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KEY MESSAGE

Treatment with metformin in a subtherapeutic dose enhances fertility rates in a mouse model of endometriosis by
protecting against oxidative stress during pregnancy. Additionally, metformin reduces fibrosis, a process associated with
the disease, particularly within endometriosis lesions.

ABSTRACT
Research question: Does metformin reverse endometriosis-associated infertility?

Design: Endometriosis was induced by transplanting uterus fragments from B6CBAF1 mice into recipients of the same strain. The
mice were divided into groups: endometriosis (End, n = 24), sham-operated (Sham, n =12), endometriosis with metformin (0.5mg/
ml) orally administered for 3 months (EndMet, n = 21) and sham-operated metformin-treated (ShamMet, n =16). Implant growth was
monitored using ultrasonography. Fibrosis was computer-assisted quantified in Masson's trichrome-stained sections of eutopic
(EuEnd) and ectopic (EcEnd) endometrium. PCNA, CYP17al, F4/80 and galectin-3 were analysed by immunofluorescence and
western blotting, and NFkB, GPX-1 and HO-1 only by western blotting. Statistical significance was set at P <0.05.

Results: The endometriosis model was successfully established. The End groups showed lower fertility rates than sham-operated
mice (P = 0.0034), whereas metformin treatment increased the number of fetuses per pregnant mouse (P = 0.0295), restoring
fertility to control levels; it also slowed implant growth and vascularization. Metformin also restored PCNA expression and
fibrosis levels to those of non-treated EuSham mice. PCNA expression decreased in pregnant mice (P <0.0178). Metformin
diminished CYP17al expression in EcEnd versus EuEnd non-treated tissues and conversely up-regulated F4/80 in EuEnd tissue
(P <0.0170), and galectin-3, NFkB and the antioxidant enzymes HO-1and GPX-1in EcEnd tissue (P <0.0293), in non-mated
mice.
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Conclusions: These results indicate that application of metformin can alleviate oxidative stress and mitigate fibrosis in
endometriosis lesions in a murine model of endometriosis, which highlights metformin’s potential as a pharmacological
intervention for improving infertility in endometriosis.

INTRODUCTION

nfertility, defined as the absence of

conception after 1 year of unprotected

and regular intercourse, is a public

health concern, driving a rising
demand for assisted reproductive
technology (ART) (Inhorn and Patrizio,
2015). One of the most prevalent
worldwide causes of infertility in the female
partner is endometriosis, affecting up to
40% of women facing infertility (Cohen et
al., 2015; Evans and Decherney, 2017).
Endometriosis is a gynaecological
condition with systemic impact, marked by
an oestrogen-dependent aberrant growth
of vascularized endometrial-like tissue
outside the uterus, predominantly within
the pelvic region (Alderman et al., 2017;
Taylor et al., 2021). This disorder results
primarily in pelvic pain, the most common
symptom in endometriosis patients, and, in
the advanced stages, pelvic organ
distortion and infertility.

The pathophysiology of endometriosis, in
particular the associated infertility, is far
from being completely elucidated, but it is
known that disease progression
encompasses an inflammatory reaction,
cellular proliferation, migration, invasion and
angiogenesis (Samimi et al,, 2019).
Substantial evidence indicates that oxidative
stress incites inflammation, through either
an escalated production of reactive oxygen
species or a decrease in antioxidant
defences (Clower et al., 2022). The
continuing inflammatory stimulus underlies
the loss of function and the fibrosis of
endometrial tissue that is closely associated
with endometriosis (Vigano et al., 2020).

Endometriosis patients often require ART
treatments, primarily due to the
inadequacy of the hormone-based
treatments currently used to control the
disease (Coccia et al., 2022). In addition,
these treatments must be interrupted
before and during pregnancy, which
frequently leads to symptom aggravation
(Skorupskaite and Bhandari, 2021). In this
context, there is an unmet need for new
pharmacological strategies to control
endometriosis both before conception
and during pregnancy.

In rodents, endometriosis is not a natural
disorder. However, a surgically induced

model of endometriosis in rats is
associated with anomalies of the
hypothalamic—pituitary—ovarian axis,
ovarian follicle development, oocyte
quality and embryo development and
implantation, as well as ovulatory and
hormone/receptor dysfunction and an
inflammatory milieu in the peritoneal cavity
(Sharpe-Timms et al., 2020). In addition,
familial aspects of endometriosis and
transgenerational subfertility in both
female and male offspring over three
generations have been demonstrated in a
rat model of endometriosis (Sharpe-
Timms et al., 2020; Stilley et al., 2009).

