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Abstract
Background  Endometriosis is a complex gynecological disorder characterized by the ectopic growth of endometrial 
tissue. Symptoms of endometriosis are known to impair the quality of life of patients, and among these are found 
dysmenorrhea, chronic pelvic pain, and gastrointestinal (GI) issues. GI issues such as painful bowel movements, 
bloating and constipation or diarrhea, are one of the common reasons for misdiagnosis with irritable bowel syndrome 
(IBS). Enteric glial cells (EGC) are known to play a role in pain associated with IBS, and reactive gliosis has been 
reported in patients with IBS, but the role of EGC in endometriosis has yet to be elucidated. We hypothesized that 
endometriosis will induce reactive gliosis, with increased expression of the glial fibrillary acidic protein (GFAP) and 
S100B, in the myenteric plexus of colonic sections in an animal model of endometriosis.

Methods  In the present study animal experiments were employed to explore the impact of endometriosis on the 
gastrointestinal tract. Using a surgically induced endometriosis rat model, we collected ileal and colonic segments 
for analysis. We used H&E to assess microscopic damage in colon and ileum, immunofluorescence to measure GFAP 
and S100B expression in the colon, and toluidine blue staining to measure mast cell infiltration in colon and ileum. 
Immunofluorescence images were captured using confocal microscope and analyzed using ImageJ software.

Results  All endometriosis animals developed vesicles. These animals had a significant increase in the colonic 
macroscopic damage compared to Sham and Naïve controls. Colonic and ileal sections didn’t show statistical 
differences in microscopic damage between groups, yet endometriosis ileum had significantly increased mast 
cell infiltration compared to Naïve. GFAP immunostaining showed significantly increased integrated density in 
endometriosis when compared to Sham or Naïve, while no statistical difference was found in S100B integrated 
density between groups.

Conclusions  We conclude that endometriosis can alter GI homeostasis by inducing colon inflammation, reactive 
gliosis, and ileal mast cell infiltration. Taken together this suggests endometriosis can mimic IBS histopathology 
beyond the symptomatology, reinforcing this disease’s complexity and the need to treat it beyond the gynecological 
setting.
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Background
Endometriosis is a complex gynecological disease that 
affects around 10% of women during their reproductive 
age. This disease is characterized by the ectopic growth 
of endometrial tissue in the peritoneal cavity, and symp-
toms such as dysmenorrhea, chronic pelvic pain, as well 
as gastrointestinal (GI) issues that hinder the quality of 
life of patients [1–3]. Among gastrointestinal symptoms, 
women with endometriosis have reported abdominal 
pain, painful bowel movements, diarrhea, constipation, 
and bloating, independently of lesion localization lead-
ing to misdiagnosis with irritable bowel syndrome (IBS) 
[4, 5]. IBS is a gastrointestinal disorder characterized by 
abdominal pain accompanied by painful bowel move-
ments, bloating, diarrhea and/or constipation that can 
severely impact patient lives and every day activities [6]. 
IBS prevalence is estimated to be 8–20% of the world-
wide population, and alarmingly women are diagnosed 
twice as much with IBS than men [7].

Interestingly, a systemic review and meta-analysis 
aimed at identifying if there was an association between 
endometriosis and IBS, found that women with endo-
metriosis are three times more likely to have IBS than 
women without [3]. Further studies have hypothesized 
that comorbidity of endometriosis and IBS exists given 
women with endometriosis have a higher risk of having 
IBS than women without the condition [8]. A recent sys-
temic review, and meta-analysis [9], tried to determine 
whether endometriosis and IBS are comorbid through 
systematic analysis of published literature, but the lack 
of studies, and multifactorial nature of the conditions, 
didn’t allow the authors to come to a proper conclusion. 
The authors therefore proposed that endometriosis could 
be inducing an IBS-like syndrome, rather than represent-
ing a comorbidity due to the inability of the Rome crite-
ria to differentiate between the two conditions. Hence, 
there is still a clear need to understand how endometrio-
sis impacts the gastrointestinal system and elucidate the 
pathophysiological relationship between endometriosis 
and IBS.

As it stands right now, to our knowledge, there are no 
studies regarding how endometriosis might be affecting 
the gastrointestinal system. And while the etiology of IBS 
remains elusive, studies aiming to resolve this have pro-
posed an interplay between the brain-gut axis, microflora 
and immune cells, resulting in low-grade inflammation 
[6]. Increasing evidence puts the enteric nervous sys-
tem at the center of IBS pathophysiology, specifically the 
enteric glia cells (EGCs) [10]. Clinical studies have shown 
increased inflammation within the enteric nervous sys-
tem, with increased expression of glial fibrillary acidic 

protein (GFAP), resulting in enteric reactive gliosis [11]. 
EGCs are known to have a bidirectional relationship with 
immune cells during physiological states, and when pre-
sented with an immune challenge, EGCs enter in a reac-
tive gliosis state with increased expression of GFAP and 
S100B [12], leading to pain sensitization [13].

Based on the strong association between endometriosis 
and IBS, we therefore hypothesized that endometriosis 
would induce colonic inflammation and enteric reactive 
gliosis. To address this hypothesis, we used a well vali-
dated auto-transplantation rat model of endometriosis, 
allowing us to collect functional and histological data. 
This is the first study to explore the changes endometrio-
sis induces to the gastrointestinal system considering the 
question as to whether endometriosis and IBS are comor-
bid. Understanding the effects of endometriosis in the 
enteric glia could open a new path for treatments, espe-
cially in women with persistent gastrointestinal symp-
toms that continue hindering their quality of life. This 
could also shed light on new therapeutic targets beyond 
the gynecological setting.

Methods
Animal welfare & IACUC
All animal studies were approved by the Institutional 
Animal Care and Use Committee at Ponce Health Sci-
ences University (PHSU). Female Sprague Dawley rats 
of approximately 2 months old (Animal Research Facili-
ties, PHSU, PR), weighing approximately 190–200  g, 
were randomized by a third party to one of three groups: 
Naïve (n = 8), Sham Control (n = 8) and Endometriosis 
(n = 8). Treatment assignment was kept at all times from 
the researcher to reduce bias at the moment of behavior 
assessment. The sample size was calculated a priori using 
the means and deviations of preliminary data with 95% 
confidence (type I error = 5%), and a power of 80% using 
G*Power Software (G*Power, RRID: SCR_013726). Ani-
mals were housed single caged in a room maintained at 
23  °C with light/dark cycle alternating every 12  h. Ani-
mals had access to normal chow and water ad libitum. A 
series of vaginal smears were collected one week before 
surgery, at time of surgery, one week after surgery, and at 
time of sacrifice to assess reproductive cyclicity. Smears 
were analyzed by staining with Wright’s stain follow-
ing the method outlined in Cuevas et al. [14]. This study 
complies with ARRIVE guidelines for animal studies 
reporting.

