cell activation. Extracellular succinate released 
into the microenvironment is considered an inflammatory alarm that can be sensed by its membrane receptor 
SUCNR1, which boosts proinflammatory responses and acts akin to classical hormones and cytokines. Succinate 
plays an important role in the development of inflammatory diseases. Whether succinate facilitates the progression 
of endometriosis (EMs), characterized by chronic inflammation and peritoneal adhesion, is worth exploring.

Objective  We mimicked the ectopic milieu in vitro and in vivo to evaluate the main source and potential role of suc-
cinate in endometriosis. We assessed the molecular and functional effects of succinate on macrophages and perito-
neal mesothelial cells in peritoneal cavity. The effect of succinate/SUCNR1 signaling on ectopic endometrial stromal 
cells (ESCs) was further explored in this study.

Methods  In this study, we used targeted organic acid metabolomics analysis and in vitro assays to assess the poten-
tial accumulation of succinate in the peritoneal fluid of EMs patients. We examined its correlation with disease 
severity, Visual Analogue Scale, and the Endometriosis Fertility Index. Flow cytometry, enzyme linked immunosorbent 
assay, western blot assay, quantitative real-time PCR, and other molecular biology techniques were used to explore 
the potential mechanisms.

Results  By mimicking the ectopic milieu, we constructed an in vitro co-culture system and found that M1 polar-
ized macrophages and that the peritoneal mesothelial cell line (HMrSV5) mainly released succinate into their 
microenvironment and activated the succinate receptor (SUCNR1) signal, which further polarized the macrophages 
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and significantly enhanced the invasive survival of ESCs, and the adhesion to the peritoneum. We further investigated 
the pathological effects of extracellular succinate in vivo using a xenograft mouse models of endometriosis.

Conclusions  Succinate-SUCNR1 signaling facilitates the creation of inflammatory cells and plays a vital role in EMs 
progression and peritoneal adhesion. Our work on the molecular mechanisms underlying succinate accumulation 
and function will help elucidate the phenotypic mysteries of pain and infertility in EMs.

Keywords  Endometriosis, Succinate, Peritoneal mesothelial cell, Endometrial stromal cells (ESCs), Macrophage, 
SUCNR1

Introduction
Endometriosis (EMs) is a heterogeneous clinical syn-
drome characterized by a chronic inflammatory process 
strongly linked to peritoneal adhesions, infertility, dys-
menorrhea, and chronic pelvic pain [1]. The endometrial 
stromal cells (ESCs) and epithelial cells within the retro-
grade menstrual endometrium are commonly attached 
to the pelvic peritoneum. Once ectopic lesion is formed, 
the ectopic tissue with periodic bleeding is exposed to 
immune surveillance, leading to chronic inflammation 
and repeated tissue repair. The presence of cytokines 
and shifts in circulating immune cell populations cre-
ate a widespread inflammatory environment and the 
development of peritoneal adhesions (PA) extending 
outside the pelvis [2]. Monolayers of peritoneal meso-
thelial cells and macrophages form major cell popula-
tions in the peritoneal fluid, which may play a central 
role in lesion establishment and maintenance by driving 
chronic inflammation and tissue remodeling. Although 
the pathogenesis of EMs remains unclear, genetics and 
the microenvironment are its key drivers [3].

Succinate occupies an extremely vital position in 
metabolism because of its direct connection with the 
Krebs cycle and the mitochondrial respiratory chain 
[4, 5]. The final stage of the Krebs cycle involves the 
regeneration of oxaloacetate through a process wherein 
succinate is oxidited to fumarate via succinate dehy-
drogenase (SDH) [6]. Dynamic changes in SDH under 
physiological or pathological metabolic conditions are 
associated with succinate accumulation [7, 8]. Over the 
past 10 years, new roles for extracellular succinate have 
expanded beyond metabolism and signaling. Beyond its 
metabolic role in conditions of stress and damage, an 
increasing body of evidence points to additional immu-
nological functions, especially in subacute inflammatory 
conditions such as inflammatory bowel disease, Crohn’s 
disease [9, 10], gestational diabetes [11], and non-alco-
holic fatty liver disease [12]. Succinate accumulation is 
followed by succinate release from cells, which then acts 
on other cell types via SUCNR1, driving inflammation 
or type 2 immunity [5]. Recently, it is interesting to find 
that succinate can either by synergistically activated with 
estrogen [13],or through downregulating voltage-gated 

potassium channel subfamily Q member 1 (KCNQ1) 
levels to promote the growth of endometrial cancer cells 
in vitro and in vivo [14]. Decreased succinate accumula-
tion contributes toward the onset of abortion in mice [7]. 
These multiple functions indicate that succinate plays 
important roles in cellular activation. Succinate triggers 
macrophage polarization and subsequent inflamma-
tion. However, the role of succinate-SUCNR1 signaling 
in EMs, which is characterized by chronic inflammation, 
remains unclear.

Hence, we hypothesized that stimulation with 
cytokines, such as IL-6, or contact with endometrial stro-
mal cells during retrograde menstruation triggers suc-
cinate release from peritoneal mesothelial cells (PMCs) 
and macrophages. Extracellular succinate polarizes mac-
rophages into the M1-like type and continuously recruits 
them via CCL2 secretion from PMCs. Thus, crosstalk 
between these cells leads to massive succinate accumula-
tion and an inflammatory microenvironment. Eventually, 
the accumulated succinate enhances the survival, adhe-
sion and deep infiltration of ESCs via SUCNR1 signaling, 
leading to the acceleration of EMs progression.

Materials and methods
Patients and tissues collection
Premenopausal women diagnosed with EMs (endo-
metrioma, peritoneal endometriosis, deep infiltrating 
endometriosis) or other benign gynecological diseases 
underwent laparoscopic surgery at the Obstetrics and 
Gynecology Hospital of Fudan University between Janu-
ary 2020 and December 2022. Normal endometrial sam-
ples were obtained from six patients without EMs who 
underwent combined laparoscopy and hysteroscopy for 
tubal infertility and uterine septum. EMs was diagnosed 
based on clinical symptoms and imaging findings. Symp-
toms related to EMs include pelvic masses, chronic pelvic 
pain, dysmenorrhea, dyspareunia, infertility, and cyclical 
alterations in bowel and urinary habits that occur only 
during menstruation. A total of 2–10 ml of undiluted 
peritoneal fluid was drawn at the beginning of the lapa-
roscopy, and biopsies from ectopic lesions were obtained 
from each patient. Finally, according to the revised 
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American Fertility Society (rAFS) (ASRM, 1997), patients 
with pathologically confirmed EMs were grouped 
according to the disease stage (stage I-II, n = 12; stage III-
IV, n = 24). Thirty patients without EMs were included in 
the control group, and peritoneal fluid was collected dur-
ing laparoscopic surgery. Histopathological examination 
post-surgery confirmed the diagnosis of benign gynaeco-
logical diseases, including corpus luteum cyst (n = 3), ter-
atomas (n = 8), fibroids (n = 10), mesosalpinx cyst (n = 4), 
female genital anomalies (n = 3), infertility without PID 
(n = 2).  We excluded patients with pelvic inflammatory 
disease or secondary infertility with pelvic inflammatory 
disease when collecting samples from control or endo-
metriosis group.

The enrolled patients were free of hormonal medica-
tions for at least 6 months. Patients with acute or suba-
cute inflammatory diseases, autoimmune disorders, 
pregnancy, or malignant tumors were excluded from the 
study. The clinical and demographic characteristics of all 
participants are shown in Supplementary Table 1.

Peritoneal fluid isolation
Peritoneal fluid was promptly cooled on ice upon collec-
tion and then transferred to the laboratory within 30 min 
for further experiments. Fresh peritoneal fluid was cen-
trifuged at 1500 rpm(4 °C) for 5 min. The pellet was resus-
pended, and an erythrocyte lysis solution (1×) was added 
according to the manufacturer’s instructions. After cen-
trifugation (1000 rpm) three times, fresh cell pellets were 
immediately prepared for flow cytometry. The superna-
tant of theperitoneal fluid cells and debris was packaged 
in 1.5-mL centrifugal tubes and stored in a refrigerator at 
− 80 °C until metabolomics detection and enzyme-linked 
immunosorbent assay (ELISA) analysis.

Targeting organic acid metabolomics analysis
Shanghai Lu-Ming Biotech Company Limited (Shang-
hai, China) provided an experimental platform and assis-
tance for the target organic acid metabolomics analysis. 
Briefly, a mixture of acetonitrile and methanol (2:1, v/v, 
containing seven isotopes internal standards) was used to 
collect 0.1 ml per sample. After shaking and centrifuga-
tion, 100 μl of supernatant per sample was freeze-dried. 
Finally, a mixture of BSTFA and n-hexane (4:1, v/v) was 
added to the sample, vortexed vigorously for 2 min, and 
derivatized at 70 °C for 60 min. The samples were ana-
lyzed using a gas chromatography system Trace1310 cou-
pled with a TSQ9000 Mass spectrometer equipped with 
an electron ionization (EI) source (Thermo Fisher Scien-
tific, USA).

