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Abstract 

Endometriosis is an inflammatory estrogen-dependent disorder characterized by pain, dyspareunia, 
dysmenorrhea, and infertility. This is due to the invasion of different organs by endometrial tissue 
that cause inflammation, angiogenesis, and fibrosis. The ion channels Piezo1 and Piezo2 primary 
work as mechanosensors and mechanotransducers but also have functions that could participate in 
the clinical hallmarks of the endometriosis. Thus, we investigated the occurrence and localization of 
Piezo1 y Piezo2 in the healthy human endometrium and in endometriosis using 
immunohistochemistry. In healthy endometrium Piezo1 immunoreactivity was detected in the 
glands and to a lesser extent in the stroma; Piezo2 was present in the same locations but at low or 
residual levels. In ectopic endometriosis, there was an increase in the intensity of Piezo1 regardless 
of their location; Piezo2 only showed a net increase in the ovary and vagina endometriosis foci. 
Present results demonstrate for the first time the occurrence of Piezo ion channels in the healthy 
human endometrium, as well as an increase in Piezo1 in ectopic endometriosis, and no changes in 
Piezo2 with the exception of the ovary and vagina. The role of these ion channels in the endometrium 
and in the pathogenesis of the endometriosis remains to be elucidated. 

Keywords: Piezo1 ion channel; Piezo2 ion channel; healthy endometrium; endometriosis 
 

1. Introduction 

Endometriosis is an inflammatory estrogen-dependent disorder that course with chronic pelvic 
pain, dyspareunia, dysmenorrhea, and infertility, affecting 5-10% of age-reproductive women 
worldwide [1,2]. On the basis of this clinical entity is the invasion of different organs by endometrial-
like tissue. This tissue proliferate and growth in the proper endometrium or outside the uterus (ovary, 
peritoneum, urinary bladder, intestine), or more distant (lung) originating eutopic or ectopic 
endometriosis, respectively [3,4]. The endometrial infiltrates cause inflammation, angiogenesis, 
fibrosis, formation of scar tissue, and functional impairments of the hosted organs [5–7]. 
Nevertheless, despite its high prevalence and impact on quality of life, the pathogenesis of 
endometriosis is poorly understood [8,9]. Consistently, the available treatment options are limited 
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and mainly focused on symptom management rather than targeting the underlying mechanisms of 
the disease [10–12]. 

Two emergent ion channels denominated Piezo1 and Piezo2 which primary work as 
mechanosensors and mechanotransducers [13–16] have demonstrated to also play a role in cellular 
migration [17], inflammation [18–20], angiogenesis [21], fibrosis [22–25], and pain [26–28] that are the 
primary clinical markers of endometriosis. As far as we know, there is no association of Piezo 
channels with dysmenorrhea. Thus, Piezo channels are surely more than mechanotransducers or at 
least they are involved in the linking between forces and different physiological and pathological 
conditions [29–32]. 

Piezo channels are broadly distributed in tissues and cells, predominating Piezo2 in nervous 
tissues and Piezo 1 in non-nervous ones. However, little information is only available about the 
occurrence of Piezo channels in the uterus [33,34]. Therefore, we decided to conduct the present 
research to detect Piezo1 and Piezo2 in healthy endometrium and to investigate whether they change 
in eutopic and ectopic endometriosis. We used immunohistochemistry and immunofluorescence 
coupled with laser confocal microscopy, and image analysis. 

2. Materials and Methods 

2.1. Subjects 

This prospective study enrolled 35 of which 30 diagnosed with endometriosis and 5 controls. 
The age of patients was (mean age ± Standard Deviation (SD) 48 ± 9,16 in the control group and 35,10 
± 8,3 in the endometriosis group. 