Endometriosis induction
Endometriosis was induced following the Vernon and 
Wilson model (1985) [15] and as described by our group 
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previously [16]. Animals were weighed and anesthetized 
with pentobarbital (10  mg/kg i.p.) and a small laparot-
omy was performed to access the uterine and intestinal 
mesentery. The distal 2  cm of right uterine horn were 
surgically removed and immersed in warm (37  °C) ster-
ile culture medium. The endometrium was exposed by 
opening the uterine horn lengthwise with sterile scissors. 
Four pieces of the autologous uterine tissue were cut in 
2  mm pieces and implanted near the mesenteric ves-
sels of the small intestine with the serosal surface facing 
the vessels. Sham surgery animals received mechanical 
manipulation on the right uterine horn for two min-
utes and four sutures without implants on the intestinal 
mesentery. The incision was closed, and animals were 
allowed to recover for 21 days.

Pain behavior assessment
Pain behavior using Electronic Von Fey and Hot Plate 
was assessed at three different timepoints: before surgery 
at day − 1 (baseline), two weeks after surgery, and before 
sacrifice, as described below.

Electronic von frey
Animals were acclimatized to the chambers of the ele-
vated grid for 15 min, then an additional 15 min with the 
researcher in the room so as to acclimate them to their 
presence and decrease any stress effects. After this, using 
the non-bending filament attached to the Electronic Von 
Frey apparatus (Ugo Basile, Italy), we pushed each hind 
paw three times and collected the force measurement 
necessary to elicit paw withdrawal of each animal in the 
Data Collection Application software (Ugo Basile, Italy) 
[17]. Recorded data was then exported and organized in 
an excel sheet.

Hot plate
Animals were acclimatized 10  min to the Hot Plate 
(Colombus Instruments, Columbus, OH) (not heated) 
the day before the test to reduce the stress of manipu-
lation and enclosure. The day of the Hot Plate animals 
were brought to the testing area where the Hot Plate 
was heated to 52 degrees Celsius [18]. We tested each 
animal for 40 s and video recorded the behavior, using a 
Logitech Webcam (Logitech, San Jose, CA) connected to 
computer, to properly measure the time animals took to 
respond to the heat stimulus. The Hot Plate was cleaned 
between animals.

Endometriosis assessment
At time of sacrifice a laparotomy was performed and 
the peritoneal cavity was examined for the presence 
of developed endometriosis as described before [19]. 
Once identified, endometriotic vesicles were carefully 
removed and their longest length and width measured 

with a digital caliper to calculate vesicle area. The vesicles 
were weighed individually, collected and stored in a -80 
degrees Celsius freezer for future experiments.

Colon assessment and collection
The distal colon was excised and opened along the mes-
entery line. The tissue was assessed visually and scored 
for the presence of adhesions (zero to two for none to 
major, respectively), hyperemia (zero to ten, for no dam-
age to major damage), diarrhea (zero to one, absence or 
presence of watery feces), and bowel wall thickness (mea-
sured in mm with a caliper) as described by Appleyard 
and Wallace (1995) [20]. The individual parameters were 
summed to give a macroscopic score. After assessment, 
around 2.5  cm were collected in cold Hanks’ Balanced 
Salt Solution, washed in phosphate-buffered saline (PBS) 
and fixed with paraformaldehyde (PFA) 4% for 3  h at 
room temperature for whole mount preparation.

Approximately 1.5  cm long sections of full thickness 
medial colon and distal ileum were collected and fixed in 
10% buffered formalin for 72 h. Later, tissues were dehy-
drated in a series of ascending alcohols, methyl salicylate 
and then embedded in paraffin. Embedded tissue was 
cut on a microtome at 4 μm and set on charged slides for 
subsequent staining and analyses.

Microscopic damage assessment
Microscopic damage was assessed by two observers, 
blinded to treatments, as described elsewhere [21]. We 
assessed loss of mucosal architecture (zero to three for 
mild to severe, respectively), cell infiltration (zero for 
absence of infiltration, and one to three to indicate the 
location: muscularis mucosae, lamina propria and serosa, 
respectively), muscle thickening (zero to three, indi-
cating less than half of muscle thickening, half to three 
fourths of muscle thickness, mucosal thickness and all 
muscle, respectively), goblet cell depletion (zero to one, 
for absence or presence, respectively) and crypt abscess 
(zero to one, for absence or presence, respectively). The 
total sum of these scores produced the microscopic score.

Mast cell analysis
Colonic and ileal mast cells were stained with toluidine 
blue as described previously [14, 19]. Mast cells were 
counted in whole tissue by two observers blinded to 
treatments, and the counts averaged. Whole tissue area 
was measured (mm2), and mast cell count was normal-
ized to area.

Whole-mount immunofluorescence
Distal colon fixed with PFA 4%, was pinned down on 
a Sylgard plate (World Precision Instruments, Inc, 
#SYLG184) with mucosa facing up. Using a dissec-
tion microscope (LEICA EZ4 W, Leica Microsystems), 
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the inner layers were dissected leaving only the lon-
gitudinal muscle with myenteric plexus. After, tissue 
was cut in two 4mm2 squares. Double immunostain-
ing was performed using whole-mount immunofluo-
rescence technique as described elsewhere [22]. Tissues 
were incubated overnight with mouse anti-GFAP (1:200, 
BioLegend, cat#644702) and rabbit anti-S100B (1:100, 
Abcam, cat#abEP1576Y). Next day tissues were incu-
bated for 2 hours with secondary antibodies Alexa Fluor 
488 goat anti-mouse (1:500, Invitrogen, cat#A-11029, 
RRID: AB_2534088) and Alexa Flour 555 goat anti-rab-
bit (1:500, Invitrogen, cat#A-21428, RRID: AB_141784). 
Finally, tissues were incubated for 5 min with DAPI (Invi-
trogen, cat#R37606), washed twice in PBS for 5 min and 
mounted on charged slides (VWR, cat#48311-703) with 
Prolong Gold Antifade Mounting Media (Invitrogen, 
cat#P36934). Fluorescence was assessed using the HC PL 
APO 60x/1.40 oil immersion objective of an Eclipse Ti2 
Nikon Confocal Microscope. DAPI staining was excited 
using 405 nm emission laser, Alexa Fluor 488 was excited 
using 488  nm emission laser, and Alexa Fluor 555 was 
excited using 561 nm emission laser; all located in LU-N4 
laser unit. Images were captured using NiS Elements AR 
Software (Ver. 5.30.05). All microscope equipment and 
parts are from Nikon Instruments, Inc. (Melville, NY). 
Three high power fields per animal were quantified for 
fluorescence integrated density using ImageJ Software 
(ImageJ, RRID: SCR_003070).