The raw data exported by UPLC-MS/MS were pro-
cessed using the QuanMET software (v1.0, Metabo-Pro-
file, Shanghai, China). The concentrations and peak areas 

of the standards were used to construct a standard curve 
and calculate the sample concentration. The calculated 
concentrations of bile acids in all samples were imported 
into SIMCA-P+ software (v. 14.1, Umetrics, Sweden) 
for multivariate analysis, including principal component 
analysis and orthogonal partial least squares-discrimi-
nant analysis (OPLS-DA). An independent sample non-
parametric test was used to assess significant differences 
between the groups (P < 0.05), and the variable of impor-
tance values in the OPLS-DA model were used to iden-
tify potential biomarkers.

Cell culture and treatments
Primary human endometrial stromal cells (hESCs) from 
the endometrium of patients with and without EMs 
were isolated using collagenase digestion, as previously 
described [15], and cultured in Dulbecco’s Modified 
Eagle Medium/Nutrient Mixture F-12 (DMEM/F12) sup-
plemented with 10% fetal bovine serum (FBS) for flow 
cytometry (FCM) analysis.

The cell line used in this study, human endometrial 
stromal cells (hESCs) in our laboratory for Reproduc-
tive Immunology were obtained from the American Type 
Culture Collection (CRL-4003; ATCC, Manassas, VA, 
USA),. hESCs were cultured in DMEM/F12(10% FBS) for 
the co-culture system and other assays.

HMrSV5 and THP-1 cells were procured from the 
National Collection of Authenticated Cell Cultures of 
China. HMrSV5 cells cultured in DMEM F12(10% FBS) 
and THP-1 cells cultured in RPMI-1640 (10% FBS) 
were incubated with or without various concentrations 
of drugs for predefined times before each experiment, 
according to the cell experimental protocol.

For macrophage polarization, THP-1 cells were dif-
ferentiated and polarized by using 100 ng/ml phorbol 
12-myristate13-acetate (PMA; Sigma-Aldrich) for 48 h to 
obtain M0, and M0 were transformed into M1 through 
lipopolysaccharide (LPS) (Peprotech) (100 ng/ml) and 
IFN-γ (PeproTech)(20 ng/ml) stimulation or M2 through 
IL-4 (PeproTech) (20 ng/ml) and IL-13 (PeproTech) 
(20 ng/ml) stimulation for 48 h. FCM was conducted to 
verify successful induction via CD80, CD86, CD163, and 
CD206. Non-adherent macrophages were washed with 
phosphate-buffered saline (PBS), and adherent cells were 
cultured in fresh RPMI-1640 medium.

The details of cytokines used in this study are as fol-
lows: IFN-γ Peprotech Cat#300–02 lot#091927; LPS 
Peprotech Cat#M9524; IL-4 Peprotech Cat#200–04 
lot#051914; IL-10 Peprotech Cat#200–10 lot#11021; IL-6 
Peprotech Cat#200–06; IL-13 Peprotech Cat#200–13 
lot#102123.
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Cell viability assays
Cell viability was measured using the cell counting kit-
8(CCK-8). hESCs or HMrSV5 cells (four replicates per 
group) were seeded in 96-well plates (Corning) with 
100 ml medium (10% FBS) and then incubated at 37 °C 
overnight. Following a 48-hour stimulation with suc-
cinate, cell supernatants were removed. Subsequently, 
CCK-8 solution (10 μl) and culture medium (100 μl) were 
added into each well. After incubation for another 1 h at 
37 °C, the plates were measured via a microplate reader 
at an absorbance of 450 nm (Bio-Rad 680, Bio-Rad, USA).

Apoptosis assays
For the apoptosis assay, hESCs or HMrSV5 cells were 
seeded in 24-well plates and cultured with LPS or suc-
cinate for 48 h. Cells were then co-stained with Annexin 
V-PE (BD Pharmingen, Heidelberg, Germany) and 
7AAD. Flow cytometry (Beckman) was performed to 
obtain data on apoptosis, which were analyzed using 
FlowJo software.

Scratch wound assay
The hESCs (1 × 105 cells/well, four replicates per group) 
were seeded in a 12-well plate. After reaching conflu-
ence, cells were scratched using a sterile tip to mimic 
the shape of the wound. FBS-free medium was used to 
wash and remove loose cells. hESCs were then treated 
with succinate (0, 1, 2.5, or 5 mM) and photographed at 
0, 24, and 48 h by using a light microscope. The closure 
area of wound was calculated as follows: Wound Closure 
(%) = ((Primary wound size-Final wound size)*100%/ Pri-
mary wound size.

Matrigel invasion, chemotaxis and adhesion assays
In the transwell assay, hESCs or HMrSV5 (1 × 104 cells/
well, three replicates per group) were seeded into the 
upper chamber of 24-well transwell plates (8 μm pore 
filters) (Corning, USA). The lower chamber was supple-
mented with medium (10% FBS) containing either succi-
nate (0, 1, 2.5, 5 mM) or CCL-2 (Abclone Cat#RP01411) 
(100 ng/ml). After 48 h, migrated cells on the lower sur-
face were stained and observed under a microscope.

For chemotaxis assay, hESCs (1 × 104 cells/well, three 
replicates per group) were seeded in the upper chamber 
of 24-well transwell plates (8 μm pore filters) (Corning, 
USA), and HMrSV5 cells (1 × 104 cells/well) stimulated 
with succinate (0, 2.5 mM) or CCL2 (100 ng/ml) were 
paced in the lower chamber. CCL2 treatment was used as 
a positive control. After 48 h, hESCs were replaced with 
THP-1 cells, which were pre-labeled with CellTracker red 
(DiO, Beyotime, C1995S, China), and then continuously 
incubated for another 12 h with 3 μm pore filters. Finally, 
the traced THP-1 cells were collected and calculated as 

cell number per field (scale bar-100 μm) (red tracer stain-
ing THP-1 cell).

For the adhesion assay, HMrSV5 cells (2 × 105 cells/
well; three replicates per group) were treated with suc-
cinate (0, 1, 2.5, 5 mM) and seeded in 6-well plates. 
hESCs(1 × 104 cells/well; three replicates per group) pre-
labeled with CellTracker green (DiO, Beyotime, C1993S, 
China) were seeded into each HMrSV5-well. Finally, 
the traced hESCs were calculated as cell number per 
field using a fluorescence microscope (scale bar-200 μm) 
(green tracer staining hESCs).

Flow cytometry
Peritoneal cell pellets collected from the peritoneal fluid 
were suspended in PBS and stained with the follow-
ing antibodies: anti-human CD14 -PerCy5.5 (BioLeg-
end,325,621), anti-human CD45 APC-Cy7 (BioLegend, 
368,515) and anti-human GPR91/SUCNR1 FITC (Alo-
mone, ASR-090-F). After staining for half an hour, 
the cells were washed and prepared for FCM (Beck-
man Coulter). Data were analyzed using FlowJo (v10) 
software.

Flow cytometry was also performed to analyze the 
expression of CD80, CD86, CD163, CD206 and MCT1 
in macrophages in  vivo or THP-1 cells in  vitro, as well 
as SUCNR1 levels in hESCs. The FCM antibodies used 
were as follows: anti-human CD86 Percp/cy5.5 (BioLe-
gend, 305,419); anti-human/mouse MCT1 PE (R&D, 
FAB8275P); anti-human/Mouse GPR91/SUCNR1 FITC 
(Alomone, ASR-090-F); anti-mouse CD45 percp (Bio-
Legend, 103,129); anti-human/mouse GPR91/SUCNR1 
FITC (Alomone, ASR-090-F); anti-mouse CD80 PE (Bio-
Legend, 104,707), anti-mouse CD86 ALexa fluor 700 
(BioLegend, 105,024); anti-mouse CD163 BV421 (BioLe-
gend, 155,309); anti-mouse CD206 BV605 (BioLegend, 
141,721), anti-mouse CD11b PCy 7(BioLegend, 101,215); 
anti-mouse F4/80 APC (BioLegend, 123,116).