Medical records were reviewed to collect relevant clinical information. All patients enrolled in 
the study were confirmed to be premenopausal with regular menstrual cycles. Endometriosis was 
surgically and histologically diagnosed as stage I, II, III and IV according to the revised American 
Fertility Society (r-AFS) classification schema. The level of pain was determined using visual analog 
scale (VAS), from scale 0 (no pain), to 10 (worst pain). The VAS scores were grouped into three levels: 
mild (ranging from 0 to 3), moderate (ranging from 4 to 6), and severe (ranging from 7 to 10) 

The largest proportion in endometriosis group. In this study symptoms of dysmenorrhea 
(100%), followed by infertility (55,17%). Intense pain with a visual analog scale value (VAS) 7 was 
found in nearly 60% of women. The findings on laparoscopic examination and anatomical pathology 
demonstrated ovarian endometriosis in 37,93% of cases peritoneal and digestive endometriosis was 
detected in 34,48% while the rate of stage III and IV was reported to be 27,58% and 68,96%, 
respectively. All the signs and symptoms of patients in the endometriosis group are listed in Table 1. 

All patients underwent laparoscopy due to symptomatic endometriosis in which the 
endometriotic tissue was removed. Moreover, endometrium samples from 5 women without 
endometriosis who had undergone laparoscopy from benign gynecological diseases were used as 
controls. Subjects with endometrial cyst, pain, infertility and endometriosis detected through 
laparoscopic surgery were included in the endometriosis group. Endometriosis was confirmed 
histologically by the presence of both endometrial glands and stroma in an ectopic location. 

2.2. Ethical 

Tissue samples were obtained at the Service of Pathology of the Hospital Alvarez Buylla, Mieres, 
Principality of Asturias, Spain. All materials used in the present study were obtained in compliance 
with Spanish legislation (RD 1301/2006; Law 14/2007; RD 1716/2011; Order ECC/1404/2013) and in 
accordance with the guidelines of the Declaration of Helsinki II. Informed consent was obtained from 
patients and the study was approved by the Research Ethics Committee of the Principality of Asturias 
(Cod CEIm P Ast: Project 266/18). 
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Table 1. Relevant clinical data from patients with endometriosis. 

Age (mean ± SD)  35,10 ± 8,30  
Chief complaint Dysmenorrhea 30 (100%) 

 Dyspareunia  7 (23,3%) 
 Dyschezia 6 (20%) 
 Dysuria 4 (13,3%) 
 Sterility 16 (53,3%) 

Visual analogue scale (VAS)       0-3 3 (10%) 
       4-7 10 (33,3%) 
       >7 17 (56,66%) 

Laparoscopic and pathological 
findings Ovarian endometriosis 10 (37,93%) 

 Peritoneal and digestive endometriosis 10 (34,48%) 

 
Other endometriosis localization (vesical, 

vaginal, abdominal wall) 5 (13,79%) 

 Eutopic endometrium from endometriosis  5 (13,79%) 
Staging of endometriosis       III 8 (27,58%) 

       IV 22 (68,96)% 

2.3. Treatment of Tissues Samples 

The excised tissues from both patients with endometriosis and controls were fixed on 10% 
formalin (in 1 M PBS, pH 7.4) for 12h and routinely embedded in paraffin. Serial sections 7µm and 10 
µm thick were cut and mounted onto silane-coated slides. Thereafter sections were deparaffinized 
and processed for immunohistochemistry or immunofluorescence. 

2.4. Structural and Immunohistochemical Diagnosis of Endometriosis 

For the certainty diagnosis of endometriosis, representative sections of each specimen were 
processed as follows: after removing paraffin and permeabilization with 1M PBS at pH 7.6 with 0.5% 
Tween-20, the endogenous peroxidase activity was blocked with 10% H2O2 for 30 minutes, and non-
specific binding was then prevented with 25% fetal bovine serum. Sections were incubated overnight 
at 4ᵒ C in a humid chamber with the primary antibodies against CD10, progesterone receptor and 
estrogen receptor (Table2). Subsequently, the sections were incubated with anti-rabbit or anti-mouse 
EnVision system-labelled polymer (DakoCytomation) for 30 min. Finally, they were washed with 
buffer solution, and the immunoreaction was visualized with diaminobenzidine as a chromogen. 
Finally the slides were washed, dehydrated, and mounted with Entellan (Merck, Dramstadt, 
Germany). To ascertain structural details, the sections were counterstained with Mayer’s 
hematoxylin. Images of the immunohistochemical results were taken with a Nikon Eclipse® 80i 
optical microscope coupled to a Nokia® DS-5M camera. 

