
Reprod Med Biol. 2022;21:e12426.	 ﻿	   | 1 of 16
https://doi.org/10.1002/rmb2.12426

wileyonlinelibrary.com/journal/rmb

1  |  INTRODUC TION

Endometriosis is an estrogen-dependent and inflammatory gyne-
cologic disease affecting 6%–10% of women of reproductive age.1 
Despite advances in surgery and expansion of our knowledge on its 
molecular aberrations, the clinical management of endometriosis 

remains a challenge,1 and the development of more efficacious and 
safer medical treatment is still an unfulfilled need for endometriosis. 
Unfortunately, the development of non-hormonal drugs for endo-
metriosis has been painfully stagnant.2,3 Recognizing the chronic 
proinflammatory nature of the disease, many non-hormonal anti-
inflammation drugs have been tested but all apparently failed.3
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Abstract
Purpose: We investigated the change, if any, in prostaglandin E2 (PGE2) signaling in 
endometriotic lesions of different developmental stages in mouse. In addition, we 
evaluated the effect of treatment of mice with induced deep endometriosis (DE) with 
inhibitors of PGE2 receptor subtypes EP2 and EP4 and metformin.
Methods: Three mouse experimentations were conducted. In Experiment 1, female 
Balb/C mice were induced with endometriosis or DE and were serially sacrificed after 
induction. Experiments 2 and 3 evaluated the effect of treatment with EP2 and EP4 in-
hibitors and metformin, respectively, in mice with induced DE. Immunohistochemistry 
analysis of COX-2, EP2, and EP4, along with the extent of lesional fibrosis, was 
evaluated.
Results: The immunostaining of COX-2, EP2, and EP4 turned from activation to a stall 
as lesions progressed. Treatment with EP2/EP4 inhibitors in DE mice exacerbated 
endometriosis-associated hyperalgesia and promoted fibrogenesis in lesions even 
though it suppressed the PGE2 signaling dose-dependently. In contrast, treatment 
with metformin resulted in increased PGE2 signaling, concomitant with improved hy-
peralgesia, and retarded lesional fibrogenesis.
Conclusions: The PGE2 signaling diminishes as endometriotic lesions progress. 
Treatment with EP2/EP4 inhibitors in DE mice exacerbates endometriosis, but met-
formin appears to be promising seemingly through the induction of the PGE2 signaling.
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Complexity aside, this stagnancy is likely attributable also to the 
fibrotic content in lesions,3 probably a result of the well-documented 
diagnostic delay in endometriosis.4 By the time when the patient is 
finally diagnosed unequivocally with endometriosis, her lesions may 
already become highly fibrotic, and, as such, become very difficult to 
treat by medication.5

In endometriosis, prostaglandin E2 (PGE2), a bioactive prosta-
noid, sits right at the nexus of estrogen biosynthesis and inflam-
mation.6 Abundant data indicate that COX-2 is overexpressed in 
endometriotic lesions.7–13 In addition, the lesional expression of mi-
crosomal PGE2 synthases (mPGESs)—genes coding for the terminal 
enzymes that specifically convert PGH2 to PGE2—is reported also to 
be elevated in endometriosis,12 suggesting that the PGE2 signaling 
pathway is activated in endometriosis.

Preclinical studies have shown that several selective COX-2 in-
hibitors, called COXIBS, are effective in suppressing endometrio-
sis.14–16 One clinical study went even further to demonstrate that 
treatment with rofecoxib postoperatively for 6 months is effective 
in the management of pelvic pain associated with endometriosis.17 
However, due to the elevated risk of cardiovascular events, several 
commercial COXIBS were pulled out from the market in 2004–2005, 
quelling the interest in COXIBS as a therapeutics for endometriosis. 
In addition, the possible disruption of ovulation also is of concern.18

The biological actions of PGE2 are mediated via its receptors 
EP1–4 by integrating multiple signaling pathways.19 In endometrio-
sis, it has been reported that EP2 and/or EP4 are overexpressed.13,20 
It also has been shown that an EP2/EP4 inhibition induces apopto-
sis21 and suppresses invasion.22 One study also demonstrates that 
selective antagonism against EP2/EP4 attenuated DNA synthesis, 
cAMP accumulation, and IL-1β-induced secretion of IL-6 and IL-8 
and aromatase expression.23 EP2/EP4 antagonism also resulted in 
reduced expression of vascular endothelial growth factor (VEGF), 
and chemokine ligand 2 (CXCL2) and CXCL3.23 Mouse studies in-
dicated that inhibiting EP2/EP4 decreased the growth and survival 
of endometriotic tissues,24 and treatment with an EP2 antagonist 
reduced hyperalgesia.25

However, we recently found that increased fibrotic content in 
endometriotic lesions is accompanied by significantly reduced PGE2 
signaling, manifesting as reduced expression of COX-2, EP2, and 
EP4,26 consistent with the reported attenuation of PGE2 signaling 
in several fibrotic conditions. Indeed, as the extent of fibrosis—and 
thus tissue stiffness—increases, it interferes with multiple steps of 
PGE2 biosynthesis, including the suppression of PGESs,

27 and the 
PGE2 signaling becomes subsided.28,29

A close scrutiny of the published studies would reveal that 
while both EP2 and EP4 have been shown to be overexpressed in 
endometriotic lesions,13 the supporting data were based on 16 tis-
sue samples, of which 12 (75%) were from ovarian endometrioma 
(OE) and the rest 4 (25%) were from deep endometriosis (DE) le-
sions.13 Yet DE lesions are known to be more fibrotic than OE le-
sions.5 Another study failed to show EP2 overexpression.20 More 
curiously, a recent study demonstrating the therapeutic potentials 
of EP2/EP4 inhibitors actually showed that the EP2/EP4 staining 

in ectopic endometrium appears to be lower than that in normal 
endometrium.23

As for the study showing the efficacy of EP2/EP4 inhibitor treat-
ment, it can be seen that the results were based on the treatment 
that was started merely 2 weeks after induction of endometriosis on 
immunodeficient mice.24 In another study using immune-competent 
mouse,24,30 the treatment with EP2/EP4 inhibitors started 3 weeks 
after the induction of endometriosis. Typically, 2 or 3 weeks are not 
long enough to permit lesional fibrogenesis to consummate.3,31 This 
raises the question as whether PGE2 signaling would change as en-
dometriotic lesions progress, and, if so, whether EP2/EP4 inhibition 
would be truly efficacious when lesions induced in mouse can reca-
pitulate some salient features of their human counterpart.