ELISA assay
The levels of succinate in the peritoneal fluid and cell 
supernatants were measured using ELISA. Briefly, 
HMrSV5 cells, hESCs, and macrophages polarized from 
THP-1 cells were seeded in 6-well plates. After culturing 
for 48 h, the cells were treated with BMDM alone, IL-6 
(100 ng/ml), or CCL2 (50 ng/ml) for another 48 h. The 
cell supernatant was centrifuged at 1000 rpm (4 °C) for 
10 min. The peritoneal fluid was collected as described 
above. It was placed on ice upon collection and centri-
fuged twice at 1500 rpm for 5 minutes at 4 °C to remove 
the cells. All the samples were diluted twice and analyzed 
according to the specifications of the ELISA kit (Abcam, 
ab204718).
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Quantitative real‑time PCR (RT‑qPCR) analysis
Total RNA was extracted via RNA Purification Kit (EZBi-
oscience, USA) and reverse-transcribed into cDNA by 
using Hifair®II 1st Strand cDNA Synthesis SuperMix 
for qPCR (Yeasen, Shanghai, China). The quantitative 
real-time PCR (RT-qPCR) was performed according to 
the manufacturer’s protocol (Hieff UNICON Universal 
Blue qPCR SYBR Green Master Mix,Yeasen). Data analy-
sis was repeated three times and analyzed using 2−ΔΔCt 
method. The primer sequences used in this study are 
listed in Supplementary Table 2.

Immunohistochemistry (IHC)
Tissue microarrays (TMAs) [16] were previously con-
structed with endometriosis lesions tissues. Immunohis-
tochemistry (IHC) for succinate dehydrogenase complex 
iron sulfur subunit (SDHB) was performed according to 
the manufacturer’s instructions. Briefly, after dewaxing 
and antigen repair, the primary antibody against SDHB 
(Abcam, ab178423) was incubated overnight(4 °C) at a 
1:150 dilution. Subsequently, the membranes were incu-
bated with secondary antibody at room temperature 
(24–26 °C) for half an hour. Sections were stained with 
hematoxylin and photographed under a microscope.

Western blotting assay
HMrSV5 cells (2 × 105 cells/well) were seeded in 6-well 
plates and treated with different concentrations of suc-
cinate (0, 0.5, 1, 2.5, and 5 mM) for 48 h. hESC cells, 
primary ESC, and primary ectopic ESCs (2 × 105 cells/
well) wererespectively seeded in 6-well plates for 48 h. 
Proteins were extracted by cell lysis. The protein sample 
(15 μg/lane) was evaluated through electrophoresis and 
transfected to a 0.45 μm polyvinylidene fluoride (PVDF) 
membrane, which was stained with enhanced chemilu-
minescence reagents after incubating with the primary 
antibody anti-ICAM1 (Abcam, ab53013) (1:1000) or anti-
MCT1 (Santa Cruz, sc-365,501) at 4 °C overnight and 
with a secondary antibody (1:5000) at 24 °C for 2 h. The 
total gray scale of each strip was quantified using ImageJ 
software with the values normalized based on house-
keeping proteins (i.e., β-actin).

Mouse model of EMs
Thirty adult C57BL/6 female mice (6–8 weeks, weight 
20 ± 2 g) were purchased from the Laboratory Animal 
Facility of Fudan University and used for this study. Ani-
mal protocols were approved by the Ethics Commit-
tee of the Obstetrics and Gynecology Hospital of Fudan 
University. All mice were randomly assigned to one of 
the three groups. Intraperitoneal EMs-like lesions were 
surgically induced by injecting fragments of the uter-
ine tissue into the peritoneal cavity. Each postoperative 

mouse received 17-β-Estradiol-3-benzoate (30 μ g/kg, 
Sigma) every 3 days for 14 days. Three days after surgery, 
each mouse in the experimental group received succi-
nate (100 mg/kg, Sigma) intraperitoneally every 3 days for 
14 days. PBS was used instead of succinate in the sham 
group. In the control group, no surgery was performed 
and PBS was used instead of succinate. Fourteen days 
after the operation, endometrial-like lesions were estab-
lished, the mice were sacrificed, and the peritoneal lavage 
fluids and ectopic lesions were harvested. SUCNR1 and 
M1/M2 macrophage markers were measured and ana-
lyzed via FCM. MMP9 and ICAM-1 levels in the lesions 
were detected through IHC.

Results
Succinate accumulation in peritoneal fluid and clinical 
relevance in EMs
To assess the levels of metabolites in the peritoneal fluid, 
we applied targeted organic acid metabolomic analysis 
to study the differences in organic acid profiles between 
healthy individuals and EMs patients. The results showed 
a significantly difference in the peritoneal fluid between 
the EMs and non-EMs groups (Fig.  1A). Based on the 
metabolomics results of the peritoneal fluid, four organic 
acid metabolites, including 5-hydroxymethy-2-furancar-
bosylic acid, 2-hydroxyhippuric acid, succinic acid, and 
2-hydroxy-3-methylpentanoic acid, were clearly elevated 
in EMs patients (Fig.  1B-D). Specifically, succinate was 
significantly increased in EMs patients (328.65 ± 105.4 ng/
ml) than in those without EMs (244.27 ± 43.76 ng/ml), 
this finding corresponded with that of the ELISA test 
(Supplementary Fig. 1A). SDHB, a classic mitochondrial 
enzyme, possesses the unique characteristic of oxidiz-
ing succinate to fumarate. Immunohistochemical stain-
ing revealed decreased expression of SDHB in ectopic 
lesions compared to that in the normal endometrium 
(Supplementary Fig.  1B). Consistent with the result of 
IHC, the mRNA and protein level of SDHB in ectopic 
ESC was also lower than than in normal ESCs (Supple-
mentary Fig. 1C,D). Metabolic pathway enrichment anal-
ysis showed that pathways were differentially regulated 
between EMs and non-EMs groups, and the oxidative 
phosphorylation and citric cycle (Krebs cycle) pathways 
were significantly upregulated in the EMs group (Fig. 1E).

Succinate is an important intermediate in intracellular 
metabolism. Although normally regarded as an interme-
diate, succinate accumulates under certain pathophysio-
logical conditions, especially at the sites of inflammation 
and metabolic stress [4, 5, 9, 17–19]. Succinate is not 
simply an inert byproduct of metabolism but also plays 
an active role in downstream cellular responses and can 
have tissue-specific and systemic effects as a proinflam-
matory mediator [4, 5, 20]. Similarly, we found that higher 
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levels of succinate accumulated in the peritoneal fluid of 
patients with severe EMs (stage III-IV) than in those with 
mild EMs (stage I-II) (Fig. 2A). Therefore, we speculated 
that succinate levels reflect disease severity. Succinate, 
to some extent, had potential clinical value in reflect-
ing EMs severity (AUC = 0.951) (Fig.  2B). Furthermore, 
Pearson’s correlation analysis was conducted on the EMs 
clinical data, and the results revealed a linear correlation 
between succinate and clinical symptoms/indicators, 
such as pain (Visual Analogue Scale, R2 = 0.46, P < 0.001, 
95% confidence interval: 0.15–0.68), EMs stage according 
to the rAFS score (rAFS,1985) (rAFS, R2 = 0.38, P = 0.02, 
95% confidence interval: 0.06–0.63), and fertility predic-
tion after EMs surgical staging (Endometriosis Fertility 
Index [EFI], R2 = − 0.44, P < 0.01, 95% confidence inter-
val: − 0.67–-0.13) (Fig.  2C-E). Supplementary Table  1 
presents the clinical parameters of the patients with and 
without EMs.

Succinate is prone to polarize M1‑like macrophages 
in the endometriotic milieu
Since succinate triggers inflammatory changes in mac-
rophages, changes in gene expression triggered by succi-
nate in M0 macrophages derived from THP-1 cells were 
compared with the marker gene expression observed 
in human M1 and M2 macrophages. We conducted 
RT-qPCR analysis on macrophages exposed to varying 

concentrations of succinate (0, 0.5, 1, 2.5, and 5 mM) 
for 48 h. We compared the gene expression changes in 
M1 markers (CD80, CD86) with M2 markers (CD206, 
CD163) triggered in M0 macrophages by succinate. As 
illustrated in Supplementary Fig.  2A-E, in resting M0 
macrophages without LPS stimulation, exposure to suc-
cinate resulted in the upregulation of genes preferentially 
expressed by M1 macrophages and the downregulation 
of genes preferentially expressed in M2 macrophages. 
Thus, succinate exposure causes the polarization of naïve 
macrophages toward M1 cells. As previously reported 
[20, 21], the effects of extracellular succinate and LPS can 
be superimposed to augment the LPS-driven M1 phe-
notype (Supplementary Fig. 2C). Additionally, we found 
that succinate markedly induced the transcription of 
proinflammatory cytokines IL-8, IL-1β, and IL-6 in mac-
rophages; however, a higher concentration of succinate 
(5 mM) created an opposite effect in IL-8 and IL-6 (Sup-
plementary Fig. 2F-I).