CD10 is routinely used in the diagnostic of endometriosis [35,36] and estrogen or progesterone 
receptors since these hormones promote endometriosis [37,38]. 

2.5. Simple Immunohistochemistry for PIEZOs 

Deparaffinized and rehydrated sections were processed as described above and incubated 
overnight at 4ᵒ C in a humid chamber with the primary antibodies against specific epitopes of PIEZO1 
and PIEZO (Table2). Images of the immunohistochemical results were taken with a Nikon Eclipse® 
80i optical microscope coupled to a Nokia® DS-5M camera. 

2.6. Evaluation of Intensity of Immunostaining for PIEZOs 

The intensity of immunostaining for Piezo1 and Piezo2 developed in the different tissues was 
evaluated semi quantitatively as follows: whole section sections were scanned at medium (×50) and 
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high magnification (×200) using a SCN400F scanner (Leica Biosystems™); the images were processed 
with the SlidePath Gateway LAN program (Leica Biosystems™) at the Histopathology Laboratory, 
University Institute of Oncology of the Principality of Asturias. The results were evaluated thrice by 
two independent observers (OGS and YGM) blinded to the group of the specimen, i.e., control vs. 
endometriosis, and the antigen investigated. Results were divided into four groups: -: negative, no 
staining; +: faint; ++: moderate; +++: strong. 

Table 2. Primary antibodies used in the study. 

Antigen  Host/Origin Dilution  Supplier 
Piezo 1* Rabbit polyclonal  1:100  Invitrogen1 

Piezo 2** Rabbit polyclonal 1:100  Sigma-Aldrich2  
CD10 (SP67) Rabbit monoclonal Prediluted Roche3  

anti-Estrogen receptor (ER) (SP1) Rabbit monoclonal Prediluted Roche3  
anti-Progesterone receptor (PR) 

(1E2) Rabbit monoclonal Prediluted Roche3 

NFP (2F11) Mouse monoclonal 1:200 Roche3  
CK7 Mouse monoclonal  Prediluted Dako4  

S100P (S100A1) Rabbit polyclonal 1:500 Dako4 
1 Waltham, MA, USA; 2 St. Louis, MO, USA; 3 Barcelona, Spain; 4 Glostrup, Denmark. *PIEZO1: Synthetic peptide 
C-EDLKPQHRRHISIR. **PIEZO2: Synthetic peptide: 
VFGFWAFGKHSAAADITSSLSEDQVPGPFLVMVLIKFGTMVLIKFGTMVVDRALYLRK. 

2.6. Evaluation of Intensity of Immunostaining for PIEZOs 

The intensity of immunostaining for Piezo1 and Piezo2 developed in the different tissues was 
evaluated semi quantitatively as follows: whole section sections were scanned at medium (×50) and 
high magnification (×200) using a SCN400F scanner (Leica Biosystems™); the images were processed 
with the SlidePath Gateway LAN program (Leica Biosystems™) at the Histopathology Laboratory, 
University Institute of Oncology of the Principality of Asturias. The results were evaluated thrice by 
two independent observers (OG-S and YG-M) blinded to the group of the specimens, i.e., control vs. 
endometriosis, and the investigated antigen. Results were divided into four groups: no staining, 0; 
weak staining, light yellow, 1; moderate staining, yellowish brown, 2; and strong staining, brown, 3. 