In this study, we first carried out a serial experimentation to 
evaluate the immunohistochemistry staining of COX-2, EP2, and 
EP4 in lesions in mice with induced endometriosis and DE. Based 
on the finding that the PGE2 signaling is attenuated when lesions 
are fibrotic enough, we further evaluated the efficacy of EP2/EP4 
inhibitors in mice with induced DE. Finally, we evaluated the effect 
of metformin treatment on mice with induced DE and on PGE2 sig-
naling in lesions, since endometriosis is increasingly recognized as a 
fibrotic condition32,33 and metformin is recently shown to reverse 
lung fibrosis.34,35

2  |  MATERIAL S AND METHODS

2.1  |  Animals

All mice used for this study were female Balb/C mice, 6-week old, 
and ~18–21  g in bodyweight and were purchased from the SLAC 
Experimental Animal Company. They were maintained under con-
trolled conditions with a light/dark cycle of 12/12 h and had access 
to chows and water ad libitum. All mice underwent experimental 
procedures after two weeks of acclimatization. All experiments were 
performed under the National Research Council's Guide for the Care 
and Use of Laboratory Animals36 and were approved by the institu-
tional review board on experimental animals of Shanghai OB/GYN 
Hospital, Fudan University.

2.2  |  Experiment protocols

Three mouse experiments were conducted. The purpose and proto-
col of these three experiments are detailed below.

2.2.1  |  Experiment 1. To evaluate the changes, 
if any, in the PGE2 signaling pathway in the mouse 
model of (regular) endometriosis (EM) and DE

Ninety mice were used for this experiment, and 30 of them were 
randomly selected as donors to provide uterine tissue fragments 
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while the remaining 60  mice were designated as recipients that 
received the fragments. We used the established mouse model of 
endometriosis by Somigliana et al.37 and of the mouse DE model.38

The recipient mice were randomly divided into three equal-sized 
groups: Control or CT group, in which mice received intraperitoneal 
(i.p.) injection of fat tissues, instead of uterine fragments, for sham 
modeling, EM group, in which mice were induced with endometriosis 
by i.p. injection of uterine fragments harvested from donor mice,37 
and DE group, in which mice also had i.p. injection of uterine frag-
ments but also received infusion of substance P.38 We designated 
Day 0 as the induction day when mice received i.p. injection of either 
uterine or fat tissue fragments. At day −1, mice in the DE group were 
inserted with Alzet osmotic pumps (model 1004, DURECT Corp) 
containing substance P (0.1 mg/kg/day; Abcam),39 while those in the 
EM and CT groups were inserted with identical pumps containing 
the same volume of sterile saline. On Day 0, all donor mice were 
sacrificed and their uteri were harvested. To induce endometriosis, 
uterine tissues were harvested from one donor mouse were pro-
cessed and then injected i.p. to two recipient mice, one each from 
EM and DE groups, and an equal volume (half of that uterine tissues 
because of only one recipient) of fat tissues from the parametrium 
of the same donor mouse was harvested, processed similarly as the 
uterine tissues, and then injected i.p. to one CT mouse. Two and four 
weeks after induction, 10 mice each from the three groups were se-
lected at random and sacrificed. Eutopic (for CT mice) and ectopic 
(for EM and DE mice) endometrial tissue samples were carefully ex-
cised, collected, weighed, and then processed for further analyses. 
Bodyweight and hotplate latency were evaluated before induction 
and sacrifice.

2.2.2  |  Experiment 2. To evaluate the treatment 
effect of different doses of EP2/4 inhibitors in mice 
with induced DE

This experiment used 48 mice, and 16 of them were randomly se-
lected as donors while remaining 32 mice were recipients. The re-
cipient mice were induced with DE as described previously39 and 
above. Four weeks after induction, the recipient mice were ran-
domly divided into four groups in equal sizes: Control, Low (low-
dose), Medium (medium-dose), and High (high-dose) groups, and 
were treated, through daily oral gavage, with different doses of 
PF-04418948 (PZ0213, Sigma), an EP2 inhibitor (EP2I), and ONO-
AE3-208 (SML2076, Sigma), an EP4 inhibitor (EP4I). We chose these 
two inhibitors since they both have excellent specificity.40 In addi-
tion, they both have superior oral bioavailability.41,42 PF-04418948 
was also used by.25 In this experiment and in Experiment 3, the dura-
tion of treatment was set to be 3 weeks, was based on the principle 
that treatment period should be long enough to realize its therapeu-
tic potential yet not overly long, especially compared with the length 
of the induction period. Here, we used the rough conversion of aver-
age human lifespan, which is about 70 years old, to mouse, of which 
the average life span is 2 years old. Thus, 3 weeks in mouse would be 

equivalent to 3 × 35 = 105 weeks or about 2 years in humans. The 
2 years of medication appears to be long enough to exert treatment 
effect but not too long.

The low-dose group were administrated with EP2I 10 mg/kg/
day and EP4I 5 mg/kg/day, and the medium- and high-dose groups 
were EP2I 10 mg/kg/day + EP4I 10 mg/kg/day and EP2I 30 mg/kg/
day + EP4I 10 mg/kg/day, respectively. The choice of these three 
dosages was based on published studies on mouse.43,44 The mice in 
the Control group received an equal volume of saline with the same 
administration route. Three weeks of the start of the treatment, all 
groups of mice were sacrificed, and all their lesions were carefully 
excised, evaluated, and processed for further analyses. Bodyweight 
and hotplate latency were evaluated on Day 0 before induction, 
4 weeks after induction but before treatment, and 5, 6, and 7 weeks 
after induction.

2.2.3  |  Experiment 3. To evaluate the treatment 
effect of metformin in mice with induced DE

Thirty mice were used for this experiment, and 10 of them were ran-
domly selected as donors and the remaining 20 were designated as 
recipients. The recipient mice were induced with DE as described 
above. Four weeks after the induction, the 20 mice were randomly 
divided into two equal-sized groups: Control group and Metformin 
(Met) group. Mice in Met group were injected i.p. with metformin 
(PHR1084, Sigma) 200 mg/kg/day dissolved in 300 μl sterile saline, 
while Control mice were injected i.p. with an equal volume of saline. 
The choice of this dosage was based on the conversion of human 
dosage, which ranges from 1000 to 2000  mg per day, to mouse, 
which ranges from 150 to 300 mg/kg, as well as on published studies 
on mouse.45,46 The choice of the i.p. administration route was based 
on a previous report.47

After 3 weeks of treatment, all mice were sacrificed, and the en-
dometriotic lesions, bodyweight, and hotplate latency were evalu-
ated as described in Experiment 2.