To evaluate the expression of SUCNR1 in M0 mac-
rophages exposed to succinate, we performed the tran-
scription of SUCNR1 via real-time PCR. The results 
showed dose-dependent expression of SUCNR1 mRNA 
in M0 macrophages exposed to succinate as compared 
to that in the vehicle (Supplementary Fig.  2 J). Succi-
nate appears to activate inflammatory pathways and 
switch cells to the M1-like phenotype, at least in part, 

Fig. 1  Altered metabolic profiles of peritoneal fluid in EMs compared with Healthy. A A PLS-DA score plot of EMs and Non-EMs in cohort. 
R2X = 0.24, R2Y = 0.231, Q2 = 0.541. B, C Volcano plot and bar graph of the differential metabolites in EMs and Non-EMs filtered by univariate analysis. 
D Hierarchical clustering of the 22 differential organic acid metabolites (FC > 1.2, p < 0.05) in non-EMs and EMs group. Blue indicates a decreased 
level; red indicates an increased level. E Bubble plot for quantitative enrichment analysis showing the metabolic pathway changes between EMs 
and non-EMs metabolomes in cohort
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via SUCNR1. These data demonstrate that exposing 
monocyte-derived macrophages to relevant concentra-
tions of extracellular succinate unequivocally regulates 
the expression of immune function genes, resulting in 
the polarization of the M1-like phenotype or synergism 
with LPS.

Extracellular succinate is mainly released 
from M1‑polarized macrophages and peritoneal 
mesothelial cells
Macrophages are the most common population (approxi-
mately 60%) of the peritoneal fluid leukocytes in EMs 
patients. The PMC monolayer that lines the abdominal 
cavity is the first barrier encountered by menstrual frag-
ments. To understand the capacity of extracellular succi-
nate secretion among these cell types, THP-1 cells were 
respectively polarized into the M1 phenotype with LPS 
and IFNγ, or into the M2 phenotype with IL-4 and IL-13 
as previously described [22, 23]. Macrophages in different 
polarizing states were cultured for 48 h, and the levels of 
extracellular succinate in the cell supernatant were meas-
ured using ELISA. Consistently with previous reports 

that M1 polarized macrophages are the major producers 
of succinate, our study showed that succinate production 
in M1 polarized macrophages and PMCs was higher than 
that in naïve and M2-polarized macrophages (Fig. 3A).

To identify the main source of succinate in the endo-
metriotic milieu, a co-culture model with hESC, PMC 
line HMrSV5, or THP-1 cells was constructed to imitate 
the ectopic immune microenvironment of EMs. High 
levels of succinate were observed in the culture super-
natants of M1-polarized macrophages after co-culture 
with HMrSV5 cells or hESCs (Fig. 3B). As reported in our 
previous studies, some inflammatory cytokines (such as 
IL-6 and CCL-2) are significantly elevated in the perito-
neal fluid of patients with EMs [15]. Interestingly, the co-
culture of resting M0 cells with HMrSV5 cells or hESCs 
triggered succinate release in macrophages but not when 
stimulated with IL-6 or CCL2 (Fig.  3C), indicating that 
contact with hESCs or HMrSV5 cells, rather than the M0 
phenotype, determines succinate secretion. In parallel, 
MCP-1 from the endometriotic milieu failed to induce 
succinate secretion in HMrSV5 cells. However, IL-6 stim-
ulation or interaction with hESCs significantly increased 

Fig. 2  Succinate accumulation of peritoneal fluid from EMs patients is associated with clinical relevance. A Level of succinate in peritoneal fluid 
from EMs patients with different stages. Succinate was assessed via targeting organic acid metabolomics analysis (EMs I-II stage, n = 12; III-IV stage, 
n = 24) (Student’s t-test). B ROC curve for the assessment of EMs severity probability in cohort. C-E The Pearson correlation coefficient was used 
for clinical correlation, and result showed the level of succinate was positively correlated with pain grade VAS (R2 = 0.0.46, P < 0.001, 95% confidence 
interval is 0.15–0.68) and rAFS stage (R2 = 0.38, P < 0.02, 95% confidence interval is 0.06–0.63), negative with EFI. ***P < 0.001. VAS: Visual Analogue 
Scale; rAFS: revised American Fertility Society Scoring; EFI: endometriosis fertility index
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succinate production (Fig. 3D). Compared with primary 
normal ESC, ectopic ESC has higher expression of MCT1 
and SLC26A6, indicating a stronger ability of succinate 
exportion (Supplementary Fig.  3A-C). When mimiking 
ectopic milieu with hESC line and PMCs, channel pro-
teins for intaking succinate elevated in M1 cells, facilitat-
ing cell in stress or adaption (Supplementary Fig. 3D-H). 
Based on these findings, changes in the ectopic milieu 
establish a vicious circle, with each condition promoting 
the other and accelerating succinate accumulation. Based 
on these findings, changes in the ectopic milieu establish 

a vicious circle, with each condition promoting the other 
and accelerating succinate accumulation.

SUCNR1 is elevated in ectopic ESCs and macrophages 
in EMs patients
To analyze the expression and distribution of SUCNR1 
in human tissues, we found, via the Human Protein 
Atlas/Dataset (data available from proteinatlas.org), 
that SUCNR1 expression in normal female tissues was 
low under physiological homeostasis but high in their 
immune system and gastrointestinal tract (Fig. 4A).

Fig. 3  Peritoneal mesothelial cells and M1-polarized Macrophage Mainly Produced Extracellular Succinate. A Extracellular succinate secretion 
measured in different cell types, such as macrophage, HMrSV5 cells and hESCs. B The highest level of succinate was in the co-cultured medium 
of M1-polarized macrophages after co-culture with HMrSV5 cells or hESCs. C Naive macrophage state (M0) co-cultured with HMrSV5 cells or hESCs 
could trigger high level of succinate secretion in the cell medium, but not with IL-6 or CCL2 stimulation. D Similarly, extracellular succinate secretion 
was increased under IL-6 exposure or in co-culture of M1 macrophages and HMrSV5 cells. Statistical significance was assessed either with t test 
or one-way ANOVA followed by Tukey’s or Holm-Sidak’s post-test. *P < 0.05, **P < 0.01, ***P < 0.001
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To analyze whether succinate accumulation par-
ticipates in EMs progression, we measured SUCNR1 
expression in CD45+CD14+ macrophages, PMCs, and 
primary ESCs from patients with or without EMs via 
FCM. Serosal healing involves free-floating mesothelial 
cells [24, 25], and our results showed that macroscopic 
shed mesothelial cells float in clumps in the perito-
neal fluid (Fig. 4E), wiht a 16-fold increase in SUCNR1 
expression in the mesothelial cell mass of EMs patients 
(Fig.  4B,C). Macrophages derived from the peritoneal 
fluid of EMs patients underwent significant phenotypic 
changes, demonstrating a 1.8 to 3.9-fold increase in 
SUCNR1 expression in macrophages (Fig. 4B, D), Addi-
tionally, there was a parallel 2-fold increase in SUCNR1 
expression in ectopic ESCs (hESC.D) compared with 
hESC cell line (hESC.L) and primary normal ESCs 
(hESC.N) (Fig. 4F,G). Therefore, we evaluated the effect 
of succinate on SUCNR1 expression in HMrSV5 cells. 
Increasing succinate concentrations induced a dose-
dependent increase in SUCNR1 expression in HMrSV5 
cells (Fig.  4H,I), indicating the important role of suc-
cinate in mesothelial cell function during EMs lesion 
formation. Using this assay,an optimal concentration of 
2.5 mM was determined.

Succinate enhances ESCs survival and implantation 
capacity via the SUCNR1
Given the importance of extracellular succinate as an 
immunometabolic signal in the ectopic milieu, we inves-
tigated whether succinate released by type 1 proinflam-
matory macrophages could regulate the activity of the 
surrounding PMCs in the peritoneal cavity, including 
that of refluxed and colonized ESCs. Since endometri-
otic lesion formation is a multistep process that includes 
not only endometrial tissue proliferation but also antia-
poptosis and invasion, we investigated whether succinate 
acts as a chemoattractant for hESCs using a transwell 
migration assay. The average number of hESCs per field 
that migrated toward succinate after 48 h was signifi-
cantly higher than that in the vehicle. This invasive effect 
was dose dependent and equivalent to that of CCL2 
(Fig.  5A). Next, we analyzed the migration of hESCs 

into the wounded cell-free areas using a scratch assay. 
Time-lapse imaging revealed the ability of succinate to 
promote wound healing in hESCs in a concentration-
dependent manner, reaching statistical significance upon 
treatment with 1 mM of succinate relative to the vehicle, 
reaching the maximal effect at the optimal concentration 
(Fig.  5B). We performed cell viability assays on hESCs 
and HMrSV5 cells treated with succinate for 24 and 
48 h. OD450 analysis showed a significantly higher sur-
vival capacity of hESCs treated with succinate than that 
of the control (Fig. 5C), similar to the effect observed in 
HMrSV5 cells (Fig.  5D). Finally, we performed Annexin 
V/propidium iodide staining of hESCs and HMrSV5 
cells treated with vehicle or succinate for 48 h. We eval-
uated the percentages of apoptotic and live cells and 
observed no differences between the succinate and vehi-
cle (Fig. 5E,F).