In line with this, induced peritoneal
endometriosis in a mouse model has been
shown to be associated with a decrease in
oocyte quality and embryo number. In
these animals, fertility is impacted by the
volume of tissue implanted as
endometriotic lesions, and thus the
induced disease can be modulated by
various therapeutic approaches (Cohen et
al., 2015; Greaves et al., 2014; Park et al.,
2022; Pelch et al., 2012; Rosa-E-Silva et al.,
2019). Conversely, an earlier study
reported that although the pregnancy rate
was decreased in a mouse model of
endometriosis, no significant differences in
resorption rate, litter size and pup weight
were noted between groups (Bilotas et al.,
2015). These differences may be attributed
to differences in the models or murine
strains used. In sum, despite the
differences observed between
experimental rodent models of
endometriosis, they provide valuable
insights into the pathophysiology of
endometriosis-associated infertility and
enable the assessment of novel
pharmacological interventions.

One of the putative drugs for controlling
endometriosis is metformin, a widely
employed medication for type 2 diabetes.
Interestingly, owing to its antioxidant
properties, it instigates the regression of
endometrial implants in a rat model of
endometriosis (Viollet et al., 2012; Yilmaz
et al,, 2010). In addition, metformin curtails
cell proliferation, suppresses the secretion
of pro-inflammatory cytokines and lowers
oestrogen production in cultured human
endometrioma-derived stromal cells,
underscoring its anti-inflammatory
attributes (Takemura et al., 2007).

Moreover, metformin has been safely and
effectively used in the management of
gestational diabetes, demonstrating no
adverse effects on women or embryos

(Ainuddin et al., 2015).

Despite these encouraging effects on
controlling the progression of
endometriosis, the particular impact of
metformin on fertility in endometriosis has
not, to the best of the current authors’
knowledge, been elucidated. Thus, the goal
of this study was to assess whether
metformin would be effective in stopping
the progression of endometriosis features
and improve the associated infertility. In
addition, it aimed to explore the likely
mechanisms underlying this benefit.

MATERIAL AND METHODS

Mouse model of endometriosis

All experiments were approved by the
Institute for Research and Innovation in
Health (i3S) Animal Ethical Committee and
the Portuguese Competent Authority
(Direccao-Geral de Alimentagao e
Veterinéria, internal reference 2018/27). All
the procedures employed in this study
adhere to European Community Council
directive 2010/63/EU and to the ARRIVE
(Animal Research: Reporting of In Vivo
Experiments) 2.0 guidelines.

Seventy-three 8-week-old B6CBAF1 female
mice descended from female CBA/J mice
mated with male C57BL/6J mice (Charles
River Laboratories, France) were employed
in the experiments, which were carried out
at i3S (Porto, Portugal). The mice had free
access to food (2014S, Envigo, UK) and
water. They were housed five per cage in a
room with controlled temperature and
humidity (21°C and 50%, respectively), and
under a 12/12 h light/dark cycle. All the
cages had paper for nesting and cardboard
rolls. The oestrous cycle stage of the mice
was analysed in each animal before the
experiments by vaginal inspection and
cytological smear, confirming that all the
animals were at a similar stage of the
oestrous cycle.

Endometriosis was surgically induced in
45 randomly selected recipient mice by
heterologous transplantation of

endometrial tissue fragments harvested



from B6CBAF1 mice donors, according to
the method described by Cohen and
colleagues (Cohen et al.,, 2015). Briefly, 8-
week-old donor mice were subjected to
general anaesthesia with isoflurane (B.
Braun, Germany) and euthanized by
cervical dislocation. Both uterine horns
were removed and placed in warm Ringer’s
lactate solution in a Petri dish. The uterine
horns were then longitudinally opened with
micro-scissors under a stereomicroscope
(Olympus SZX10, Olympus Europa,
Germany) and divided under micro-ruler
guidance into tissue fragments measuring
approximately 3 mm?.

Subsequently, the recipient mice were
anaesthetized using isoflurane, and
buprenorphine (Bupag, 0.08 mg/kg
subcutaneously) was given as analgesia.
After surgical preparation, a small incision
was made into the ventral abdominal
cavity, followed by a second incision in the
peritoneum. One tissue fragment was
attached with a 7-0 non-absorbable suture
to the right peritoneal wall and an
additional fragment to the left peritoneal
wall of each recipient mouse, a previous
study having demonstrated that the impact
on fertility was equivalent whether two or
four fragments were implanted in the
uterine wall of recipient mice (Rosa-E-Silva
et al, 2019). Finally, the peritoneum and
the skin were closed with a 6-0 absorbable
suture. Mice were treated with
buprenorphine 0.1 mg per 100 g body
weight administered subcutaneously every
12 h for 72 h. In addition, suture sites and
pain signals of pain were checked daily.
Sham-operated mice were used as control
group (n = 28). In these animals the same
procedures were performed but, instead
of attaching a tissue fragment, a 7-0 non-
absorbable suture was placed in the right
and in the left abdominal wall.