2.3  |  The hotplate test and lesion measurement

We used the hotplate test to evaluate the endometriosis-associated 
hyperalgesia in mice as reported previously.48 Hot Plate Analgesia 
Meter (Model BME-480, Institute of Biomedical Engineering, 
Chinese Academy of Medical Sciences) was used to administrate 
hotplate test to all mice. Before each test, the mouse was brought 
into the testing room to acclimatize for 10 min. During the test, the 
temperature of the metal plate was kept to 55.0°C. The mouse was 
put inside a plastic cylinder with a height of 20 cm and a diameter of 
18 cm on the metal plate of 25 cm × 25 cm in size. The responding 
latency was defined as the time interval (in seconds) from the time 
when the mouse was put into the cylinder to the time when it licked 
or flicked its hind paws, or jolted or jumped off the hot plate. The 
extent of endometriosis was measured by measuring the dry weight 
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of all lesions excised from mice as described previously.37 All endo-
metriotic lesions were excised and carefully weighed and then fixed 
with 10% formalin (w/v) for further analyses.

2.4  |  Immunohistochemistry (IHC) staining

All mice were sacrificed by cervical dislocation, and their lesions were 
harvested, weighed, and fixed with 10% formalin (w/v) and paraffin-
embedded for further evaluation or immunohistochemistry. Serial 
4-μm sections were obtained from each block, with the subsequent 
slides for immunohistochemistry (IHC) analysis for cyclooxyge-
nase-2 (COX-2, 1:300; #ab15191; Abcam), EP2 (1:300; #ab167171; 
Abcam), EP4 (1:300; #bs-8538r; Bioss), and αsmooth muscle actin (α-
SMA, 1:100; #ab5694. Abcam). The tissue slides were incubated at 
60℃ for 1 h and then were deparaffinized in xylene and rehydrated 
in a series of graded ethanol concentrations. For antigen retrieval, 
the slides were soaked in a citrate buffer (pH 6.0) and put into pres-
sure cooker to boil for 3 min. Cool down naturally to room tempera-
ture. After three-time rinsing in phosphate-buffered saline (PBS), the 
slides were incubated with 0.5% goat blocking serum for 30 min at 
room temperature for blocking nonspecific binding sites. Then incu-
bate with the primary antibodies overnight at 4°C. After three-time 
rinsing in PBS, the slides were incubated with biotinylated secondary 
antibody, Supervision TM Universal (Anti-Mouse/Rabbit) Detection 
Reagent (HRP; Shanghai GeneTech Company) for 30 min at room 
temperature. The bound antibody complexes were stained for 
3–5 min or until appropriate for microscopic examination with diam-
inobenzidine and then counterstained with hematoxylin (1 min) and 
mounted. Images were obtained with an Olympus BX51 microscope 
(Olympus) fitted with a digital camera (Olympus DP70, Olympus) at 
400× magnification and export as a TIFF-format digital file. Images 
taken from the same experiment were obtained under identical mi-
croscopy conditions and were evaluated on the same day. When 
replacing the sample, the microscope settings were kept constant 
except the necessary adjustment of focal length and field of view, 
with the automatic white balance function turned off and to keeping 
all images with the identical exposure time and aperture. Three to 
five images of each sample were randomly selected to obtain a mean 
optional density value by Image Pro-Plus 6.0 (Media Cybernetics, 
Inc.). For negative controls, we used IgG from rabbit or mouse serum 
instead of the primary antibodies. For positive controls, human colo-
rectal tumor tissues were used for COX-2, human colon tissues for 
EP2, lung cancer tissues for EP4, and mouse intestine tissues for α-
SMA (Figure S1).

2.5  |  Masson trichrome staining

Masson trichrome staining was employed to evaluate the extent of 
lesional and tissue fibrosis. The tissue slides were incubated at 60°C 
for 1 h and then were deparaffinized in xylene and rehydrated in a 
series of graded ethanol concentrations. Then, slides were immersed 

at 37°C for 2 h in Bouin's solution, which consisted of a mixture of 
saturated 75 ml of picric acid, 25 ml of 10% (w/v) formalin solution, 
and 5 ml of acetic acid. Sections were stained using the Masson's 
Trichrome Staining kit (Servicebio) following the manufacturer's 
instructions. Image Pro-Plus 6.0 was used to calculate the blue-
stained areas of the collagen fiber layer in proportion to the entire 
field of the ectopic endometrium.

2.6  |  Statistical analysis

The lesion weight data and the immunostaining data from 
Experiments 2 and 3 were presented in boxplots. In a boxplot, the 
line in the box represents the median, and the upper and lower 
sides represent the 3rd and the 1st quantile, respectively, while the 
upper and lower whiskers represent respectively the maximum and 
the minimum values in the data. The comparison of distributions of 
continuous variables between or among two or more groups was 
made using the Wilcoxon and Kruskal tests, respectively, and the 
paired Wilcoxon test was used when the before-after comparison 
was made for the same group of subjects. A Pearson rank correla-
tion coefficient was used when evaluating correlations between two 
variables. Multiple linear regression analysis was used to identify 
which factor(s) were associated with the lesion weight or IHC meas-
ure (square-root- or log-transformed to improve normality, where 
appropriate).

P-values of <0.05 were considered statistically significant. All 
computations were made with R 4.1.049 (www.r-proje​ct.org).

3  |  RESULTS

3.1  |  The diminishing PGE2 signaling in lesions 
as lesions progressing in mice with (regular) 
endometriosis (EM) and deep endometriosis (DE)

All 60 mice survived the Experiment 1. As expected, there was no dif-
ference in bodyweight at the baseline (P = 0.94; Figure 1A) and 2 weeks 
after the induction of endometriosis (P = 0.64; Figure 1A) among the 
3 groups of mice. However, 4 weeks after the induction, there was a 
significant difference in bodyweight (P = 7.4 × 10−5; Figure 1A), with 
mice in the EM and DE groups having significantly reduced body-
weight as compared with the CT mice (P = 0.0046 and P = 0.0002, 
respectively; Figure 1A). In particular, the bodyweight of the DE mice 
was significantly lower than that of the EM mice (P = 0.013; Figure 1A). 
Multiple linear regression on bodyweight using time of measure-
ment, induction of endometriosis or not, and infusion with substance 
P (SP) or not indicates that the time of measurement was positively 
associated with the bodyweight (P < 2.2 × 10−16), and both endome-
triosis induction and SP infusion interacted negatively with the time 
of measurement (P = 0.0013 and P = 0.036, R2 = 0.62), suggesting 
that while there is a general trend for increasing bodyweight, both 
endometriosis and SP infusion attenuated the increase, due possibly 

http://www.r-project.org
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to the endometriosis-associated pain-suppressive food intake. This is 
further evidenced by the correlation between the hotplate latency and 
bodyweight at the end of the 4th week (r = 0.67, P = 4.6 × 10−5) and 
between the change in latency and bodyweight since the start of the 
experiment (r = 0.65, P = 0.00011).