Immunohistochemistry
Colonic tissue sections were deparaffinized in xylene 
substitute for 30  min and rehydrated in a descending 
series of alcohols to water. Tissue sections were prepared 
for immunohistochemistry as explained elsewhere [19]. 
Protein block was performed using normal goat serum 
for 15  min (Cat#HK112-9KE, BioGenex), followed by 
an overnight incubation with α-7 receptor primary anti-
body (1/50 dil. Cat#SC-58607, Santa Cruz Biotechnol-
ogy). A negative control with PBS instead of primary 
antibody was run in each slide. A Multi-Link was used 
as the secondary antibody for 20  min. The slides were 
placed in the Streptavidin Peroxidase for 20 min (Super 
Sensitive Link-Label IHC Detection System, Cat#LP000-
UCLE, BioGenex), followed by PBS wash for 5 min. For 
development, one drop of 3,3′ Diaminobenzidine (DAB) 
(Cat#HK542-XAKE, BioGenex) was used on each tis-
sue and the exposure was monitored for 2:30 min under 
a light microscope. Then, the slides were dipped in dis-
tilled water, washed with running water for 5 min, dehy-
drated, cleared with xylene and mounted with Cytoseal 
60 (Cat#8310-4, Thermo Scientific). Three representa-
tive HPF per tissue were photographed using a Nikon 
Confocal Microscope A1 (Ver.4.10) with NIS Elements 

Software (AR 2.22.15 and analyzed blindly for α-7 recep-
tor expression by an observer using Image J software.

Statistical analysis
Data was graphed and analysed by using GraphPad 
Prism version 9.5.1 (GraphPad Prism, San Diego, CA, 
RRID: SCR_002798). A p < 0.05 was considered to rep-
resent a statistical significance difference. The mean dif-
ference ± the standard deviation (S.D.) was used to assess 
the differences among treatment groups. ROUT test was 
used to identify and exclude outliers. In order to assess 
the statistical significance of the mean differences, a 
parametric one-way ANOVA was used for normally dis-
tributed variables, and post-hoc comparisons were done 
using the Student-Newman-Keuls. A non-parametric 
Kruskal-Wallis H test was used for variables that did not 
follow a normal distribution. To assess the statistical sig-
nificance of pain behavior we used a paired Two-Way 
ANOVA with repeated measures and post-hoc compari-
sons were done using the Dunnett’s test.

Results
Endometriosis induces allodynia but not hyperalgesia
Two-way ANOVA analysis revealed that endometriosis 
animals developed allodynia by Day 19 (11.53 ± 6.66  g) 
compared to baseline (22.96 ± 8.27  g; p < 0.05), 
whereas sham animals developed allodynia by day 12 
(11.93 ± 8.56  g) (after surgery) compared to baseline 
(17.06 ± 6.58  g; p < 0.05), but reverted by day 19. Naïve 
animals remained normal throughout protocol (Fig. 1a). 
No difference was found across groups for hot plate 
latency time (Fig. 1b)

Endometriosis development
At time of sacrifice endometriosis animals had 96.88% 
of the implanted autologous tissue develop into endo-
metriotic vesicles. The average vesicle weight per ani-
mal was 55.98 ± 22.67  mg, with an average area of 
15.78 ± 5.42mm2. Animals that underwent sham surgery 
didn’t have any vesicles develop.

Endometriosis induces low level colonic inflammation
After ordinary one-way ANOVA analysis, the total 
colonic macroscopic score was found to be signifi-
cantly increased in animals with endometriosis (Fig. 2a; 
3.09 ± 0.39; p < 0.0001) when compared to Naïve 
(0.28 ± 0.23) and Sham (0.47 ± 0.38) groups. Animals with 
endometriosis had significantly increased presence of 
adhesions (Fig. 2b), hyperemia (Fig. 2c) and colon thick-
ness (Fig.  2d) when compared to control groups. Diar-
rhea was not observed in any group.

Microscopic examination of colonic and ileal regions 
revealed no damage in animals with endometriosis as 
compared to control group (data not shown).
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Examination of mast cells in the colon of endometrio-
sis animals (Fig. 3a) shows a tendency towards increased 
mast cell infiltration, with a 63.1% increase of the mean 
compared to Sham and 34.4% increase when compared 
to Naïve, but this did not reach statistical significance. 
Ordinary one-way ANOVA revealed ileal mast cell count 
(Fig.  3b) to be significantly increased in endometriosis 
(8.51 × 10− 6 ± 4.11 × 10− 6 /µm2; p < 0.05) group when com-
pared to naïve (3.89 × 10− 6 ± 1.66 × 10− 6 /µm2).

Endometriosis induces colonic reactive gliosis
After Kruskal-Wallis test, GFAP (Fig. 4a) immunoreactiv-
ity was found to be significantly increased in the endo-
metriosis group (25,655 FU ± 5355; p < 0.0001) when 
compared to Naïve (9,035 FU ± 2725) and Sham (13,650 
FU ± 1542) groups, while no significant difference was 
found for S100B (Fig. 4b).

No significant changes were observed in ⍺-7 receptor 
expression in colon tissue (Fig. 5).

Discussion
Over the last several years there have been great advance-
ments in the understanding of endometriosis and its 
pathophysiology, but there is still a lack of research on its 

extra-gynecological manifestations and comorbidities. 
Among them is the development of IBS-like symptoms 
that often leads to an IBS diagnosis before the correct 
endometriosis one due to the gastrointestinal symptoms 
being clinically impossible to differentiate [23]. This adds 
to the delay in diagnosis for endometriosis that can be 
up to 7 years on average, which is further precipitated 
by the frequent dismissal of symptoms by clinicians [24]. 
Recent systemic reviews and meta-analyses aimed to 
estimate the prevalence of IBS in endometriosis patients 
and found that women with endometriosis have an 
approximately threefold increased risk of developing IBS 
[3]. One theory to explain this finding proposes that the 
peritoneal inflammatory environment created by endo-
metriosis might induce changes in the near non-inflamed 
organs [25], however the question still remains whether 
endometriosis induces IBS-like symptoms, or the dis-
eases are comorbid [9]. Thus, we aimed to elucidate 
whether induction of endometriosis could be enough to 
induce low-grade gastrointestinal inflammation with IBS 
features such as mast cell infiltration and reactive gliosis.