For each mouse, an endometriosis-like
phenotype was confirmed by ultrasound
visualization of the implanted endometrial
tissue (Micro Ultrasound Vevo 2100,
VisualSonics, Canada). The evolution of
the implant growth was monitored for 3
months at three timepoints by measuring
the area of the implant (pixel?) using
AxioVision 4.8 software (Carl Zeiss,
Germany) after determining the height
and width of the area, including its brim on
a two-dimensional image of the implant.
The first timepoint was 1 month after the
surgery to induce endometriosis, and
timepoints 2 and 3 were at 45 and 90 days
after timepoint 1. The first image was
considered to indicate timepoint 1and the

growth at the remaining timepoints was
evaluated by calculating the ratio of the
implant area at each timepoint relative to
the area at timepoint 1.

The animals were divided into four groups:
mice with surgically induced endometriosis
(End, n = 24); sham-operated mice (Sham,
n =12); mice with endometriosis treated
with metformin (EndMet, n = 21); and
Sham-operated mice treated with
metformin (ShamMet, n =16). Metformin
(Alfa Aesar Chemicals, USA) was
administered orally (0.5 mg/ml diluted in
drinking water) for 3 months starting at
timepoint 1, and the average dose per
mouse was further determined based on
the volume of water ingested per day. Each
bottle was weighed when it was placed in
the animal cage and again at every 2-day
change. Bottles were excluded from the
calculations if there had been sporadic
liquid spillage. The initial weight of the
animals was registered on the day of
surgery and the final weight just before
euthanasia.

Twenty-four hours after the treatment
had been completed, the mice in each
group were randomly divided into two
subgroups. One group was use to assess
the fertility rate. The other was
anaesthetized for blood collection,
abdominal examination and collection of
tissue samples; the volatile anaesthetic
was maintained until euthanasia was
confirmed. The vaginas of the mice were
inspected and no differences were
identified between the mice, either within
the same group or between the different
groups, confirming that they were at a
similar stage of the oestrous cycle stage at
euthanasia. During the abdominal
examination, the anatomy of the
reproductive system organs was verified
by visual macroscopic inspection in every
animal at the end-point (FIGURE 1A depicts
the study design and exact number of
animals per group).

The weight, width, height and length of the
implants in each mouse were measured
with callipers. One implant was
immediately frozen on liquid nitrogen, and
the other was placed in 10% buffered
formaldehyde. In addition, both uterine
horns and the site of the peritoneal wall
where the implants/sutures had been
placed were collected and divided into two
portions. The frozen tissue fragments were
stored at —80°C for posterior analysis, and
the fixed fragments were embedded in
paraffin.
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Serum analysis

After blood had been collected from the
left ventricle, the serum was separated by
blood centrifugation at 300g for 15 min
and preserved at —20°C for further
biochemical analysis. Serum glucose
concentrations were determined at the
experimental end-point using a glucose
analyser (OneTouch Ultra, LifeScan, USA).
Serum total cholesterol and high-density
lipoprotein cholesterol (HDL-C)
concentrations were determined by
enzymatic colorimetry using an Olympus
AUS800 autoanalyser (Beckman Coulter,
USA) using commercial kits (OSR6616 and
OSR6687, respectively; Beckman Coulter)
as per the manufacturer’s instructions.
Low-density lipoprotein cholesterol (LDL-
C) concentrations were calculated using
Friedewald’s formula (LDL-C = total
cholesterol — [HDL-C — 1/5 triglyceride] if
the serum triglyceride concentration is
400 mg/dl or less).

Oestradiol concentrations were
determined using
electrochemiluminescence technology for
immunoassay analysis in a Cobas E411
autoanalyser (Roche Diagnostics, USA)
utilizing the commercial kit
(03000070190, Roche Diagnostics).

Fertility rate assessment

The female mice used for fertility
assessment were mated with healthy
B6CBAF1 males aged 5 months — one
male and two females per cage over 3 days.
Mice were checked daily and mating was
confirmed by the presence of a vaginal
plug. On the 18th day after mating the
animals were euthanized as described
above. Animals that did not present a
vaginal plug (n = 4) were excluded from the
study, and animals showing a plug were
confirmed to be pregnant. Fertility rates
were assessed by evaluating the mean
number of fetuses per pregnant mouse in
each group. Reabsorptions were also
quantified in every pregnant mouse.