No difference in lesion weight between EM and DE groups was 
found at 2 and 4 weeks after the induction of endometriosis (both 
P's ≥ 0.80; Figure 1B), despite the apparent trend for the increase 
in lesion weight in both the EM and DE groups, especially in the DE 
mice (Figure 1B).

F I G U R E  1 (A) Dynamic changes in the mean bodyweight in three different groups of mice. (B) Dynamic changes in mean lesion weight 
between mice with induced (regular) endometriosis and deep endometriosis. (C) Dynamic changes in the mean hotplate latency in three 
different groups of mice. In all panels, the data are represented by the means ± SDs. Symbols of statistical significance levels: ***P < 0.001; 
NS: not statistically significant (P > 0.05). In panels (A) and (C), Kruskal's rank test was used, while Wilcoxon's test was used in panel (B)

F I G U R E  2 Representative photomicrographs of immunostaining and histochemistry analysis of endometrial samples from control mice 
and endometriotic lesions from mice with (regular) endometriosis and deep endometriosis at 2 and 4 weeks after induction. Different rows 
show different markers as indicated. Different columns represent different tissue samples from normal endometrium from control mice, 
endometriotic lesions from mice with induced endometriosis and deep endometriosis, respectively, grouped under time point at which the 
tissue samples were harvested. In Masson trichrome staining, the collagen fibers in lesions were stained in blue. In all figures, magnification: 
×400. Scale bar = 50 μm
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We also evaluated the severity of hyperalgesia resulting from 
endometriosis using hotplate test. As expected, there was no dif-
ference in hotplate latency before the induction of endometrio-
sis among the three groups (P = 1.0; Figure 1C). However, 2 and 
4  weeks after the induction, there was a significant difference 
among the 3 groups (P = 0.0001 and P = 1.1 × 10−5; Figure 1C). Of 
note, while there was no significant reduction in latency at 2 weeks 
after induction in the CT mice (P = 0.47; Figure 1C), there was a 
marginally significant reduction at 4 weeks (P = 0.058; Figure 1C), 
but still no difference in latency between 2 and 4 weeks after in-
duction (P = 0.70). In contrast, at both 2 and 4 weeks after the in-
duction, both EM and DE groups had significantly reduced latency 
either compared with their baseline levels or the levels at 2 weeks 
(all P 's < 0.006; Figure 1C). At both 2 and 4 weeks after induction, 
both EM and DE groups had significantly shorter latency than that 
of the CT mice (all P 's  <  0.0005; Figure  1C). Multiple linear re-
gression on latency using time of measurement, induction of en-
dometriosis or not, and infusion with SP or not indicates that the 
time of measurement was negatively associated with the latency 
(P = 0.019), and both endometriosis induction and SP infusion in-
teracted negatively with the time of measurement (P < 2.2 × 10−16 
and P = 0.0013, R2 = 0.90).

Next, we evaluated the extent of tissue fibrosis and markers 
of the PGE2 pathway by immunohistochemistry, including COX-
2, EP2, and EP4, in ectopic endometrium of mice from EM and 
DE groups as well as in endometrium from CT mice, matched by 
time of tissue harvest. As shown in Figure 2, the extent of lesional 
fibrosis increased as lesions progressed, especially in DE lesions. 
In addition, the immunostaining of COX-2, EP2, and EP4 was seen 
both in epithelial and stromal cells, and COX-2 staining was local-
ized in the cell cytoplasm, while staining of EP2 and EP4 was in the 
cell membrane (Figure 2).

Further analysis revealed two general trends (Figure  3). First, 
with the only exception of EP2, the extent of tissue fibrosis and 
the staining levels of COX-2 and EP4 in endometrium from CT 
mice were largely unchanged during the 2-week time period (all P-
values > 0.27; Figure 3A–C,F,G). The EP2 staining levels, however, 
were significantly elevated in both stromal and epithelial compo-
nents during this time period (both P-values ≤ 0.0020, Figure 3D,E). 
Second, starting from 2 weeks after induction, the extent of lesional 
fibrosis in both EM and DE mice was significantly higher than that of 
endometrium from CT mice (Table 1; Figure 3A). Third, there was a 
general trend that the PGE2 signaling was activated during the early 
stage of lesional progression (at 2 weeks after induction) but became 
largely abrogated during the later stage (Table 1; Figure 3B–G) de-
spite increasing EP2 staining in normal endometrium. Lastly, this re-
verse in trend appears to be more prominent in DE lesions (Table 1; 
Figure 3B–G), which had higher fibrotic content than in EM lesions 
(P = 0.0003 at week 4; Figure 3A).

While the hotplate latency was not correlated well with the le-
sion weight (r = −0.20, P = 0.20), it was correlated negatively with the 
extent of lesional fibrosis (r = −0.78, P = 3.7 × 10−9; Figure S2A). The 

extent of lesional fibrosis correlated negatively with lesional staining 
levels of COX-2, EP2, and PE4 in both stromal and epithelial compo-
nents (all 6 r's≤-0.63, all 6 P-values ≤1.5 × 10−5; Figure S2B–G).

3.2  |  Treatment with EP2 and EP4 inhibitors 
exacerbates endometriosis in mice with deep 
endometriosis

Given the above finding that the PGE2 signaling is progressively di-
minished in endometriotic lesions as they progressed, one would 
infer that the further suppression of EP2 and EP4 by pharmacologi-
cal means may not yield desired therapeutic effect, as shown pre-
viously.22,24,50,51 To find out the efficacy of EP2 and EP4 inhibitors 
on endometriosis, we conducted Experiment 2 using the DE mouse 
model and then treated the mice with vehicle or PF-04418948 (an 
EP2 inhibitor) and ONO-AE3-208 (an EP4 inhibitor) at low, medium, 
or high doses for 3  weeks. And we evaluated bodyweight, lesion 
weight, hotplate latency, and immunostaining of COX-2, EP2, EP4, 
and α-SMA, as well as the extent of lesional fibrosis.