The most prominent shared hallmark of both endo-
metriosis and IBS is abdominopelvic pain [26, 27]. 
In the present study, we observed that animals with 

Fig. 1  Pain associated with endometriosis. A) Paw withdrawal threshold of Sham Control decreased significantly by Day 12 (after surgery) but returned to 
normal by Day 19. Endometriosis animals paw withdrawal decreased significantly by Day 19. B) No difference in hot plate latency time was found across 
groups (n = 8 animals/per group ± s.d. *p < 0.05)
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endometriosis had increased mechanical allodynia by 
day 19 post-induction, suggesting increased peripheral 
somatic pain. While visceral hypersensitivity is widely 
regarded as the underlying cause of IBS-associated pain 
[28], there is evidence from animal models suggesting 
IBS also increases peripheral somatic pain [as reviewed 

by [29]]. These findings are consistent with our observa-
tions. The link between endometriosis and IBS-associ-
ated pain may be explained by central sensitization [30]. 
A clinical study found women with IBS had abnormal 
endogenous pain modulation and somatic hypersensi-
tivity, pointing to central sensitization as the driver [31]. 

Fig. 3  Endometriosis increases ileal mast cell infiltration. A) No significant differences were found in colonic mast cell count among groups. B) Endo-
metriosis animals showed a statistically significant increase in ileal mast cell infiltration when compared to Naïve (n = 6–8 animals/group ± s.d. *p < 0.05)

 

Fig. 2  Colonic damage associated with endometriosis. A) Colonic damage was significantly increased in endometriosis animals compared to Naïve and 
Sham Control. Analyzed parameters show endometriosis has increased B) adhesions, C) hyperemia and D) full thickness (n = 8 animals/group ± s.d.**p < 0.01 
***p < 0.001 ****p < 0.0001)
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Similarly, a meta-analysis of clinical research on endome-
triosis-associated pain concluded that the pain experi-
enced by women with endometriosis is related to central 
sensitization [32].

A recent study found that patients with IBS showed 
reactive gliosis in colonic biopsies, with increased GFAP 
expression but no differences in S100B [11]. Our results 
show that endometriosis animals have higher colonic 
damage, demonstrate reactive gliosis as seen by the 
higher expression of GFAP, and have increased ileal mast 
cell infiltration, all of which are characteristic of IBS. 
The presented results align with clinical studies report-
ing that endometriosis patients present gastrointestinal 
symptoms, like those in IBS, suggesting an association 

between the two conditions [9]. Therefore, the origi-
nal hypothesis that endometriosis would induce colonic 
inflammation and enteric reactive gliosis is partially vali-
dated by the results presented here and opens a series of 
subsequent questions that could be addressed in future 
experiments.

Our group have previously reported the effects of 
peritoneal endometriosis on colonic tissue, showing 
increased colonic damage at 60 days after endometrio-
sis induction surgery [16]. The data presented here show 
that the damage can be developed as early as 21 days 
after the induction of endometriosis, similar to what has 
been observed in another prior study from our lab [18]. 
Interestingly, colonic damage was not accompanied by 

Fig. 4  Endometriosis induces reactive gliosis. (A) Endometriosis animals showed an increase of GFAP expression when compared to Sham Control and 
Naïve animals. (B) No significant differences were found among groups for S100B expression. (C) Representative pictures of GFAP, S100B, DAPI and Merged 
for colonic tissues (4–5 animals/group ± s.d. ***p < 0.001 ****p < 0.0001)
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microscopic damage, parallel to what has been reported 
in an IBS rat model of water avoidance stress [33]. It 
should be noted that the colonic damage we observe is 
on the low end compared to that found in colitis animal 
models [21], and this is further supported by IBS research 
that points to low level mucosal inflammation as the 
cause for symptoms [34]. Importantly, our sham animals 
didn’t develop colonic damage, despite the nature of the 
surgery, leading us to conclude that the damage is most 
likely induced by the endometriosis and not the surgical 
procedure per se.

We also looked at the presence of mast cells in the 
colon and ileum. Despite the lack of organic disease in 
IBS, a common immunological hallmark observed both 
clinically and in animal models, is the increased infiltra-
tion of mast cells in the gastrointestinal tract compared 
to healthy controls [35]. Mast cells are known to infil-
trate and contribute to IBS low-level mucosal inflamma-
tion [36] and their proximity to enteric nerves is known 
to correlate with abdominal pain in IBS [37]. Studies 
in ileum biopsies of patients with IBS have also found 
increased mast cells [38] and decreased serotonin cells 

that correlate with visceral pain [39]. Similarly, various 
studies have reported increased mast cell infiltration in 
lesions of women, and in an animal model, with endo-
metriosis [40], and it is thought that mast cell density in 
the endometriotic microenvironment is responsible for 
the abdominal pain which occurs in patients [41]. Previ-
ous studies by our group, which investigated the impact 
of stress on the endometriosis animal model, found 
increased colonic mast cells in endometriosis animals 
which had been exposed to stress compared to non-stress 
controls, whereas no differences were found in non-
stressed animals whether or not they had endometriosis 
[42]. Similarly, the current data presented here found no 
differences between groups for colonic mast cell infiltra-
tion, but did find increased mast cell infiltration in the 
ileum of endometriosis animals compared to naïve. Sev-
eral studies have shown that collected ileum biopsies 
from IBS patients do show increased mast cell infiltration 
compared to healthy individuals [43–45], further point-
ing to the relevance of our results in better understanding 
the pathophysiological link between endometriosis and 
IBS.

Fig. 5  Endometriosis induces no changes in ⍺-7 receptor expression. A) Endometriosis animals showed no statistically significant difference in ⍺-7 
receptor integrated density or B) percentage of area compared to Naïve and Sham Control. C) Representative pictures of Naïve, Sham Control, and Endo-
metriosis colonic tissues (n = 6–8 animals/per group ± s.d.)
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Mast cells are known to interact with EGCs in the 
process of pain sensitization within the gastrointestinal 
tract. While EGCs were originally depicted as support 
cells, these are known to modulate immune responses 
in the enteric nervous system and support gastrointes-
tinal homeostasis [46]. Among the different molecules 
involved in EGC processes, GFAP and S100B stand out. 
GFAP is known to help in maintaining the intestinal bar-
rier, while secretion of S100B at low levels helps with 
neuronal survival. When presented with inflammation, 
these two molecules overexpress leading to gastrointes-
tinal and neuro inflammation [12]. Recently, EGCs have 
been implicated as an important factor in the pain sensi-
tization process in IBS [13], while a clinical study found 
that colon biopsies of patients with IBS had increased 
expression of GFAP, but no differences were observed for 
S100B expression. Similarly, our data shows that endome-
triosis animals have increased expression of GFAP when 
compared to control animals, while no differences are 
observed in S100B (Fig.  6). We also examined whether 
endometriosis altered the expression levels of the ace-
tylcholine nicotinic receptor ⍺-7, known to be expressed 
in EGCs [12]. Acetylcholine is the principal neurotrans-
mitter in the vagus nerve, controlling immune cell func-
tions via the ⍺-7 receptor [47]. A recent study showed 
that induction of colitis in mice led to increased expres-
sion of ⍺-7 in colonic tissue [48], possibly as a protective 
mechanism to attenuate the inflammation intrinsically. 