Morphological analysis of the uterus and
implants

Sections of paraffin-embedded uterine
horn and ectopically implanted
endometrial tissue (5 um) were assembled
on poly-L-lysine-coated slides. The sections
were stained with haematoxylin and eosin
(H&E) for morphological examination.
Briefly, sections were dewaxed by
incubating them twice (for 10 and 5 min) in
xylol (Merck, Germany) and then hydrated
by a series of 5 min incubations in aqueous
ethanol solutions of decreasing
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Metformin reduces the rate of endometriosis progression. (A) (i) Study design for the mouse model indicating the number used at each stage
of the experiment: non-mated Sham (8); non-mated ShamMet (9); non-mated End (15); non-mated EndMet (11); pregnant Sham (4); pregnant ShamMet

the day of the surgery and the day of euthanasia in (ii) non-mated and (iii) pregnant mice. (iv) Assessment of the effective dose of metformin imbibed by
the mice in the ShamMet and EndMet groups. (B) (i) Representative ultrasound images of implants in mice in the End and EndMet groups at the three
timepoints; white arrows indicate the implants. (ii) Graphical analysis of implant growth rate versus time. Values are normalized to timepoint 1(1 unit in

Endometriosis implants (yellow arrows) in End mice. The magnified inset in (ii) shows the vascularization of an implant (yellow arrow). (iv) Endometriosis
implant in EndMet mice. The implants in the mice treated with metformin (yellow arrow) were of a clearer colour than those observed in the non-treated
animals, which appeared red. (D) Serum analysis of (i) oestradiol, (ii) total cholesterol, (iii) high-density lipoprotein (HDL) cholesterol, (iv) low-density
lipoprotein (LDL) cholesterol and (v) glucose in the experimental groups of non-mated and pregnant mice. Two-way analysis of variance (ANOVA)
followed by post-hoc analyses using Tukey’s multiple comparisons tests was employed for the statistical analysis, except for metformin uptake, which was
analysed using a Student’s t-test. Values are presented as mean & SEM. Significant P-values shown in the figure, and all the P-values are shown in
Supplementary Table 1. Sham, sham-operated mice; ShamMet, sham-operated mice treated with metformin; End, mice with endometriosis; EndMet,

mice with endometriosis treated with metformin.

concentrations (100—50% v/v) and water.
Afterwards, the sections were stained with
Papanicolaou’s solution 1a Harris’
haematoxylin solution (Merck) for 2 min
followed by washing for 15 min in tap water,
and then stained with an alcoholic solution

of eosin 0.5% (w/v) (Sigma-Aldrich, USA;
when not specified, the reagents were
acquired from Sigma-Aldrich) for 5 min.
Finally, the tissue sections were
dehydrated with solutions of increasing
concentrations of ethanol in water

followed by two passages in xylol. Sections
were assembled with a coverslip and
Entellan and air dried.

Masson’s trichrome stain was applied to
differentiate connective tissue, including
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collagen fibres and fibrin, from muscle and
erythrocytes. The sections were dewaxed
and hydrated as previously described and
stained with Weigert's haematoxylin (0.5%
w/v celestial, 5% w/v iron ammonium (ll1)
dodecahydrate sulfate, VWR, USA) for

5 min and, immediately afterwards, 0.4%
w/v Gill's haematoxylin solution for 5 min.
Next, the sections were immersed in 1.3%
w/v picric acid aqueous solution for 5 min
and then washed in water, followed by
staining with Biebrich scarlet—acid fuchsin
solution (0.5% w/v Ponceau xylidine, 1% w/
v acid fuchsin, Fisher Scientific, USA) for
15 min and incubated in 1% w/v
molybdalophosphoric acid hydrate
aqueous solution (VWR) for 5 min. After a
washing step, the final staining was
performed with 0.5% w/v light green (Bio-
Optica, ltaly) for 10 min. The sections were
covered with 1% v/v acetic acid aqueous
solution for 2 min and ultimately immersed
in water, briefly passed through ethanol
and dehydrated for 15 min in xylol before
assembly with Entellan.

The sections were observed with

5 x (H&E) and 10 x (Masson'’s trichrome)
magnification objectives lenses under a
light Zeiss Axioskop 40 (Carl Zeiss)
microscope, equipped with Zeiss Axiocam
208 Color camera (Carl Zeiss), and
representative images were captured using
Zen software (Carl Zeiss).