Similar to Experiment 1 as presented above, there was no signif-
icant difference in bodyweight before and after the induction of DE 
but before the treatment (both P's > 0.83; Figure 4A). In addition, 
the bodyweight in all 4 groups of mice was increased steadily and 
significantly during the induction period (P = 8.3 × 10−7; Figure 4A). 
While there was no significant difference in bodyweight among the 
four groups of mice 1 and 2 weeks of treatment (both P's ≥ 0.18; 
Figure 4A), the difference was marginally significant at the end of 
the experiment (P = 0.060; Figure 4A). Multiple linear regression on 
the weight gain/loss in reference to the bodyweight at the start of 
the treatment using the duration of treatment and the dosages of 
EP2 and EP4 inhibitors as covariables, we found that both the dura-
tion of treatment and the dosage of the EP4 inhibitor are both neg-
atively associated with the bodyweight (P = 0.038, P = 7.0 × 10−5; 
R2 = 0.19). The correlation coefficient between the hotplate latency 
and bodyweight at the end of the experiment was 0.27 but not sta-
tistically significant (P = 0.13), so was the correlation coefficient be-
tween the change in latency and bodyweight since the start of the 
treatment (r = 0.30, P = 0.099).

There was no significant difference in lesion weight among the 
4 groups of mice (P = 0.38; Figure 4B). Pairwise comparison in ref-
erence to the control group also yielded no significant result (all 
P's ≥ 0.38; Figure 4B). In fact, the mean lesion weight of the low-, 
medium-, and high-dose groups was 5.0%, 19.0%, and 29.1% higher 
than that of the control group. Multiple linear regression using the 
dosages of EP2 and EP4 inhibitors as covariables did not yield any 
meaningful results.

As expected, there was no difference in hotplate latency among 
the 4  groups of mice before the induction of endometriosis and 
before the start of treatment (both P's  ≥  0.19; Figure  4C). Again, 
4 weeks after the induction, there was a significant reduction in la-
tency (P  =  8.1  ×  10−7; Figure 4C). Starting from 1 week after the 
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treatment, there was a statistically significant difference in hotplate 
latency among the 4  groups of mice (P  =  0.049, P  =  0.0069, and 
P  =  0.0059, respectively; Figure 4C). After 3 weeks of treatment, 
mice treated with high dose, but not low and medium dose (P = 0.65 
and P  =  0.27, respectively), of EP2 and EP4 inhibitors had signifi-
cantly shorter latency than that of the control mice (P  =  0.0006; 
Figure 4C).

We further performed immunohistochemistry analysis of COX-
2, EP2, EP4, and α-SMA (a marker of FMT) in endometriotic lesions 
and evaluated the extent of lesional fibrosis by Masson trichrome 
staining (Figure 5). The staining levels of COX-2, EP2, and EP4 in 
the epithelial and stromal components were highly correlated (all 
r's≥0.57, and all P-values ≤ 0.0006). We found that lesions from 
mice treated with all doses of EP2 and EP4 inhibitors had signifi-
cantly reduced stromal COX-2 staining as compared with that of 
control mice (all P-values  ≤  0.012; Figure  5). For the epithelial 
component, all doses reduced the COX-2 staining, but only those 
treated with medium and high doses yielded significant reduction 
(both P-values  ≤  0.010). For EP2 and EP4, with the only excep-
tion for the low-dose group in the epithelial component, lesions 
from all treated mice had significantly reduced staining levels (all 
P 's ≤ 0.038; Figure 5). Multiple linear regression using the EP2 and 
EP4 inhibitor doses as covariables indicated that EP2 and EP4 in-
hibitors dose-dependently reduced stromal EP2 and EP4 staining 

levels (all P-values  ≤  0.016; both R2  ≥  0.84). However, the joint 
use of EP2 and EP4 inhibitors did not yield synergistic effect in 
suppressing EP2 and EP4 expression. In fact, for EP4 staining, 
the joint use slightly but significantly abrogated the suppression 
(P = 0.003).

The staining levels of ɑ-SMA in mice treated with medium and 
high dose, but not low dose (P = 0.13; Figure 5), of EP2/EP4 inhib-
itor were significantly higher than that of the control mice (both 
P's = 0.00016; Figure 5). Remarkably, all treatment groups had sig-
nificantly higher extent of lesional fibrosis than the control mice (all 
three P's < 0.0011; Figure 5). Multiple linear regression using dos-
ages as covariables indicated that the EP4 inhibitor and the joint use 
of EP2 and EP4 inhibitors significantly and positively associated with 
the both ɑ-SMA staining levels and the extent of lesional fibrosis (all 
P's < 0.04; R2 ≧ 0.79).

The hotplate latency at the end of experiment correlated nega-
tively with the extent of lesional fibrosis (r = −0.71, P = 6.3 × 10−7; 
Figure  S3A), but did not correlate with the lesion weight at all 
(r = −0.10, P = 0.60). The staining levels of COX-2, EP2, and EP4 in 
the stromal as well as the epithelial components all correlated neg-
atively with the extent of lesional fibrosis (r = −0.59, P = 0.0004, 
r  =  −0.75, P  =  5.9  ×  10−7, r  =  −0.80, P  =  2.9  ×  10−8, r  =  −0.50, 
P = 0.0010, r = −0.66, P = 4.6 × 10−5, and r = −0.77, P = 3.4 × 10−7, 
respectively; Figure S3B–G), but positively (except epithelial COX-2 

F I G U R E  3 Summary result of immunohistochemistry and Masson trichrome staining in human samples showing the dynamic changes 
as endometriotic lesions progress over time. Dynamic changes in the extent of fibrosis in tissues/lesions in different groups of mice (A). 
Dynamic changes in the immunostaining of COX-2 the stromal (B) and epithelial (C) components in tissues/lesions in different groups of 
mice. Dynamic changes in the immunostaining of EP2 the stromal (D) and epithelial (E) components in tissues/lesions in different groups of 
mice. Dynamic changes in the immunostaining of EP4 the stromal (F) and epithelial (G) components in tissues/lesions in different groups of 
mice. In all panels, the data are represented by the means ± SDs, and Kruskal's rank test was used. Symbols of statistical significance levels: 
*P < 0.05; **P < 0.01; ***P < 0.001; NS: not statistically significant (P > 0.05)
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(r = 0.26, P = 0.1) with the hotplate latency (r = 0.50, P = 0.0036, 
r = 0.66, P = 3.6 × 10−5, r = 0.48, P = 0.0057, r = 0.57, P = 0.0007, 
and r = 0.50, P = 0.003, respectively). Taken together, these results 
indicate that the treatment with EP2 and EP4 inhibitors in mice did 
not impact much on the lesion weight, but accelerated the lesional 
progression and fibrogenesis, exacerbating the hyperalgesia.