To our surprise however, we didn’t observe any statis-
tically significant difference in the colonic sections of 
our endometriosis animal model, despite the increased 
GFAP expression and macroscopic scoring. A possible 
explanation for these results may be that endometriosis 
is considered low-grade inflammation versus the acute 
inflammation of colitis, and changes in the parasympa-
thetic response to low-grade inflammation might not be 
observed until a longer timeline.

To our knowledge this is the first study to observe the 
impact of non-intestinal endometriosis on colonic enteric 
glia and ileal mast cells. These observations are clinically 
relevant based on the high prevalence of gastrointesti-
nal symptoms found in women with endometriosis, and 
the detrimental effects these have on their quality of life. 
However, there are some limitations. The present study 
uses a rat animal model of endometriosis to investigate 
the effects on the gastrointestinal system. While there is 
translational value in the results, they may not be directly 
comparable to humans due to potential species-specific 
differences in the response to endometriosis. However, 
this model has been well validated by our group and oth-
ers and has shown homologous immunological responses 
to human endometriosis [49, 50]. Further, Sprague-Daw-
ley rats are frequently used for gastrointestinal research 
due to homologous morphology and physiology to 
humans [51], making our findings valuable for under-
standing the relationship between IBS and endometriosis 

Fig. 6  Translational assessment. Visual comparison between findings in the clinical scenario and our animal model. Increased numbers of mast cells in 
the ileum and the higher expression of GFAP with no change in S100B in our endometriosis animal model echo findings in IBS patients suggesting simi-
larities in underlying mechanisms for gastrointestinal disturbances. ↑ means increased, - means no difference
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in patients. The short-term observation of 21 days may 
not allow us to capture the long-term effects of endo-
metriosis on the gastrointestinal system. Thus, follow 
up studies with a longer timeline (e.g. 60 days) should be 
done next to find out if reactive gliosis persists beyond 
the initial acute phase of endometriosis development. 
Also, a longer timeline would help differentiate surgery 
specific effects that may still be present at 21 days. While 
the present study provides evidence of colonic inflamma-
tion, ileal mast cell infiltration and reactive gliosis in the 
rat model of endometriosis, it does not investigate the 
underlying molecular mechanisms responsible for these 
changes. Future research could focus on enteric glia and 
macrophage interactions since macrophages are known 
to play an important role in endometriosis inflamma-
tion and may be closely involved with the gastrointes-
tinal inflammation observed in our study [52]. Further 
research addressing these limitations could enhance our 
understanding of the pathophysiological relationship 
between endometriosis and irritable bowel syndrome.

Conclusion
Our results reinforce the complex crosstalk between the 
different organ systems that is significantly altered by 
the presence of endometriosis. In this case, the gastroin-
testinal tract being one of the most affected systems as 
strongly documented by clinical reports. We found that 
endometriosis inflammation causes alterations to intes-
tinal homeostasis in an IBS-like manner even without 
direct gastrointestinal involvement. This is the first step 
towards understanding the clinical relationship between 
endometriosis and IBS, providing evidence that endo-
metriosis induces gastrointestinal alterations in a non-
IBS animal model. This suggests that IBS symptoms in 
patients with endometriosis is not necessarily comor-
bid, but rather an effect of the inflammation caused by 
the endometriosis. We recognize the possibility of full 
comorbidity in some patients, but additional mechanis-
tic and clinical research is certainly needed to understand 
the full spectrum in light of the diverse symptomatology 
of both conditions.

Acknowledgements
The authors acknowledge Maria Colon for technical support during the 
surgical procedures and Dr. Annelyn Torres-Reverón for proofing this 
manuscript. The authors would also like to thank the PHSU BRAIN Core 
Facilities and staff (MD007579) for the support provided.

Author contributions
LR-A and CA designed the study. LR-A, MC, JT and UR-C performed the 
experiments. LR-A, MC, JT, UR-C and CA analyzed the data. LR-A and CA 
drafted the manuscript. All authors have carefully revised the manuscript 
for important intellectual content and have read and approved the final 
manuscript.

Funding
These studies were supported by NCCIH R15AT009915, NIGMS R16GM149365 
(CA) and NIMHD G12MD007579 (RCMI BRAIN Core). LR-A was supported by 

training grants R25GM082406, T32GM144896, and the William Townsend 
Porter Pre-Doctoral Fellowship from the American Physiological Society.

Data availability
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All research involving animals was approved by the Institutional Animal 
Care and Use Committee at Ponce Health Sciences University. Consent to 
participate declaration: not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Department of Basic Sciences – Physiology Division, Ponce Health 
Sciences University, Ponce Research Institute, PO Box 7004,  
Ponce 00732-7004, PR, Puerto Rico

Received: 9 October 2024 / Accepted: 25 November 2024

References
1.	 Clower L, Fleshman T, Geldenhuys WJ, Santanam N. Targeting oxidative stress 

involved in endometriosis and its pain. Biomolecules. 2022;12(8):1055. https:/​
/doi.or​g/10.33​90/b​iom12081055.

2.	 De Graaff A, D’Hooghe T, Dunselman G, Dirksen C, Hummelshoj L, Simoens 
S, Bokor A, Brandes I, Brodszky V, Canis M, Colombo G, DeLeire T, Falcone T, 
Graham B, Halis G, Horne A, Kanj O, Kjer J, Kristensen J, Wullschlege M. The 
significant effect of endometriosis on physical, mental and social wellbe-
ing: results from an international cross-sectional survey. Hum Reprod. 
2013;28(10):2677–85. https:/​/doi.or​g/10.10​93/h​umrep/det284.

3.	 Nabi MY, Nauhria S, Reel M, Londono S, Vasireddi A, Elmiry M, Ramdass P. 
Endometriosis and irritable bowel syndrome: a systematic review and meta-
analyses. Arch Gynecol Obstet. 2022. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​8​9​/​f​m​e​d​.​2​0​2​2​.​9​1​4​3​
5​6​​​​​. 9.

4.	 Ek M, Roth B, Ekström P, Valentin L, Bengtsson M, Ohlsson B. Gastrointestinal 
symptoms among endometriosis patients—A case-cohort study. BMC Wom-
ens Health. 2015;15(1). https:/​/doi.or​g/10.11​86/s​12905-015-0213-2.

5.	 Maroun P, Cooper MC, Reid GD, Keirse MJNC. Relevance of gastrointestinal 
symptoms in endometriosis. Aust N Z J Obstet Gynaecol. 2009;49(4):411–4. 
https:/​/doi.or​g/10.11​11/j​.1479-828x.2009.01030.x.

6.	 Shaikh SD, Sun N, Canakis A, Park WY, Weber HC. Irritable bowel syn-
drome and the gut microbiome: a Comprehensive Review. J Clin Med. 
2023;12(7):2558. https:/​/doi.or​g/10.33​90/j​cm12072558.