2.7. Double Immunofluorescence for Identification of PIEZO Positive Cells 

Deparaffinized and rehydrated sections were washed in PBS-T for 20 minutes. Then, sections 
were incubated overnight at 4 C in a humid chamber with a 1:1 mixture of two antibodies for the 
simultaneous detection of Piezo1/CK7 and Piezo2/CK7. Subsequently, sections were washed with 
PBS-T for 30 minutes and then incubated with the secondary antibodies for 90 minutes: first, Alexa 
Fluor 488-conjugated goat anti-rabbit IgG (1:100; Serotec™, Oxford, UK), then washed in PBS-T, and 
followed by Cy3-conjugated donkey anti-mouse IgG (1:200; Jackson-ImmunoResearch™, Baltimore, 
MD, USA); both incubations were carried out in a humid chamber, in darkness and at room 
temperature. Finally, the sections were stained with DAPI (4’,6-diamino-2-phenylindole; 10 ng/ml) 
to label the nuclei (blue color) and mounted with diluted Fluoromount-G mounting medium 
(Southern-Biotech, Alabama, USA). Triple staining was detected using a Leica DMR-XA automatic 
fluorescence microscope coupled with a Leica Confocal Software, version 2.5 (Leica Microsystems, 
Heidelberg GmbH, Germany), and the images captured were processed using the software Image J 
version 1.43 g Master Biophotonics Facility, Mac Master University Ontario 
(www.macbiophotonics.ca) from the Image Processing Service of the University of Oviedo. 

Specific reaction controls were performed in the same way as for simple immunohistochemistry. 
For control purposes selected sections were processed identically as described above omitting 

the primary and/or secondary antibody in incubation or incubating the sections with non-immune 
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serum from rabbits or mice. Under these conditions, no specific immunoreactivity was found. 
Additional controls were carried out to confirm the absence of autofluorescence that may interfere 
with immunofluorescence results. 

3. Results 

3.1. Identification of the Endometriosis Foci 

Endometriosis foci are characterized by the presence of ectopic endometrial glands surrounded 
by a fibrous endometrial stroma with inflammatory cells. Occasionally they form cysts with 
heterogeneous content including cell debris, traces of hemorrhages and pigmentation due to 
hemosiderin deposition (Figure 1a,d,g and j). Regardless of their anatomical location, the 
immunoreactivity for CD10 was detected in the stroma of endometriosis lesions (Figure 1b,e,h and 
k), and immunoreactivity for estrogen receptors was localized in the nuclei of gland and stromal cells 
(Figure 1c,f,i and l). 

3.2. Piezo1 and Piezo2 Immunoreactivity in the Endometrium. 

In endometrial samples obtained from healthy women, immunoreaction for PIEZO1 was 
regularly detected in the glandular epithelium, with small differences in immunolabeling from one 
gland to another, and no evident differences were noted between the analyzed samples. The 
immunolabeling pattern was membrane-shaped, being more intense in the luminal pole of the cells 
(Figure 2a-d). Doble immunolabeling of the sections to simultaneously detect Piezo1 and cytokeratin 
7 (CK7) confirms that Piezo1 immunoreactivity is limited to the cells of the gland epithelium and 
localized in the cell membrane (Figure 2e-h). 

Regarding Piezo2, its presence in the healthy endometrium was restricted to a small number of 
glands. As for Piezo1, immunoreactivity presented a membrane pattern of immunolabeling (Figure 
2i-l) and was restricted to epithelial cells (Figure 2m-p). 

When the intensity of immunoreactivity for Piezo and Piezo2 was compared in identically 
processed serial sections (Figures 1a and 1i), the difference between the two in favor of Piezo1 can be 
clearly seen. 

 
Figure 1. Structural and immunohistochemical identification of endometriosis foci in different organs. 
Clusters of endometrial glandular epithelium and stroma, occasionally forming cysts, were detected both on the 
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surface and in the depth of the affected organs. The nuclei of the cells of the endometriosis foci were 
immunoreactive for estrogen and progesterone receptors, and the stroma was immunoreactive for CD10. 

 
Figure 2. Immunohistochemical localization of Piezo1 and Piezo2 in the healthy endometrium. Piezo1 
immunoreactivity and immunofluorescence were detected in the endometrial glands and stroma (a-d and e-h), 
while Piezo2 immunoreactivity and immunofluorescence were largely absents or present at residual levels (i-l 
and m-p). CK7: cytokeratin 7; g: glands. For images e-h and m-p: Objective: 20x/0.75 oil; pinhole: 1; XY resolution: 
156 nm.; and Z resolution: 334 nm. 

3.2. Localization of PIEZO1 and PIEZO2 in Endometriosis 

The endometriosis samples analyzed in this study came from endometriosis foci located in the 
uterus itself (eutopic endometriosis) or in other organs (ectopic endometriosis). It should be 
emphasized that the variations in the intensity of immunolabeling observed and reported here in 
endometriosis are always in relation to the epithelium of healthy endometrial tissue. 