Succinate‑stimulated peritoneal mesothelial cells recruit 
macrophages and boost ectopic growth and implantation 
of ESCs
Based on the above assays, we demonstrated that suc-
cinate promoted various endometriotic processes in 
hESCs, including cell survival, migration, adhesion and 
invasion. Because macrophages are the principal medi-
ators of pathological EMs, we investigated whether 
succinate could recruit macrophages and promote 
the adhesion of hESCs to HMrSV5 cells. As we previ-
ously reported that endometrial stromal cells from the 
ectopic milieu continuously recruit monocytes and 
are beneficial for the expansion of monocyte-derived 
CCR2+ macrophages [26–28], we tested the ability of 
HMrSV5 cells to attract macrophages after succinate 
stimulation. Our results revealed that the treatment 
of HMrSV5 cells with succinate (0, 1, and 2.5 mM) for 
48 h remarkably induced CCL2 gene expression and 
protein secretion (Fig. 6A,B). Next, in a co-culture sys-
tem, where hESCs were placed in the upper chamber 
and HMrSV5 cells were exposed to 2.5 mM succinate in 
the lower chamber for 48 h, we subsequently replaced 
hESCs with THP-1 pre-labeled with CellTracker red; 
the co-culture was continued for an additional 12 h. The 

Fig. 4  The expression of SUCNR1 in cells from Ectopic milieu. A SUCNR1 expression in female tissues from healthy human tissues (data are available 
from https://www.proteinatlas.org/). B-D The level of SUCNR1+ macrophages and peritoneal mesothelial cells (PMC) in peritoneal fluid from EMs 
patients was elevated and correlated with EMs stage. E The staining macroscopic observation of peritoneal mesothelial cells (PMC) in peritoneal 
fluid or intraperitoneal lavage (modified papanicolaou staining, 40X). F-G FCM-based MFI assay and qT-PCR analysis designed to measure SUCNR1 
expressions, and result showed primary ectopic stromal cell (hESC.D) expressed higher SUCNR1, compared with that of primary normal stromal 
cell (hESC.N) and human stromal cell line (hESC.N). H-I FCM and qT-PCR assays showed the SUCNR1 expression of primary normal ESC stimulated 
with succiante with different concentrations. The optimal concentration of succinate is 2.5 mM. Significance was assessed either with t test 
or one-way ANOVA followed by Tukey’s or Holm-Sidak’s post-test. *p < 0.05, **p < 0.01, ***p < 0.001

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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chemotaxis assay showed that HMrSV5 cells exposed 
to succinate readily attracted THP-1 cells (CCL2 treat-
ment was used as the positive control) (Fig.  6C), sug-
gesting that this chemotactic effect on monocytes/
macrophages may be mediated by the CCL2, which is 
secreted by mesothelial cells after stress.

Although the theory of retrograde menstruation and 
immune disorders is helpful for understanding EMs, 
the mechanisms underlying the pathological factors 
and their roles in the ectopic implantation and aggres-
sive growth of ESCs are still poorly understood. In the 
present study, we analyzed the effect of succinate on 
the adhesion of hESCs to PMCs. The adhesion assay 

Fig. 5  Succinate induces the invasion, wound healing and survival of ESCs. A Invasion assays of hESCs. Invasion assay was measured after exposure 
of hESC to different concentrations of succinate for 48 h, and CCL2 stimulation was used as the positive control (scale bar-200um)(n = 3). One-way 
ANOVA, Dunnett’s post hoc test, *P < 0.05; **P < 0.01; ***P < 0.001. B Scrath assays of hESC Scrath assay was conducted after PRE treatment in hESCs 
with different concentration of succinate for 48 h. Results are from 3 independent trials (n ≥ 3 for mimic) and data depicted as column mean 
graphs with error bars showing confidence intervals (scale bar-200um) One-way ANOVA, Dunnett’s post hoc test, *P < 0.05; **P < 0.01; ***P < 0.001. 
C-D Cell viability of hESCs and HMrSV5 cells was determined by CCK8 assay hESCs or HMrSV5 cells were respectively incubated with different 
concentrations of succinate for 24 or 48 hours. and then cell viability was determined by CCK8 assay. Data represent mean ± SEM (n = 3). *P < 0.05; 
**P < 0.01; ***P < 0.001. E-F Succinate does not affect the apoptosis of hESCs and HMrSV5 cells. hESCs or HMrSV5 cells were cultureed with different 
concentration of succinate for 48 h, and the proportion of 7AAD+ and Annexin V+ via FCM was shown in HMrSV5 cells or hESC cells via FCM(n = 3). 
One-way ANOVA, Dunnett’s post hoc test, *P < 0.05; **P < 0.01; ***P < 0.001
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showed that succinate triggered the adhesion of hESCs 
to HMrSV5 cells more strongly than the vehicle did, 
and that enhanced adhesion occurred when HMrSV5 
cells were exposed to 2.5 mM succinate (Fig. 6D). Fur-
ther investigations showed that succinate-driven adhe-
sion of hESCs to HMrSV5 cells might depend on the 
expression of ICAM-1 because succinate induced a 
concentration-dependent increase in ICAM-1 expres-
sion and of the adhesion capacity of HMrSV5 cells 
(Fig. 6E,F).

Therefore, succinate may play a pivotal role in the 
implantation growth of hESCs. Next, we investigated 
whether succinate derived from the ectopic milieu 
could induce hESC invasion and migration in the pres-
ence of HMrSV5 cells. This effect was evaluated using 
the Matrigel invasion assay. hESCs in the presence of 
HMrSV5 were stimulated with vehicle or 2.5 mM suc-
cinate for 48 h, and CCL2 treatment was used as a 
positive control. Indeed, we observed that 2.5 mM suc-
cinate strongly induced hESC invasion in the presence 
of HMrSV5 cells (Fig.  6G). Matrix metalloproteinases 
(MMPs) are vital regulators of invasion and extracellular 
matrix remodeling. We also demonstrated that succi-
nate (0.5–2.5 mM) stimulation induced the expression of 
MMPs,such as MMP2, MMP9 and MMP11, in HMrSV5 
cells (Fig. 6H).

Further, in  vivo analyses of the role of succinate in 
EMs progression were performed using an EMs allo-
graft model. The body weight of the mice and the num-
ber and weight of lesions were recorded after treatment 
with either succinate (100 mg/kg) or PBS (Fig.  7A,B). 
Our results showed that the intraperitoneal injection of 
succinate did not affect the body weight of BALB/c mice 
(Fig.  7A) or ectopic lesion weight (Fig.  7C). Interest-
ingly, the succinate-treated mice exhibited showed more 
ectopic lesions (Fig.  7D). To analyze the expression of 

SUCNR1 in M1 and M2 macrophages, SUCNR1 and 
CD80/CD163 on CD11b(+)F4/80(+) macrophages 
were assessed for mean fluorescence intensity using 
FCM. The results revealed that SUCNR1 expression 
was higher in both M1-like and M2-like peritoneal 
macrophages in the succinate-treated group than in the 
control and model groups (Fig.  7E-I). Similarly, succi-
nate exposure increased the expression of ICAM-1 and 
MMP9 in ectopic lesions compared to that in the model 
group (Fig. 7J).

In summary, these data indicate that succinate 
accumulation induced by polarized macrophages and 
PMCs enhances the aggressive implantation of ectopic 
ESCs and the adhesion between ESCs and PMCs, pro-
moting the progression of EMs via SUCNR1 signaling 
Fig. 8 (created with BioRe​nder.​com).

Discussion
Over the past few decades, metabolites have been con-
sidered as the vital players in metabolism have recently 
been proven to have key immune regulatory functions. 
Among these, succinate has notable multifaceted roles in 
the regulation of immune and metabolic functions [12, 
20, 21, 29], dynamic changes, and selective cell release 
[30]. Notably, several pathogenic states such as obesity 
[17], diabetes [31], hypertension [32], and various inflam-
matory conditions [33] are associated with elevated levels 
of extracellular succinate in the body.