7.	 Almario CV, Sharabi E, Chey W, Lauzon M, Higgins C, Spiegel BMR. Prevalence 
and burden of illness of Rome IV irritable bowel syndrome in the United 
States: results from a nationwide cross-sectional study. Gastroenterology. 
2023;165(6). https:/​/doi.or​g/10.10​53/j​.gastro.2023.08.010.

8.	 Schomacker M, Hansen K, Ramlau-Hansen CH, Forman A. Is endometriosis 
associated with irritable bowel syndrome? A cross-sectional study. Eur J 
Obstet Gynecol Reprod Biol. 2018;231:65–9. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​6​/​j​.​e​j​o​g​r​b​.​2​
0​1​8​.​1​0​.​0​2​3​​​​​.​​​

9.	 Saidi K, Sharma S, Ohlsson B. A systematic review and meta-analysis of the 
associations between endometriosis and irritable bowel syndrome. Eur J 
Obstet Gynecol Reprod Biol. 2020;246:99–105. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​6​/​j​.​e​j​o​g​r​
b​.​2​0​2​0​.​0​1​.​0​3​1​​​​​.​​​

10.	 Fujikawa Y, Tominaga K, Tanaka F, Tanigawa T, Watanabe T, Fujiwara Y, Arakawa 
T. Enteric glial cells are associated with stress-induced colonic hyper-contrac-
tion in maternally separated rats. Neurogastroenterol Motil. 2015;27(7):1010–
23. https:/​/doi.or​g/10.11​11/n​mo.12577.

11.	 De-Faria FM, Casado-Bedmar M, Lindqvist CM, Jones MP, Walter S, Keita ÅV. 
Altered interaction between enteric glial cells and mast cells in the colon of 

https://doi.org/10.3390/biom12081055
https://doi.org/10.3390/biom12081055
https://doi.org/10.1093/humrep/det284
https://doi.org/10.3389/fmed.2022.914356
https://doi.org/10.3389/fmed.2022.914356
https://doi.org/10.1186/s12905-015-0213-2
https://doi.org/10.1111/j.1479-828x.2009.01030.x
https://doi.org/10.3390/jcm12072558
https://doi.org/10.1053/j.gastro.2023.08.010
https://doi.org/10.1016/j.ejogrb.2018.10.023
https://doi.org/10.1016/j.ejogrb.2018.10.023
https://doi.org/10.1016/j.ejogrb.2020.01.031
https://doi.org/10.1016/j.ejogrb.2020.01.031
https://doi.org/10.1111/nmo.12577


Page 11 of 12Rivera-Arce et al. BMC Women's Health          (2024) 24:647 

women with irritable bowel syndrome. Neurogastroenterol Motil. 2021;3(11). 
https:/​/doi.or​g/10.11​11/n​mo.14130.

12.	 Chow AK, Gulbransen BD. Potential roles of enteric glia in bridging neuroim-
mune communication in the gut. AM J Physiol Gastrointest Liver Physiol. 
2017;312(2):G145–52. https:/​/doi.or​g/10.11​52/a​jpgi.00384.2016.

13.	 Morales-Soto W, Gulbransen BD. Enteric glia: a New Player in Abdominal Pain. 
Cell Mol Gastroenterol Hepatol. 2019;7(2):433–45. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​6​/​j​.​j​c​
m​g​h​.​2​0​1​8​.​1​1​.​0​0​5​​​​​.​​​​​​​

14.	 Cuevas M, Flores I, Thompson KJ, Ramos-Ortolaza DL, Torres-Reveron A, 
Appleyard CB. Stress exacerbates endometriosis manifestations and inflam-
matory parameters in an animal model. Reprod Sci. 2012;19(8):851–62. 
https:/​/doi.or​g/10.11​77/1​933719112438443.

15.	 Vernon MW, Wilson EA. Studies on the surgical induction of endometriosis in 
the rat. Fertil Steril. Nov; 1985;44(5):684–94.

16.	 Appleyard CB, Cruz ML, Rivera E, Hernández G, Flores I. Experimental endo-
metriosis in the rat is correlated with Colonic Motor function alterations but 
not with bacterial load. Reprod Sci. 2007;14:815–24. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​7​7​/​1​
9​3​3​7​1​9​1​0​7​3​0​9​7​2​2​​​​​.​​​

17.	 Martinov T, Mack M, Chatterjea SA. Measuring changes in tactile sensitivity 
in the Hind paw of mice using an electronic von Frey apparatus. J Vis Exp. 
2013;82e51212. https:/​/doi.or​g/10.37​91/5​1212.

18.	 Hernandez S, Cruz ML, Seguinot II, Torres-Reveron A, Appleyard CB. Impact of 
psychological stress on Pain Perception in an animal model of endometriosis. 
Reprod Sci. 2017;24(10):1371–81. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​7​7​/​1​9​3​3​7​1​9​1​1​6​6​8​7​6​5​5​​​​​
.​​​

19.	 Appleyard CB, Cruz ML, Velazquez-Cruz J, Rivera-Mendez RM, Duran-García 
MD, Rivera L, Del Mar Mendez-Casillas M, Flores I, Al-Nakkash L, Chompre G. 
Voluntary Wheel running reduces Vesicle Development in an Endometriosis 
Animal Model through Modulation of Immune parameters. Front Reprod 
Health. 2022. https:/​/doi.or​g/10.33​89/f​rph.2021.826541. 3.

20.	 Appleyard CB, Wallace JK. Reactivation of hapten-induced colitis and its 
prevention by anti-inflammatory drugs. Am J Physiol. 1995;269(1):G119–25. 
https:/​/doi.or​g/10.11​52/a​jpgi.1995.269.1.g119.

21.	 Isidro RA, Lopez A, Cruz ML, Torre M, Chompre G, Isidro AA, Appleyard CB. The 
probiotic VSL#3 modulates colonic macrophages, inflammation, and Micro-
flora in Acute Trinitrobenzene Sulfonic Acid Colitis. J Histochem Cytochem. 
2017;65(8):445–61. https:/​/doi.or​g/10.13​69/0​022155417718542.

22.	 Hernandez S, Fried DL, Grubišić V, McClain JL, Gulbransen BD. Gastrointesti-
nal neuroimmune disruption in a mouse model of Gulf War illness. FASEB J. 
2019;33(5):6168–84. https:/​/doi.or​g/10.10​96/f​j.201802572r.

23.	 Junkka SS, Ohlsson B. Associations and gastrointestinal symptoms in women 
with endometriosis in comparison to women with irritable bowel syndrome: 
a study based on a population cohort. BMC Gastroenterol. 2023;23(1):228. 
https:/​/doi.or​g/10.11​86/s​12876-023-02861-w.