3.3  |  Metformin attenuates the extent of lesional 
fibrosis concomitant with elevated PGE2 signaling in 
mice with induced deep endometriosis

We also carried out a mouse experimentation to see whether met-
formin can reduce the fibrosis of endometriotic lesions and increase 

Marker name Type of lesions 2 weeks 4 weeks

Extent of tissue fibrosis Endometriosis ↑0.00095 ↑0.00013

Deep endometriosis ↑1.1 × 10−5, R2 = 0.53 ↑4.0 × 10−9,

R2 = 0.73

COX−2 Endometriosis ↑3.9 × 10−6

(↑1.5 × 10−7)
↓0.039
(↓0.0005)

Deep endometriosis ↑0.00091,
R2 = 0.56

(↑0.003, R2 = 0.65)

↓0.00043,
R2 = 0.37

(↓2.6 × 10−11, R2 = 0.82)

EP2 Endometriosis ↑0.00032
(↑0.009)

↓0.00023
(↓3.2 × 10−5)

Deep endometriosis 0.11,
R2 = 0.39
(0.25, R2 = 0.23)

↓9.4 × 10−11,

R2 = 0.80

(↓1.3 × 10−12, R2 = 0.85)

EP4 Endometriosis ↑0.0023
(↑0.022)

↓7.6 × 10−5

(↓0.0011)

Deep endometriosis 0.082,
R2 = 0.30
(0.34, R2 = 0.18)

↓3.0 × 10−6,

R2 = 0.59

(↓1.9 × 10−7, R2 = 0.64)

Note: The red and blue arrows indicate the significant increase and decrease, respectively. The numbers shown in parenthesis are for the epithelial 
component.
The arrows ↑ and ↓ indicate, respectively, an increasing or decreasing trend by the sign of the regression coefficient. If an arrow is absent, then the 
regression coefficient is not statistically significant, indicating no association.

TA B L E  1 P-values for the difference between the lesions of interest and the normal endometrium based on linear regression analysis

F I G U R E  4 (A) Dynamic changes in the mean bodyweight in 4 different treatment groups of mice. (B) Boxplot of the lesion weight among 
different groups. The dashed line represents the median value of all mice, and the upper and lower sides represent the 3rd and the 1st 
quantile, respectively. (C) Dynamic changes in the mean hotplate latency in four treatment different groups of mice. In panels (A) and (C), the 
data are represented by the means ± SDs, and Kruskal's rank test was used. In addition, the time point at which endometriosis was induced 
is indicated, and the treatment period also is indicated. In panel (B), Wilcoxon's test was used, and the comparison was made in reference to 
the control group. Symbols of statistical significance levels: *P < 0.05; **P < 0.01; NS: not statistically significant (P > 0.05)
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the expression of PGE2 pathway. As expected, before the induction 
of endometriosis and the start of the treatment, there was no sig-
nificant difference in bodyweight between the two groups of mice 
(both P 's ≧ 0.57; Figure 6A), even though the bodyweight was in-
creased during the 4-week induction period (P = 1.9 × 10−6).

Starting from 1  week after the treatment, the bodyweight 
between the two groups of mice appeared to diverge, with the 
metformin-treated mice gaining weight continuously but the un-
treated mice losing weight, even though the difference did not 
reach the statistical significance level 1 and 2 weeks after treatment 
(both P's ≧ 0.47; Figure 6A). By the end of the treatment, there was 
a significant difference in bodyweight between the two groups 
(P = 0.011; Figure 6A).

The mice treated with metformin also had marginally signifi-
cantly reduced lesion weight (P = 0.084; Figure 6B). There was no 
statistically significant difference in hotplate latency between the 
two groups before the induction of endometriosis and the start 
of the treatment (both P 's  =  0.42; Figure  6C), even though the 
latency was significantly reduced before the start of the treat-
ment (P  =  9.5  ×  10−5; Figure 6C). Consistent with the change in 

bodyweight, the latency in the two groups of mice began to diverge 
and the difference became marginally and significantly significant 
at 1, 2, and 3 weeks after treatment (P = 0.082, P = 0.0010, and 
P = 0.0028, respectively; Figure 6C), with those treated metformin 
having increasingly longer latency. In fact, compared with the 
before-treatment levels, the metformin-treated, but not untreated 
(P = 0.22), mice had significantly longer latency (P = 0.014). There 
was a positive correlation between the change in latency and 
bodyweight since the start of the treatment (r = 0.51, P = 0.020), 
but the correlation coefficient between the hotplate latency and 
bodyweight at the end of the treatment did not reach statistical 
significance (r = 0.43, P = 0.060).

We next evaluated immunoreactivity against α-SMA, COX-2, 
EP2, and EP4 and estimated the extent of fibrosis by Masson tri-
chrome staining in endometriotic lesions (Figure 7). After 3 weeks of 
metformin treatment, we found that the ɑ-SMA staining levels and 
the extent of lesional fibrosis in the stromal component were both 
reduced significantly (both P's < 1.1 × 10−5; Figure 7). In addition, 
the PGE2 signaling pathway in endometriotic lesions appeared to be 
activated, as manifested by the elevated immunostaining levels of 

F I G U R E  5 Representative photomicrographs of immunostaining and histochemistry analysis (left panel), along with data summary (right 
panel). On the left panel, different rows show different markers as indicated. Different columns represent different tissue samples from 
endometriotic lesions taken from control mice, and mice treated with low-, medium-, and high dose of EP2 and EP4 inhibitors (see text for 
more details), respectively. All mice were induced with deep endometriosis. In Masson trichrome staining, the collagen fibers in lesions 
were stained in blue. In all figures, magnification: ×400. Scale bar = 50 μm. On the right panel, the results are summarized by the boxplot, 
separated by the stromal or epithelial component, when applicable. The dashed line represents the median value of all mice. All comparison 
was made in reference to the control group, and Wilcoxon's test was used. Symbols of statistical significance levels: *P < 0.05; **P < 0.01; 
***P < 0.001; NS: not statistically significant (P > 0.05)
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COX-2, EP2, and EP4 in both stromal and epithelial components (all 
P-values ≤ 0.043; Figure 7).

The hotplate latency correlated negatively with the extent of le-
sional fibrosis (r = −0.64, P = 0.0025; Figure S4A), but not with the 
lesion weight (r = 0.04, P = 0.86). The extent of lesional fibrosis, how-
ever, correlated negatively with the staining levels of COX-2 in both 
stromal and epithelial components (r = −0.80, P = 1.9 × 10−5, and 
r = −0.60, P = 0.0054, respectively; Figure S4B,C), EP2 (r = −0.81, 
P = 1.5 × 10−5, and r = −0.69, P = 0.0007, respectively; Figure S4D,E) 
and EP4 (r = −0.74, P = 0.0002, and r = −0.63, P = 0.0027, respec-
tively; Figure S4F,G).