Our study identified an important axis comprising 
succinate and its cognate receptor SUCNR1 as poten-
tial drivers of ectopic endometrial survival and adhe-
sion in the EMs milieu. As EMs progresses, succinate 
accumulates in the peritoneal fluid of EMs patients. 
Hypoactivity/deficiency or overproduction of SDH may 
cause succinate accumulation in the ectopic milieu, cor-
relating with various clinical symptoms in EMs, such as 

Fig. 6  Succinate Enhances the Effect of Peritoneal mesothelial cells on Macrophage Recruitment and ESCs Adhesion. A, B RT-PCR was used 
to analyzed the CCL2 mRNA in HMrSV5 cells treated with vehicle or succinate (0, 1 and 2.5 mM) for 48 h, and ELISA was used to detected protein 
level of CCL2 (n = 3). All were analyzed by one-way ANOVA followed by Dunnett’s post hoc test, * p < 0.05, ** p < 0.01, *** p < 0.001, data are shown 
as mean ± SEM (CCL-2 group was positive control). C hESCs were seeded in upper chamber and HMrSV5 cells were treated with 2.5 mM succinate 
in lower chamber for 48 h, and then the hESCs was replaced with THP-1 cells for another 12 h. THP-1 cells were prelabeled with red fluorescent 
reagent CellTracker red. The chemotaxis assay for THP-1 cells was calculated as cell number per field (scale bar-200 μm) (red tracer staining 
THP-1 cell) (n = 3). One-way ANOVA followed by Dunnett’s post hoc test, * p < 0.05, ** p < 0.01, *** p < 0.001, data are shown as mean ± SEM (CCL-2 
group was positive control). D Adhesion assays show hESCs adhere to HMrSV5 cells pretreated with different concentration of succinate for 48 h. 
hESCs(1 × 105 cells/well) were prelabeled with green fluorescent reagent CellTracker green and seeded in the HMrSV5-well. Results are from 3 
independent trials (n ≥ 3 for mimic) and data depicted as column mean graphs with error bars showing confidence intervals (scale bar-100um). 
E RT-PCR of ICAM-1 in HMrSV5 cells treated with vehicle or succinate (1,2.5 and 5 mM) for 48 h and analyzed by one-way ANOVA followed 
by Dunnett’s post hoc test (n = 3), * p < 0.05, ** p < 0.01, *** p < 0.001, data are shown as mean ± SEM. F WB of ICAM-1 in HMrSV5 cells treated 
with different concentrations of succinate for 48 h. G Transwell migration assay of hESC in the presence of HMrSV5 cells with vehicle or 2.5 mM 
succinate treatment for 48 h. Media with CCL2 100 ng/ml. H RT-PCR of MMP2, MMP9 and MMP11 in HMrSV5 cells treated with succinate (0, 1, 2.5 
and 5 mM) for 48 h and analyzed by one-way ANOVA followed by Dunnett’s post hoc test (n = 3), * p < 0.05, ** p < 0.01, *** p < 0.001, data are shown 
as mean ± SEM

(See figure on next page.)
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dysmenorrhea. This association aligns with rAFS classifi-
cation and the EFI.

In this study, we investigated the main sources of 
succinate in the extracellular fluid of patients with 
EMs. Upon stimulation or polarization with LPS, 

macrophages changed from oxidative phosphorylation 
to glycolysis, accompanied by elevated levels of intra-
cellular and extracellular succinate [34–36]. Our data 
revealed that succinate was mainly derived from type 1 
polarized macrophages. Surprisingly, PMCs produced 

Fig. 6  (See legend on previous page.)
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high levels of succinate comparable to those produced 
by M1 macrophages. The conditions that trigger succi-
nate secretion include stimulation by the inflammatory 
cytokine IL-6 and exposure of stromal cells. The eleva-
tion of succinate in the cell supernatant partly depended 
on the direct physical contact between mesothelial 
cells/macrophages, and hESCs. However, higher ability 
of succinate intake by M1 macrophages may also coun-
teract the amount of succinate leaked into extracellu-
lar environment from ESC in co-culture system, which 
may partly explain the changes of succiante in the co-
culture system of M1 and hESC. However, mechanistic 
insights into the effects of dysregulated succinate levels 
on ectopic cellular function in this pathology remain 
unavailable.

SUCNR1 is widely and heterogeneously expressed in 
various cell types throughout the body. The most well-
studied SUCNR1-expressing cells are monocytes and 
macrophages [21, 34]. In addition, many non-immune 
tissues, including the intestine [10], placenta [11], 
skeletal muscle satellite [37], and endothelium [38], 
express SUCNR1 and respond to paracrine signaling 
in the form of succinate secretion in response to local 
pathologies. Inflammation and fibrosis associated with 
these pathologies may be, at least in part, attributable 
to chronic SUCNR1 agonism in tissue-resident cell 
populations. While the succinate-SUCNR1 interplay 
has been proposed as a molecular mechanism in rheu-
matoid arthritis [18] and intestinal inflammation [10], 
our data also imply a role for this pathway also in EMs 
formation. We confirmed the expression of SUCNR1 
in ESCs and PMCs. FCM analysis highlighted differ-
ences in SUCNR1 expression among various stromal 
cells, which may be reflected in their responses to suc-
cinate stimuli via SUCNR1. The FCM and real-time 
PCR results demonstrated that SUCNR1 expression 
was higher in primary ectopic ESCs than in normal 
ESCs, suggesting that the succinate-SUCNR1 signal 
may be a potential driver of EMs. Indeed, we confirmed 
that succinate-SUCNR1 signaling is involved in the 
survival and adhesion of hESCs, influencing a battery 

of crucial steps in ectopic endometrial lesion forma-
tion. Functional experiments verified that succinate 
promoted hESC survival and invasion, as well as con-
ferred antiapoptotic effects. Interestingly, exogenous 
succinate increased the mRNA and protein expres-
sion of SUCNR1 in HMrSV5 cells, further secreted 
proinflammatory CCL2 recruiting macrophages, and 
induced remarkable adhesion between HMrSV5 cells 
and hESCs, implying that these changes among cells 
in the ectopic milieu triggerred a vicious circle of EMs 
progression.

In our study, succinate induced macrophages to polar-
ize toward the M1 phenotype, which is consistent with 
a previous study [34]. The assessment of IL-8 via ELISA, 
along with the assessment of the SUCNR1 membrane 
receptor and macrophage surface markers (CD80, 
CD86, CD163, and CD206) using FCM, provided con-
sistent evidence supporting the proinflammatory 
potential of succinate stimulation. This response was 
comparable to that observed in LPS-stimulated mac-
rophages. However, at a certain range, succinate endows 
macrophages with proinflammatory functions, whereas 
excessively high concentrations of succinate (5 mM) 
impair IL-8 production. Furthermore, extracellular suc-
cinate synergizes with LPS during macrophage polari-
zation toward the M1 phenotype and proinflammatory 
functional transformation. Besides, it’s important to 
note that succinate is not specific to endometriosis and 
can be produced in various physiological and pathologi-
cal conditions. Research has shown that pelvic inflam-
matory disease (PID) can also result in alterations in the 
metabolic profile of affected tissues, including changes 
in metabolites such as succinate [39]. Inflammatory 
processes can lead to an increase in succinate levels 
due to the activation of immune cells and the release 
of succinate as a byproduct of cellular metabolism. In 
the context of endometriosis, our findings highlight the 
importance of succinate-SUCNR1 signaling in mac-
rophage polarization and suggest its role in immune 
regulation.

(See figure on next page.)
Fig. 7  Succinate Induce the Enrichment of SUCNR1+ Macrophages and Ectopic Lesion Formation in vivo. A The wight change of mouse EMs model 
during the 2 weeks. Ctrl: PBS treatment; M: Model group; M + S: Model with succinate treatment group. The data are expressed as the mean ± SEM. 
(One-way ANOVA) *P < 0.05, **P < 0.01 and ***P < 0.001. B The macroscopic observation of the morphology of endometriosis-like lesions 
from endometriosis mouse models. M: Model group, M + S: Model with succinate treatment group. C-D The number and wight of EMs lesions 
was measured after the treatment of succinate (100 mg/kg) or PBS. M: Model group, M + S: Model with succinate treatment group. (Student’s 
t-test) *P < 0.05, **P < 0.01 and ***P < 0.001. E-I The levels of CD80, CD163 and SUCNR1 on peritoneal CD11b(+)F4/80(+) macrophages from mouse 
models were analyzed by using flow cytometry. MFI of SUCNR1 on M1 and M2 macrophages obtained were shown respectively. Ctrl: marked 
in red; M: marked in blue; M + S: marked in orange. (One-way ANOVA) *P < 0.05, **P < 0.01 and ***P < 0.001. J MMP9 and ICAM-1 expression 
in endometriosis-like lesion from model mice (M) and succinate exposing mice (M + S) by immunohistochemistry. M: Model group; M + S: Model 
with succinate treatment group. Original magnification: × 200
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Fig. 7  (See legend on previous page.)
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Conclusion
Our results showed that EMs patients present high lev-
els of succinate in the peritoneal fluid and increased 
SUCNR1 expression in ESCs. This succinate-SUCNR1 
axis exacerbates the inflammatory activity of mac-
rophages and ESC activation and plays a role in endo-
metrial lesion formation and peritoneal adhesion. This is 
the first study to demonstrate the role of succinate and its 
receptors in EMs. We propose that, in the ectopic milieu 
of EMs patients, SUCNR1 signaling exacerbates inflam-
mation and benefits the invasion, survival, and adhesive 
growth of ectopic ESCs, indicating a possible target for 
EMs treatment.