24.	 Requadt E, Nahlik AJ, Jacobsen A, Ross WT. Patient experiences of endome-
triosis diagnosis: a mixed methods approach. BJOG. 2024;131(7):941–51. 
https:/​/doi.or​g/10.11​11/1​471-0528.17719.

25.	 Laschke MW, Menger MD. The gut microbiota: a puppet master in the patho-
genesis of endometriosis? Am J Obstet Gynecol. 2016;215(1):e681–4. ​h​t​t​​p​s​:​/​​/​
d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​6​/​j​.​a​j​o​g​.​2​0​1​6​.​0​2​.​0​3​6​​​​​.​​​

26.	 Maddern J, Grundy L, Castro J, Brierley SM. Pain in Endometriosis. Front Cell 
Neurosci. 2020;14:590823. https:/​/doi.or​g/10.33​89/f​ncel.2020.590823.

27.	 Vahedi H, Ansari R, Mir-Nasseri M, Jafari E. Irritable bowel syndrome: a review 
article. Middle East J Dig Dis. 2010;2(2):66–77.

28.	 Deiteren A, de Wit A, van der Linden L, De Man JG, Pelckmans PA, De Winter 
BY. Irritable bowel syndrome and visceral hypersensitivity: risk factors and 
pathophysiological mechanisms. Acta Gastroenterol Belg. 2016;79(1):29–38.

29.	 Price DD, Craggs JG, Zhou Q, Verne GN, Perlstein WM, Robinson ME. Wide-
spread hyperalgesia in irritable bowel syndrome is dynamically maintained 
by tonic visceral impulse input and placebo/nocebo factors: evidence from 
human psychophysics, animal models, and neuroimaging. NeuroImage. 
2009;47(3):995–1001. https:/​/doi.or​g/10.10​16/j​.neuroimage.2009.04.028.

30.	 Woolf CJ. Central sensitization: implications for the diagnosis and treatment 
of pain. Pain. 2011;152(3 Suppl):S2–15. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​6​/​j​.​p​a​i​n​.​2​0​1​0​.​0​9​.​
0​3​0​​​​​.​​​

31.	 Wilder-Smith CH, Robert-Yap J. Abnormal endogenous pain modulation and 
somatic and visceral hypersensitivity in female patients with irritable bowel 
syndrome. World J Gastroenterol. 2007;13(27):3699–704. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​7​
4​8​/​w​j​g​.​v​1​3​.​i​2​7​.​3​6​9​9​​​​​.​​​

32.	 Zheng P, Zhang W, Leng J, Lang J. Research on central sensitization of 
endometriosis-associated pain: a systematic review of the literature. J Pain 
Res. 2019;12:1447–56. https:/​/doi.or​g/10.21​47/J​PR.S197667.

33.	 Bradesi S, Schwetz I, Ennes HS, Lamy CM, Ohning GV, Fanselow MS, Pothou-
lakis C, McRoberts JA, Mayer EA. Repeated exposure to water avoidance 
stress in rats: a new model for sustained visceral hyperalgesia. Am J Physiol 
Gastrointest Liver Physiol. 2005;289(1):G42–53. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​5​2​/​a​j​p​g​i​.​
0​0​5​0​0​.​2​0​0​4​​​​​.​​​

34.	 Barbara G, De Giorgio R, Stanghellini V, Cremon C. Corinaldesi R. A role for 
inflammation in irritable bowel syndrome? Gut. 2002;51:i41–4.

35.	 Lee K, Lee OY. The role of mast cells in irritable bowel syndrome. Gastroen-
terol Res Pract. 2016;1–11. https:/​/doi.or​g/10.11​55/2​016/2031480 2016.

36.	 Ng QX, Soh AYS, Loke W, Lim DY, Yeo WS. The role of inflammation in irritable 
bowel syndrome (IBS). J Inflamm Res. 2018;11:345–9. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​2​1​4​7​/​
j​i​r​.​s​1​7​4​9​8​2​​​​​.​​​

37.	 Barbara G, Stanghellini V, De Giorgio R, Cremon C, Cottrell GS, Santini D, Pas-
quinelli G, Morselli-Labate AM, Grady EF, Bunnett NW, Collins SM, Corinaldesi 
R. Activated mast cells in proximity to colonic nerves correlate with abdomi-
nal pain in irritable bowel syndrome. Gastroenterology. 2004;126(3):693–702. 
https:/​/doi.or​g/10.10​53/j​.gastro.2003.11.055.

38.	 Robles A, Ingles D, Myneedu K, Deoker A, Sarosiek I, Zuckerman MJ, Schmul-
son M, Bashashati M. Mast cells are increased in the small intestinal mucosa 
of patients with irritable bowel syndrome: a systematic review and meta-
analysis. Neurogastroenterol Motil. 2019;31(12). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​1​1​/​n​m​o​.​
1​3​7​1​8​​​​​.​​​

39.	 El-Salhy M, Hatlebakk JG, Gilja OH, Hausken T. Irritable bowel syndrome: 
recent developments in diagnosis, pathophysiology, and treatment. Expert 
Rev Gastroenterol Hepatol. 2014;8(4):435–43. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​5​8​6​/​1​7​4​7​4​1​
2​4​.​2​0​1​4​.​8​8​8​9​5​2​​​​​.​​​

40.	 Binda MM, Donnez J, Dolmans M. Targeting mast cells: a new way to treat 
endometriosis. Expert Opin Ther Targets. 2017;21(1):67–75. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​
1​0​8​0​/​1​4​7​2​8​2​2​2​.​2​0​1​7​.​1​2​6​0​5​4​8​​​​​.​​​

41.	 McCallion A, Nasirzadeh Y, Lingegowda H, Miller JA, Khalaj K, Ahn S, Mon-
santo SP, Bidarimath M, Sisnett DJ, Craig AW, Young SL, Lessey BA, Koti M, 
Tayade C. Estrogen mediates inflammatory role of mast cells in endometriosis 
pathophysiology. Front Immunol. 2022;13. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​8​9​/​f​i​m​m​u​.​2​0​
2​2​.​9​6​1​5​9​9​​​​​.​​​

42.	 Cuevas M, Cruz ML, Ramirez AJ, Flores I, Thompson KJ, Bayona M, Vernon 
MW, Appleyard CB. Stress during development of experimental endo-
metriosis influences nerve growth and Disease Progression. Reprod Sci. 
2018;25(3):347–57. https:/​/doi.or​g/10.11​77/1​933719117737846.