3.2.1. Eutopic Endometriosis 

No differences with healthy endometrial tissue were found in eutopic endometriosis for the 
immunoreactivity of PIEZO1 or PIEZO2, nor in the number of glands marked, nor in the pattern or 
intensity of immunolabeling (Figure 3a-d). 

3.2.2. Ovarian Endometriosis 

In the endometriotic foci placed in the ovary, there was an increase in the intensity of the 
immunostaining for Piezo1, and only at the level of the luminal pole of the epithelial cells for Piezo2 
(Figure 3e-h). In addition, immunoreaction of variable intensity for both mechanoproteins was 
detected in the stroma surrounding the glands. 
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Figure 3. Immunohistochemical localization of Piezo1 and Piezo2 in endometriosis (EM). Piezo1 and Piezo2 
immunoreactivity in endometriosis foci in the uterus (a-d), ovary (e-h), peritoneum (i-l), colon (m-), urinary 
bladder (q-t) and vagina (u-x). Scale bar in e is identical for all images. 

3.2.3. Peritoneal Endometriosis 

One of the most common locations of ectopic endometriosis is peritoneum. In the samples 
analyzed, there was no evidence of changes in the expression of the immunoreactivity for Piezo2, 
that is, it was not detected, and that for Piezo1 was higher than that of the control uterine glandular 
epithelium (Figure 3i-l). 

3.2.4. Intestinal Endometriosis 

The levels of immunoreaction intensity for Piezo1 and Piezo2 in endometriosis foci in the colon 
were similar to those observed in the control endometrium (Figure 3m-p). 

3.2.5. Vesical Endometriosis 

In the foci of endometriosis implanted in the urinary bladder, an increase in the intensity of the 
immunoreaction for Piezo1 was observed both in the glandular cells and in the stroma, especially in 
a case in which the foci were implanted in the thickness of the detrusor muscle. Regarding Piezo2, it 
was observed that some isolated epithelial cells had a moderate immunoreaction intensity the others 
being unreactive (Figure 3q-t). 

3.2.6. Vaginal Endometriosis 

As in the case of the ovary, an increase in the intensity of the immunoreaction for Piezo1 and 
Piezo2 was observed in both the glandular epithelium and the stroma (Figure 3u-x). 

The results of the semi-quantitative study are shown in Table 3 and have been carried out by 
specialists in the analysis of histological samples processed for the detection of antigens in human 
tissues fixed and embedded in paraffin. Although the pieces were processed identically, technical 
factors may have influenced the final result, and it is well known that in immunohistochemistry there 
is no stoichiometric relationship between antigen quantity and immunoreactivity intensity. 
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Table 3. Results of the semi-quantitative study on the intensity of immunoreactivity for Piezo1 and Piezo2 in the 
glandular epithelium and stroma of the samples of healthy uterus and endometriosis studied. -: negative, no 
staining; +: faint; ++: moderate; +++: strong. MS: endometriosis. The cubes marked in grey are those that offer 
clearly different results compared to the controls. 

Antigen  PIEZO 1 PIEZO2 Stroma P1/P2 
Endometrium  +/++ -/+ +/+ 
Eutopic EM  +/++ -/+ +/- 
Ovarian EM  ++/+++ ++ ++/++ 

Peritoneal EM  +/++ -/+ +/- 
Intestinal EM ++ -/+  
Vesical EM  +++ -/+  
Vaginal EM  ++/+++ ++ ++/++ 

4. Discussion 

Piezo1 and Piezo2 ion channels were originally described as mediators of mechanotransduction 
[13] but is now accepted that they participate in multiple physiological and pathophysiological 
processes involving forces such as touch, proprioception, pain, angiogenesis, tissue remodeling, 
fibrosis, and inflammation [14,16,39–41]. On the other hand, it is well known that dysregulation of 
Piezo1 function is associated with fibrotic disorders [42], chronic pain syndromes and inflammatory 
diseases [18], and cancer [43]. Furthermore, mutations in the genes encoding PIEZO1 and PIEZO2 
are responsible for multiple hereditary human diseases [44]. Therefore the Piezo channels are linked 
to a wide range of diseases but as far as we know there is no data linking them to endometriosis. 