4  |  DISCUSSION

In this study, we have shown that the PGE2 signaling, manifested as 
the immunostaining activity against COX-2, EP2, and EP4, turned from 
a state of overdrive to a stall as endometriotic lesions progress, espe-
cially in mice with induced DE in which fibrotic content is higher. In ad-
dition, treatment with EP2/EP4 inhibitors in mice with induced DE had 
no effect on lesion weight, but exacerbated endometriosis-associated 
hyperalgesia and promoted myofibroblast activation and fibrogenesis 
in lesions even though they appeared to suppress the PGE2 signaling 
in a dose-dependent manner. Moreover, treatment with metformin in 
mice with induced DE resulted in elevated PGE2 signaling, concomi-
tant with somewhat reduced lesion weight, improved pain behavior, 
and attenuated myofibroblast activation and fibrogenesis in lesions.

Our results are consistent with the finding that the PGE2 signal-
ing is attenuated progressively in human endometriosis as lesions 
become more fibrotic.26 In particular, our results are consistent with 

the finding that OE lesions in adolescents had higher PGE2 signaling 
than those in adults.26 They are also consistent with the reports that 
the percentage of COX-2 staining positivity is significantly lower in 
DE lesions as compared with that in OE lesions.52,53

Endometriotic lesions are fundamentally wounds undergoing re-
peated tissue injury and repair (ReTIAR) due to cyclic bleeding.33,54,55 
Increased lesional fibrosis begets increased lesional stiffness,56 which, 
in turn, facilitates the actions of TGF-β1 and promotes myofibroblast 
activation.57–59 In fact, stiff extracellular matrix (ECM) alone can fa-
cilitate, propagate, and even start fibrosis.60 Elevated ECM stiffness 
alone can activate a profibrotic positive feedback loop.28,61,62 In con-
trast, soft ECM has been shown to reverse myofibroblast activation.29 
In this sense, our results, in retrospect, are not entirely surprising.

Metformin is a commonly prescribed anti-diabetic medication that 
improves insulin sensitivity and has an excellent safety profile.63 It is 
also used to treat polycystic ovarian syndrome (PCOS)64 and exhibits 
pleiotropic effects on cellular biology such as anti-inflammation65 and 
anti-fibrosis.34,35 In endometriosis, metformin has been shown to sup-
press PGE2-induced induction of steroidogenic acute regulatory pro-
tein (StAR)66 and aromatase67 through induction of AMP-activated 
protein kinase (AMPK) in endometriotic stromal cells, the two pivotal 
proteins involved in estrogen biosynthesis. Metformin can suppress 
interleukin (IL)-1β-induced IL-8 production, aromatase activation, 
and proliferation of endometriotic stromal cells68 and disrupt the 
stroma-epithelium communication via Wnt2-mediated signaling.69 
Two preclinical studies have also shown that metformin is promising 
in treating endometriosis in rats.70,71 One clinical study reported very 
promising effect of metformin treatment in women with endometri-
osis.72 Thus, metformin is considered to have a unique therapeutic 
potential.73

F I G U R E  6 (A) Dynamic changes in the mean bodyweight between the two different treatment groups. (B) Boxplot of the lesion weight 
between the two groups. The dashed line represents the median value of all mice. (C) Dynamic changes in the mean hotplate latency 
between the two treatment groups. In panels (A) and (C), the data are represented by the means ± SDs. In addition, the time point at 
which endometriosis was induced is indicated, and the treatment period also is indicated. In all panels, Wilcoxon's test was used, and the 
comparison was made in reference to the control group. Symbols of statistical significance levels: *P < 0.05; **P < 0.01; *** P < 0.001; NS: 
not statistically significant (P > 0.05)
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Our data demonstrate that treatment with metformin in mice 
with induced DE resulted in increased PGE2 signaling in lesions con-
comitant with reduced fibrosis. This may be consistent with the re-
ported anti-fibrotic role of PGE2,74–78 mediated mostly by EP2 and 
EP4.74

However, given its multitude of mode of actions,79 it is un-
likely that metformin suppresses endometriosis through the PGE2 
signaling pathway exclusively and alone. For example, since met-
formin is known to induce AMPK,80 which is known to be a key 
regulatory enzyme in cellular energy homeostasis.81 Through 
induction of AMPK, metformin improves lipid metabolism and 
reverses the Warburg effect/glycolysis,82 suppresses collagen 

formation, activates the PPARγ signaling,35 and/or facilitates 
deactivation and apoptosis of myofibroblasts.34 Endometriotic 
lesions are known to experience Warburg effect manifesting as 
increased glycolysis83–85 and, as such, PDK1 inhibitors such as di-
chloroacetate have been proposed as a therapeutics for endome-
triosis.86 Along the same line, metformin, which is known to have 
an excellent safety profile, can also serve as a possible treatment 
for the purpose of reversing glycolysis. Regardless, future studies 
are warranted to further elucidate the underlying mechanism of 
action.

Our results contradict directly with the report that EP2/EP4 
inhibition resulted in significant reduction in lesion growth in a 

F I G U R E  7 Representative photomicrographs of immunostaining and histochemistry analysis (left panel), along with data summary 
(right panel). On the left panel, different rows show different markers as indicated. Different columns represent different tissue samples 
from endometriotic lesions taken from control or metformin-treated mice, respectively. All mice were induced with deep endometriosis. In 
Masson trichrome staining, the collagen fibers in lesions were stained in blue. In all figures, magnification: ×400. Scale bar = 50 μm. On the 
right panel, the results are summarized by the boxplot, separated by the stromal or epithelial component, when applicable. The dashed line 
represents the median value of all mice. All comparison was made in reference to the control group, and Wilcoxon's test was used. Symbols 
of statistical significance levels: *P < 0.05; **P < 0.01; ***P < 0.001; NS: not statistically significant (P > 0.05)
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dose-dependent manner.24 There are several reasons for this dis-
crepancy. First, we used two inhibitors that are known to have a high 
specificity40 and excellent oral bioavailability.41,42 In contrast, both 
AH6809 (an EP2 inhibitor) and AH23848 (an EP4 inhibitor) as used 
in24 are of mediocre specificity.40 In fact, AH6809 is an inhibitor for 
both EP1 and EP2, and it has the highest affinity with DP (fact sheet 
by Sigma; Catalog #: A1221).