43.	 Weston AP, Biddle WL, Bhatia PS, Miner PB Jr. Terminal ileal mucosal mast cells 
in irritable bowel syndrome. Dig Dis Sci. 1993;38(9):1590–5. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​
.​1​0​0​7​/​B​F​0​1​3​0​3​1​6​4​​​​​.​​​

44.	 Parkes GC, Rayment N, Woodman I, Hudspith B, Petvoska L, Lomer M, 
Brostoff J, Whelan K, Sanderson J. Increases in ileal mast cells in patients with 
diarrhoea predominant irritable bowel syndrome may be due to a relative 
reduction in mucosa-associated lactobacilli. Gut. 2011;60:A39. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​
/​1​0​.​1​1​3​6​/​g​u​t​.​2​0​1​1​.​2​3​9​3​0​1​.​7​7​​​​​.​​​

45.	 Ingles PP, Peoker A, Robles A, Sarosiek J, McCallum R, Sarosiek I, Schmulson 
Max, Bashashati M. Mucosal mast cells are increased in the small intestine of 
patients with irritable bowel syndrome: a systematic review and meta-analy-
sis. Am J Gastroenterol. 2018;113:S261–2.

46.	 Grubišić V, Gulbransen BD. Enteric glia: the most alimentary of all glia. J 
Physiol. 2017;595(2):557–70. https:/​/doi.or​g/10.11​13/j​p271021.

47.	 de Jonge WJ, Ulloa L. The alpha7 nicotinic acetylcholine receptor as a phar-
macological target for inflammation. Br J Pharmacol. Aug; 2007;151(7):915–
29. https:/​/doi.or​g/10.10​38/s​j.bjp.0707264.

48.	 Pu W, Su Z, Wazir J, Zhao C, Wei L, Wang R, Chen Q, Zheng S, Zhang S. Protec-
tive effect of α7 nicotinic acetylcholine receptor activation on experimental 
colitis and its mechanism. Mol Med. 2022;28:104. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​8​6​/​s​1​0​
0​2​0​-​0​2​2​-​0​0​5​3​2​-​2​​​​​.​​​

49.	 Grümmer R. Animal models in endometriosis research. Hum Reprod Update. 
2006;12(5):641–9. https:/​/doi.or​g/10.10​93/h​umupd/dml026.

50.	 Flores I, Carpio-Rivera E, Ruiz LA, Santiago OI, Vernon MW, Appleyard CB. 
Molecular profiling of experimental endometriosis identified gene expression 
patterns in common with human disease. Fertil Steril. 2007;87(5):1180–99. 
https:/​/doi.or​g/10.10​16/j​.fertnstert.2006.07.1550.

51.	 Hryn VH, Kostylenko YP, Yushchenko YP, Ryabushko MM, Lavrenko DO. Com-
parative histological structure of the gastrointestinal mucosa in human and 
white rat: a bibliographic analysis. Wiad Lek. 2018;71(7):1398–403.

52.	 Grubišić V, McClain JL, Fried DL, Grants I, Rajasekhar P, Csizmadia E, Ajijola 
OA, Watson RE, Poole DP, Robson SC, Christofi FL, Gulbransen BD. Enteric 
glia modulate macrophage phenotype and visceral sensitivity following 

https://doi.org/10.1111/nmo.14130
https://doi.org/10.1152/ajpgi.00384.2016
https://doi.org/10.1016/j.jcmgh.2018.11.005
https://doi.org/10.1016/j.jcmgh.2018.11.005
https://doi.org/10.1177/1933719112438443
https://doi.org/10.1177/1933719107309722
https://doi.org/10.1177/1933719107309722
https://doi.org/10.3791/51212
https://doi.org/10.1177/1933719116687655
https://doi.org/10.3389/frph.2021.826541
https://doi.org/10.1152/ajpgi.1995.269.1.g119
https://doi.org/10.1369/0022155417718542
https://doi.org/10.1096/fj.201802572r
https://doi.org/10.1186/s12876-023-02861-w
https://doi.org/10.1111/1471-0528.17719
https://doi.org/10.1016/j.ajog.2016.02.036
https://doi.org/10.1016/j.ajog.2016.02.036
https://doi.org/10.3389/fncel.2020.590823
https://doi.org/10.1016/j.neuroimage.2009.04.028
https://doi.org/10.1016/j.pain.2010.09.030
https://doi.org/10.1016/j.pain.2010.09.030
https://doi.org/10.3748/wjg.v13.i27.3699
https://doi.org/10.3748/wjg.v13.i27.3699
https://doi.org/10.2147/JPR.S197667
https://doi.org/10.1152/ajpgi.00500.2004
https://doi.org/10.1152/ajpgi.00500.2004
https://doi.org/10.1155/2016/2031480
https://doi.org/10.2147/jir.s174982
https://doi.org/10.2147/jir.s174982
https://doi.org/10.1053/j.gastro.2003.11.055
https://doi.org/10.1111/nmo.13718
https://doi.org/10.1111/nmo.13718
https://doi.org/10.1586/17474124.2014.888952
https://doi.org/10.1586/17474124.2014.888952
https://doi.org/10.1080/14728222.2017.1260548
https://doi.org/10.1080/14728222.2017.1260548
https://doi.org/10.3389/fimmu.2022.961599
https://doi.org/10.3389/fimmu.2022.961599
https://doi.org/10.1177/1933719117737846
https://doi.org/10.1007/BF01303164
https://doi.org/10.1007/BF01303164
https://doi.org/10.1136/gut.2011.239301.77
https://doi.org/10.1136/gut.2011.239301.77
https://doi.org/10.1113/jp271021
https://doi.org/10.1038/sj.bjp.0707264
https://doi.org/10.1186/s10020-022-00532-2
https://doi.org/10.1186/s10020-022-00532-2
https://doi.org/10.1093/humupd/dml026
https://doi.org/10.1016/j.fertnstert.2006.07.1550


Page 12 of 12Rivera-Arce et al. BMC Women's Health          (2024) 24:647 

inflammation. Cell Rep. 2020;32(10):108100. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​6​/​j​.​c​e​l​r​e​p​.​2​
0​2​0​.​1​0​8​1​0​0​​​​​.​​​

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1016/j.celrep.2020.108100
https://doi.org/10.1016/j.celrep.2020.108100

	﻿Implication of the enteric glia in the IBS-like colonic inflammation associated with endometriosis
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Animal welfare & IACUC
	﻿Endometriosis induction
	﻿Pain behavior assessment
	﻿Electronic von frey
	﻿Hot plate


	﻿Endometriosis assessment
	﻿Colon assessment and collection
	﻿Microscopic damage assessment
	﻿Mast cell analysis
	﻿Whole-mount immunofluorescence
	﻿Immunohistochemistry
	﻿Statistical analysis
	﻿Results
	﻿Endometriosis induces allodynia but not hyperalgesia
	﻿Endometriosis development
	﻿Endometriosis induces low level colonic inflammation
	﻿Endometriosis induces colonic reactive gliosis

	﻿Discussion
	﻿Conclusion
	﻿References