In the present research, the expressions of Piezo1 and Piezo2 in normal endometrium and in 
eutopic and ectopic endometriosis has been studied using immunohistochemistry. Our results show 
that in normal healthy endometrium Piezo1 and Piezo2 are expressed in the epithelial cells of the 
glands, although the immunoreactivity for Piezo1 is much more potent than for Piezo2. Numerous 
studies using different techniques have shown the expression of both ion channels in epithelial cells, 
for example in the breast, skin, intestine, etc [13,45–48]. Our results extends to the epithelium of the 
human uterus the expression of these channels, most notably Piezo1. We have also observed 
immunoreactivity for Piezo1 and Piezo2 in the smooth muscle cells of the blood vessels and in the 
myometrium, but always at lower levels than in the epithelial tissue. Previous studies already 
demonstrated the presence of Piezo1 mRNA in primary human endometrial epithelial and stromal 
cells. Moreover, consistently with previous research which observed low levels of Piezo2 mRNA in 
human and murine endometrial epithelial and stromal cells [33] we observed weak or negative 
staining for Piezo2 in some endometrial glands. Additionally, we detected Piezo1 staining in human 
endometrial blood vessels, aligning with earlier findings of Piezo1 expression in rat uterine blood 
vessels [34]. Mechanical forces influence endometrial cell behavior throughout the menstrual cycle, 
preparing the endometrium for embryo implantation [49] acting through various types of 
mechanosensitive channels [50]. 

In general, endometriosis produced slight to moderate increases in Piezo1 and no changes in 
Piezo2 expression. However, in the endometriosis foci found in the ovary and vagina the 
immunoreactivity for both ion channels increased markedly. Thus, the organs where the increase in 
the expression of Piezo1 and Piezo2 has been most evident were those with well-known hormonal 
regulation. As far as we know, this fact has never been described in endometriosis. However, if it is 
known that in other organs under hormonal control such as the breast that Piezo2 expression 
positively correlated with estrogen receptor (ER) and progesterone receptor [51]. 

Endometriosis is a chronic inflammatory condition characterized by the presence of 
endometrial-like tissue within or outside the uterus, resulting in pelvic pain and infertility [52]. In all 
the hallmarks of endometriosis, i.e., pain, fibrosis, inflammation, Piezo channels could participate 
[16]. For example, frequently in endometriosis there is fibrotic tissue inside and around the glandular 
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foci, especially in stages III and IV, which are the majority of our cases, and Piezo1 is related to fibrosis 
[23]. In addition, endometriosis courses with inflammation and both Piezo1 and Piezo2 promotes 
pro-inflammatory signaling [53,54] and with inflammation-related pain states [55,56]. 

Understanding the roles of Piezo1 and Piezo2 in endometriosis could provide novel insights into 
the disease’s pathogenesis and identify new molecular targets for therapeutic intervention. Recent 
advances in Piezo channels pharmacology [57–59] make this an especially timely and relevant avenue 
of research. Such studies could pave the way for more effective treatments that address the 
mechanobiological underpinnings of this debilitating condition, improving patient outcomes. 

Various limitations to this study should be considered, especially the size of the sample, the 
organs where the foci of endometriosis are located and that only one study technique is used. We 
consider this work to be the basis for further studies using molecular biology techniques and a larger 
number of samples and locations to confirm the present data. However, the data still demonstrate a 
tendency for increased Piezo1 in endometriosis and point to a hormonal regulation of the expression 
of Piezo1 and Piezo2. Despite these limitations, our findings provide valuable evidence of the 
relationship between Piezo channels and the hallmarks of endometriosis. 

5. Conclusions 

As a whole, present results demonstrate for the first time the occurrence of Piezo1, and with less 
expression, the Piezo2 in healthy human endometrium, as well as an increase in Piezo1 in ectopic 
endometriosis, regardless of the anatomical location of the endometriosis foci. Piezo2 is only 
evidently increased in the foci of endometriosis of the ovary and vagina, which suggests a hormonal 
control of its expression. 
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