Statistics
Spearman’s correlation analysis was used to analyze 
the correlation between extracellular succinate lev-
els and clinical symptoms in humans. The diagnos-
tic performance of succinate was determined using 
the area under the receiver operating characteristic 
curve (AUROC) analysis to assess the overall dis-
criminatory power of these assays in predicting EMs 

progression. The continuous variables are expressed 
as mean ± SEM. Data from two groups were analyzed 
using Student’s t-test, whereas data from multiple 
groups were analyzed via one-way ANOVA using Tuk-
ey’s post-hoc test. Statistical analyses were performed 
using Statistical Package for the Social Sciences (SPSS 
Inc., Chicago, 26.0 version) and Prism5.0 software 
(GraphPad Software Inc.). Statistical significance was 
set at P-value < 0.05.
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Additional file 1: Figure 1. Succinate and SDHB expression in EMs milieu. 
(A) Succinate accumulation in PF of patients with EMs was confirmed by 
ELISA. (B) SDHB expression in normal endometrium (n = 5), and ectopic 
lesion (n = 3) by immunohistochemistry. Non-EMs: endometrium from 
patients without endometrioss; EMs: ectopic lesion from women with 
endometriosis. Original magnification: × 200. SDHB expression were 
detected in hESC line, primary normal ESC, and primary ectopic ESC 
using via western blot. hESC.L: hESC line; hESC.N: primary normal ESC; 
hESC.D: primary ectopic ESC. SDHB expression were detected in hESC 
line, primary normal ESC, and primary ectopic ESC using via real time PCR 
(One-way ANOVA, *P < 0.05). Figure 2. Succinate Amplified the polariza-
tion of M1 phenotype. B, D-E) Under the initial stimulus condition, relative 

Fig. 8  Schematic roles of Succinate from macrophage and peritoneal mesothelial cells in the progression of endometriosis by inducing 
inflammation and promoting ectopic growth. In the microenvironment of ectopic foci, exposure to inflammatory cytokines or contaction with ESCs 
obviously triggered succinate secretion from M1 polarized macrophages and PMCs, which are the main producers of succinate. Interestingly, 
compared with the normal endometrium, ESCs in ectopic tissues express high levels of SUCNR1. In PMCs, succinate promotes the auto-secretion 
of succinate and the expression of SUCNR1 in an autocrine amplification manner. In addition to promoting succinate accumulation, interactions 
between macrophages, mesothelial cells and ESCs in the ectopic milieu amplify the regulatory effect on cellular function via SUCNR1 signaling. 
Succinate promoted the survival, adhesion, invasion, and deep infiltration of ESCs via SUCNR1 signaling, leading to the formation of ectopic lesions 
in endometriosis. In conclusion, succinate in the ectopic milieu synergizes with polarized macrophages to exacerbate inflammation and facilitate 
endometriosis progress via succinate-SUCNR1-dependent mechanisms
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mRNA expression levels of M1 markers (CD80, CD86), M2 markers (CD206, 
CD163) in both vehicle and succinate (0, 1, 2, 2.5 and 5 mM) group. (C) CD 
86 expression were assay via FCM in THP-1 cells stimulated with single 
succinate or LPS, as well as a combination of both for 24 h. Points or bars in 
graphs represent mean ± SEM. Significant differences in relation to the vehi-
cle group are shown by *P < 0.05, **P < 0.01, ***P < 0.001. (F-I) RT-PCR of IL-8, 
IL-1β, IL-6 in THP-1 derived macrophages treated with vehicle or succinate 
for 24 h. * p < 0.05, ** p < 0.01, *** p < 0.001, data are shown as mean ± SEM 
(n = 3). (J) SUCNR1 expression were assay via FCM in THP-1 cells stimulated 
with succinate(0, 0.5, 1, 2.5 and 5 mM) for 48 h. one-way ANOVA followed 
by Dunnett’s post hoc test, * p < 0.05, ** p < 0.01, *** p < 0.001, data are 
shown as mean ± SEM (n ≥ 3). Figure 3. Expression of Channel Proteins for 
succinate in EMs milieu. C) mRNA expression of transporters responsible for 
succinate exportation (MCT1) and succinate uptake (SLC26A6, SLC25A10) 
in hESC line, primary normal ESC, and primary ectopic ESC using via real 
time PCR. hESC.L: hESC line; hESC.N: primary normal ESC; hESC.D: primary 
ectopic ESC. (D-F) mRNA expression of transporters responsible for suc-
cinate exportation (MCT1) and succinate uptake (SLC26A6, SLC25A10) in 
hESC line, Student’s t test (t test) * p < 0.05, *** p < 0.001, **** p < 0.0001, 
data are shown as mean ± SEM (n ≥ 3). (G) MCT1 expression was detected 
in hESC line, primary normal ESC, and primary ectopic ESC using via 
western blot. (H) In the co-culture system, MCT1 expression was detected 
on hESC line, PMCs, and M1 macrophage using via FCM. one-way ANOVA 
followed by Dunnett’s post hoc test, ** p < 0.01, *** p < 0.001, **** p < 0.0001, 
data are shown as mean ± SEM (n ≥ 3).

Acknowledgements
We thank the Shanghai Luming biological technology co., LTD (Shanghai, 
China) for their enthusiastic support of this metabolomics analysis, Xue-chun 
Dong, and Xiao-hong Zhou (Luming Biotech Co., Ltd., Shanghai, China) for 
providing metabolomics services.

Authors’ contributions
Q.T. and J.Y.R. are joint first authors. Conception and design: K.K.C, X.F.Y. Devel-
opment of methodology: Q.T., J.Y.R, Y.N.W, Q. C, Y. C and Y.P.X. Data curation: 
Q.T. and J.Y.R. Writing, review and/or revision of the manuscript: K.K.C., Q.T., 
M.Q.L and X.F.Y. Study supervision: X.F.Y. All authors read and approved the fnal 
manuscript.

Funding
This research was supported by the Shanghai Shen Kang Hospital Develop-
ment Center (SHDC12019106 and SHDC12019X27), National Natural Science 
Foundation of China (31600735),and Five-year Project Plan of the Whole Life 
Cycle Health Research Institute of Fudan University: Construction Project 
(DGF50107–037001).

Availability of data and materials
The metabolite data used and analysis during the current study are available 
from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The research was approved by the Ethics Committee of the Obstetrics and 
Gynecology Hospital, Fudan University (2020–137). All participants provided 
written informed consent, and the permissions for obtain data.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Gynecology, Hospital of Obstetrics and Gynecology, Fudan 
University, 419# Fangxie Road, Shanghai 200011, China. 2 Department 
of Pathology, Hospital of Obstetrics and Gynecology, Fudan University, 419# 
Fangxie Road, Shanghai 200011, China. 3 Laboratory for Reproductive Immu-
nology, Hospital of Obstetrics and Gynecology, Fudan University, Shang-
hai 200011, People’s Republic of China. 4 Shanghai Key Laboratory of Female 
Reproductive Endocrine Related Diseases, Shanghai, China. 

Received: 28 August 2023   Accepted: 2 December 2023

References
	1.	 Macer ML, Taylor HS. Endometriosis and infertility: a review of the patho-

genesis and treatment of endometriosis-associated infertility. Obstet 
Gynecol Clin N Am. 2012;39(4):535–49.

	2.	 Wang Y, Nicholes K, Shih IM. The origin and pathogenesis of endometrio-
sis. Annu Rev Pathol. 2020;15:71–95.

	3.	 Vallve-Juanico J, Houshdaran S, Giudice LC. The endometrial immune 
environment of women with endometriosis. Hum Reprod Update. 
2019;25(5):564–91.

	4.	 Fernandez-Veledo S, Ceperuelo-Mallafre V, Vendrell J. Rethinking suc-
cinate: an unexpected hormone-like metabolite in energy homeostasis. 
Trends Endocrinol Metab. 2021;32(9):680–92.

	5.	 Murphy MP, O’neill LAJ. Krebs cycle reimagined: the emerging roles of 
succinate and Itaconate as signal transducers. Cell. 2018;174(4):780–4.

	6.	 Yankovskaya V, Horsefield R, Tornroth S, et al. Architecture of succinate 
dehydrogenase and reactive oxygen species generation. Science. 
2003;299(5607):700–4.

	7.	 Wang XH, Xu S, Zhou XY, et al. Low chorionic villous succinate accumula-
tion associates with recurrent spontaneous abortion risk. Nat Commun. 
2021;12(1):3428.

	8.	 Chinopoulos C. Succinate in ischemia: where does it come from? Int J 
Biochem Cell Biol. 2019;115:105580.

	9.	 Connors J, Dawe N, Van Limbergen J. The role of succinate in the regula-
tion of intestinal inflammation. Nutrients. 2018;11(1).