Second, there is an issue of which mouse model most likely re-
sembles the human condition. The xenograft of mixed populations 
of immortalized endometriotic epithelial and stromal cells, both de-
rived from humans, in ovariectomized and estrogen-treated nude 
mice was used in,24 and the mouse model induced with artificially 
induced menses was used in.25 In contrast, we used a mouse DE 
model. The nude mouse is known to be immune compromised, while 
the mice used in this study are, in contrast, immune-competent. The 
lesions established in the menses model in25 have the tendency of 
disappearing 5–6  weeks of induction (Dr. Erin Greaves, personal 
communication). Given the role in immune system in the develop-
ment of endometriosis,87,88 and given the observation that endome-
triotic lesions tend to progress if undisturbed,89 it can be argued that 
the mouse model we used is most likely to recapitulate its human 
condition.

Lastly, the two reports showing the beneficial effect of EP2/
EP4 inhibition in mouse models started the treatment just 224 
or 325 weeks after induction, not long enough for lesions to be-
come fibrotic.31 However, fibrosis is a prominent feature of en-
dometriosis,5,90 especially given the well documented diagnostic 
delay.4 So much so that a redefinition of endometriosis to incor-
porate this feature has been proposed recently.32,33 In contrast, 
lesions in our mouse DE model displayed extensive fibrosis and 
adhesion,38 closely recapitulating its human counterpart. With in-
creased fibrotic content and ensuing elevated lesional stiffness, 
the mechanical microenvironment within and surrounding lesions 
would change accordingly, attenuating PGE2  signaling and EP2/
EP4 expression.27,28 This difference alone would account for this 
discrepancy.

Once we understand these subtle yet biologically plausible and 
important differences between early and more advanced lesions, 
we can envision several important implications. First, endometriotic 
lesions are not monolithic, static, and immutable. Rather, they are 
dynamic and progressive, with vast differences between early and 
more advanced lesions—the PGE2 signaling levels being one of these 
differences. Second, with this in mind, we can now understand as 
why there are often conflicting reports in endometriosis literature. 
For example, the critical role of PGE2 in inducing aromatase expres-
sion is widely accepted,6 but most, if not all, of the data in support 
for this notion were based on OE samples.67 If a sizeable portion 
of lesion samples came from more fibrotic lesions such as DE le-
sions, the evidence for aromatase positivity could easily vanish.91–94 
Thus, we need to pay more attention to the source of endometri-
otic tissue samples and also to the quantification of lesional fibrosis 
when conducting investigation and reporting. Lastly, care needs to 

be exercised when treating endometriosis, since “older” and more 
fibrotic lesions are unlikely to respond well to NSAIDs but “early” 
lesions likely would.

Our studies have several strengths. First, we used the two 
inhibitors with documented high specificity and excellent bio-
availability. This should ensure that the inhibition is precisely on 
target, and our results are not an off-target, and thus spurious, 
finding. Second, by capitalizing on our findings of differences in 
PGE2 signaling between OE and DE lesions and between adoles-
cent and adult patients with OE, we complemented that finding 
with our first experiment, providing experimental evidence that 
indeed there is a change from overexpression to suppression in 
PGE2 signaling as endometriotic lesions progress. Third, based on 
the results of the first experiment, we tested the efficacy of EP2/
EP4 inhibitor treatment in a mouse DE model. The two experi-
ments are thus complementary and consistent. Our results may 
thus help researchers to guard against unrealistic expectation and 
minimize the risk of failure in further clinical studies. Lastly, by 
evaluating the PGE2 signaling after metformin treatment in mice 
with induced DE, our study provides a biologically plausible clue 
as how endometriosis could be managed through induction of the 
signaling pathway.

Our study also has some limitations. First, this study is lim-
ited by the use of histologic and IHC analyses only and the lack 
of molecular data. Second, we did not measure lesional PGE2 con-
centrations in all three experiments, hence we do not know ex-
actly whether it is the reduced PGE2 production, reduced EP2/
EP4 expression or both that are responsible for the exacerbation 
of endometriosis in mouse with induced DE receiving treatment. 
Nor do we know whether it is the induction of COX-2, or EP2/
EP4, or both that are responsible for the treatment effect of 
metformin. Third, this study only evaluated the immunostaining 
of COX-2, EP2, and EP4 that are related with the PGE2 produc-
tion and possible action (through receptors EP2 and EP4). While 
the supposedly downregulation of EP2/EP4 is likely to impact on 
their downstream genes/proteins, we actually did not evaluate 
any genes/proteins downstream of EP2/EP4, such as ERK, cAMP/
PKA, PI3K/AKT, and NF-κB,95–97 hence caution should be exer-
cised when the word, PGE2 signaling, is used. Future studies are 
needed to illuminate this issue. Fourth, we used i.p. injection for 
metformin administration in this study due to the ease to con-
trol the dosage of metformin delivered to the mice. While differ-
ent routes of delivery seem to be able to achieve similar blood 
concentrations,98,99 it is possible that i.p. injection may have the 
added advantage of exposing endometriotic lesions more easily 
to the drug, thus achieving greater efficacy. Whether or not this 
is true would await further investigation. Fifth, painful states in 
laboratory animals is reliably associated with decreases in feed-
ing and bodyweight.100,101 While there were signs of retarded 
growth due to endometriosis-induced pain-suppressed intake in 
all three experiments (especially in Experiment 3 where mice tak-
ing metformin had increased bodyweight as compared with those 
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untreated, given that metformin use leads to a reduction in food 
intake and bodyweight102), these results are merely correlative 
but certainly not conclusive. Lastly, while we have shown reduced 
staining (and thus presumably expression) of COX-2, the protein 
responsible for the rate-limiting enzyme in PGE2 production, and 
of EP2 and EP4, we did not demonstrate the reduction of mole-
cules downstream of the PGE2 signaling. Future studies are war-
ranted to illuminate these issues.

To conclude, the PGE2 signaling in endometriotic lesions goes from 
a state of overdrive to a stall as lesions become more fibrotic. For mouse 
with induced DE, treatment with EP2/EP4 inhibitors results in wors-
ening hyperalgesia and increased fibrosis. On the other hand, treat-
ment with metformin in mice with induced DE resulted in increased 
PGE2 signaling, concomitant with somewhat reduced lesion weight, 
improved hyperalgesia, and attenuated myofibroblast activation and 
fibrogenesis in lesions. Our findings highlight the dynamic nature of 
endometriotic lesions, which has important implications for research, 
drug development, and clinical management of endometriosis.
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