	10.	 Macias-Ceja DCO-MD, Salvador P, Gisbert-Ferrándiz L, Hernández C, 
Hausmann M, Rogler G, Esplugues JV, Hinojosa J, Alós R, Navarro F, 
Cosin-Roger J, Calatayud S, Barrachina MD. Succinate receptor mediates 
intestinal inflammation and fibrosis. Mucosal Immunol. 2018;12.

	11.	 Atallah RGJ, Platzer W, Bärnthaler T, Tatzl E, Toller W, Strutz J, Rittchen S, 
Luschnig P, Birner-Gruenberger R, Wadsack C, Heinemann A. SUCNR1 Is 
Expressed in Human Placenta and Mediates Angiogenesis:Significance in 
Gestational Diabetes. Int J Mol Sci. 2021;22.

	12.	 Liu XJ, Xie L, Du K, et al. Succinate-GPR-91 receptor signalling is respon-
sible for nonalcoholic steatohepatitis-associated fibrosis: effects of DHA 
supplementation. Liver Int. 2020;40(4):830–43.

	13.	 Lu J-J, Zhang X, Abudukeyoumu A, et al. Active estrogen-succinate 
metabolism promotes Heme accumulation and increases the prolifera-
tive and invasive potential of endometrial Cancer cells. Biomolecules. 
2023;13(7).

	14.	 Gu C, Yang H, Chang K, et al. Melatonin alleviates progression of uterine 
endometrial cancer by suppressing estrogen/ubiquitin C/SDHB-medi-
ated succinate accumulation. Cancer Lett. 2020;476:34–47.

	15.	 Chang K-K, Liu L-B, Jin L-P, et al. IL-27 triggers IL-10 production in Th17 
cells via a c-Maf/RORγt/Blimp-1 signal to promote the progression of 
endometriosis. Cell Death Dis. 2017;8(3).

	16.	 Wang Y, Chen Y, Xiao Y, et al. Distinct subtypes of endometriosis identified 
based on stromal-immune microenvironment and gene expression: 
implications for hormone therapy. Front Immunol. 2023;14:1133672.

	17.	 Mills EL, Pierce KA, Jedrychowski MP, et al. Accumulation of suc-
cinate controls activation of adipose tissue thermogenesis. Nature. 
2018;560(7716):102–6.

	18.	 Kim S, Hwang J, Xuan J, et al. Global metabolite profiling of synovial fluid 
for the specific diagnosis of rheumatoid arthritis from other inflammatory 
arthritis. PLoS One. 2014;9(6):e97501.

	19.	 Bhandari R, Cameron SJ. Breaking the cycle: succinate in aortic diseases. 
Eur Heart J. 2021;42(42):4386–8.

	20.	 Mills E, O’neill LA. Succinate: a metabolic signal in inflammation. Trends 
Cell Biol. 2014;24(5):313–20.

	21.	 Trauelsen M, Hiron TK, Lin D, et al. Extracellular succinate hyperpolarizes 
M2 macrophages through SUCNR1/GPR91-mediated Gq signaling. Cell 
Rep. 2021;35(11):109246.

	22.	 Lopez-Castejon G, Baroja-Mazo A, Pelegrin P. Novel macrophage polariza-
tion model: from gene expression to identification of new anti-inflamma-
tory molecules. Cell Mol Life Sci. 2011;68(18):3095–107.



Page 18 of 18Tian et al. Cell Communication and Signaling           (2024) 22:82 

	23.	 Chanput W, Mes JJ, Savelkoul HF, et al. Characterization of polarized THP-1 
macrophages and polarizing ability of LPS and food compounds. Food 
Funct. 2013;4(2):266–76.

	24.	 Foley-Comer AJ, Herrick SE, Al-Mishlab T, Prêle CM, Laurent GJ, Mutsaers 
SE. Evidence for incorporation of free-floating mesothelial cells as a 
mechanism of serosal healing. J Cell Sci. 2002;115.

	25.	 Mutsaers SE, Prele CM, Pengelly S, et al. Mesothelial cells and peritoneal 
homeostasis. Fertil Steril. 2016;106(5):1018–24.

	26.	 Gou Y, Li X, Li P, et al. Estrogen receptor beta upregulates CCL2 via 
NF-kappaB signaling in endometriotic stromal cells and recruits mac-
rophages to promote the pathogenesis of endometriosis. Hum Reprod. 
2019;34(4):646–58.

	27.	 Hogg C, Panir K, Dhami P, et al. Macrophages inhibit and enhance endo-
metriosis depending on their origin. Proc Natl Acad Sci U S A. 2021;118(6).

	28.	 Khan KN, Masuzaki H, Fujishita A, et al. Differential macrophage infiltration 
in early and advanced endometriosis and adjacent peritoneum. Fertil 
Steril. 2004;81(3):652–61.

	29.	 Winther S, Trauelsen M, Schwartz TW. Protective succinate-SUCNR1 
metabolic stress signaling gone bad. Cell Metab. 2021;33(7):1276–8.

	30.	 Murphy MP, Chouchani ET. Why succinate? Physiological regulation by a 
mitochondrial coenzyme Q sentinel. Nat Chem Biol. 2022;18(5):461–9.

	31.	 Ceperuelo-Mallafre V, Llaurado G, Keiran N, et al. Preoperative circulat-
ing succinate levels as a biomarker for diabetes remission after bariatric 
surgery. Diabetes Care. 2019;42(10):1956–65.

	32.	 Sadagopan N, Li W, Roberds SL, et al. Circulating succinate is elevated in 
rodent models of hypertension and metabolic disease. Am J Hypertens. 
2007;20(11):1209–15.

	33.	 Peruzzotti-Jametti L, Bernstock JD, Vicario N, et al. Macrophage-derived 
extracellular succinate licenses neural stem cells to suppress chronic 
Neuroinflammation. Cell Stem Cell. 2018;22(3):355-68 e13.

	34.	 Tannahill GMCA, Adamik J, Palsson-Mcdermott EM, Mcgettrick AF, Goel G, 
Frezza C, Bernard NJ, Kelly B, Foley NH, Zheng L, Gardet A, Tong Z, Jany SS, 
Corr SC, Haneklaus M, Caffrey BE, Pierce K, Walmsley S, Beasley FC, Cum-
mins E, Nizet V, Whyte M, Taylor CT, Lin H, Masters SL, Gottlieb E, Kelly VP, 
Clish C, Auron PE, Xavier RJ, O’neill LA. Succinate is an inflammatory signal 
that induces IL-1β through HIF-1α. Nature. 2013;496.

	35.	 Wu JY, Huang TW, Hsieh YT, et al. Cancer-derived succinate promotes 
macrophage polarization and Cancer metastasis via succinate receptor. 
Mol Cell. 2020;77(2):213-27 e5.

	36.	 Mills EL, Kelly B, Logan A, et al. Succinate dehydrogenase supports meta-
bolic repurposing of mitochondria to drive inflammatory macrophages. 
Cell. 2016;167(2):457-70 e13.

	37.	 Wang T, Xu YQ, Yuan YX, et al. Succinate induces skeletal muscle fiber 
remodeling via SUNCR1 signaling. EMBO Rep. 2019;20(9):e47892.

	38.	 Zhang H, Zheng J, Lin J, et al. miR-758 mediates oxLDL-dependent 
vascular endothelial cell damage by suppressing the succinate receptor 
SUCNR1. Gene. 2018;663:8.

	39.	 Zou W, Wen X, Sheng X, et al. Gas chromatography-mass spectrometric 
method-based urine metabolomic profile of rats with pelvic inflamma-
tory disease. Exp Ther Med. 2016;11(5):1653–60.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Extracellular succinate derived from ectopic milieu drives adhesion and implantation growth of ectopic endometrial stromal cells via the SUCNR1 signal in endometriosis
	Abstract 
	Background 
	Objective 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Patients and tissues collection
	Peritoneal fluid isolation
	Targeting organic acid metabolomics analysis
	Cell culture and treatments
	Cell viability assays
	Apoptosis assays
	Scratch wound assay
	Matrigel invasion, chemotaxis and adhesion assays
	Flow cytometry
	ELISA assay
	Quantitative real-time PCR (RT-qPCR) analysis
	Immunohistochemistry (IHC)
	Western blotting assay
	Mouse model of EMs

	Results
	Succinate accumulation in peritoneal fluid and clinical relevance in EMs
	Succinate is prone to polarize M1-like macrophages in the endometriotic milieu
	Extracellular succinate is mainly released from M1-polarized macrophages and peritoneal mesothelial cells
	SUCNR1 is elevated in ectopic ESCs and macrophages in EMs patients
	Succinate enhances ESCs survival and implantation capacity via the SUCNR1
	Succinate-stimulated peritoneal mesothelial cells recruit macrophages and boost ectopic growth and implantation of ESCs

	Discussion
	Conclusion
	Statistics
	Acknowledgements
	References