Figure 1 Continued.

The area of fibrosis was quantified on
images from Masson’s trichrome-stained
sections from the uterus and implants by
computer-assisted morphometry. Eight
fields on each tissue section (n = 6 mice
per group) were analysed using Image-Pro
Plus 6 software (Media Cybernetics, USA);
the ratio of the green-coloured fibrotic
area to the total tissue area, corresponding
to the percentage of interstitial fibrosis,
was calculated.

Immunofluorescence

Fluorescent immunolabelling was
performed to identify proliferating cell
nuclear antigen (PCNA) and cytochrome
P450 (CYP)17al, markers of cell
proliferation and steroidogenesis,
respectively. Double immunolabelling was
performed to identify macrophage marker
F4/80 and inflammation mediator and
inflammatory cell marker galectin-3.

The uterine and ectopic tissue sections
were dewaxed and hydrated as previously
described. Sections were washed with
phosphate-buffered saline (PBS) solution
and permeabilized with 0.5% v/v Triton X-
100 in PBS for 5 min, followed by two 5 min
washes in PBS. After that, antigen recovery
was undertaken with T mol/I HCI for

30 min at room temperature followed by
neutralization with 2% w/v borax aqueous
solution for 5 min. The sections were

blocked with 2% w/v bovine serum
albumin in PBS with 0.1% v/v Tween 20
(PBS-T) for 1h at room temperature in a
humid chamber, before overnight
incubation at 4°C with rabbit anti-PCNA
(0.27 ug/mL, AB_2636979, Cell Signaling,
USA) or rabbit anti-CYP17a1 (0.3 png/mL,
AB_2800219, Cell Signaling) diluted in
blocking solution.

The following day, the sections were
washed thoroughly with PBS-T and
incubated with anti-rabbit IgG secondary
antibody conjugated with Alexa Fluor 488
(2 pg/ml, AB_2535792, Thermo Fisher,
USA) diluted in PBS-T for 1 h at room
temperature. Then, after washing, the
nuclei were stained with 4,6-diamidino-2-
phenylindole (DAPI) and the sections
assembled with 50% v/v glycerol/PBS. The
double immunolabelling was performed as
described above with slight differences in
the method: the incubation with primary
antibodies was undertaken using a mixture
of rabbit anti-F4/80 (0.87 ng/ml,
AB_2799771, Cell Signaling) and rat anti-
galectin-3 (0.07 ug/ml, AB_627658, Santa
Cruz Technology, USA) primary antibodies
diluted in blocking solution, overnight at
4°C.

The next day the sections were incubated
a mixture of secondary antibodies Alexa
Fluor 568-conjugated anti-rabbit IgG
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antibody (2 ug/ml; AB_2534017, Thermo
Fisher) and biotinylated anti-rat IgG (0.14
ug/ml, AB_2315779, Jackson
ImmunoResearch, USA) diluted in PBS-T
for 1h at room temperature; a fluorescent
label was added to the biotinylated
antibody through incubation with
streptavidin Alexa Fluor 488 (2 ug/ml;
Invitrogen, USA) diluted in PBS-T for 1 h.
Sections were viewed with a

20 x magnification objective lens and
images were recorded on an Apotome
fluorescence microscope (Axiolmager Z1,
Carl Zeiss) equipped with a digital camera
(AxioCam MRm, Carl Zeiss) and
AxioVision 4.8 software (Carl Zeiss).
Negative control experiments were
performed with non-immune serum in
place of the primary antibody and,
additionally, with omission of the
secondary antibodies (to exclude auto-
fluorescence).

Western blotting

Total protein in samples of eutopic and
ectopic endometrial tissue was quantified
by the Bradford colorimetric method, after
homogenization of tissues in lysis buffer at
pH 7.6 (50 mmol/l Tris, 10 mmol/l NaCl,

5 mmol/Il EDTA, 2 mmol/I
B-glycerophosphate, 0.25% v/v Triton X-
100) supplemented with inhibitors of
proteases (0.5% v/v) and phosphatases
(0.4% v/v) (Sigma-Aldrich). Then, 15 ug of
total protein/sample was loaded on a
discontinuous buffer electrophoresis
system (Bio-Rad Laboratories, USA) using
12% sodium dodecylsulfate-polyacrylamide
resolution gel electrophoresis to carry out
electrophoretic separation. A constant
electric current of 25 mA per gel was
applied for approximately 1h at room
temperature.

After electrophoretic separation, the
proteins were transferred to a 0.45 um
pore nitrocellulose membrane (Bio-Rad
Laboratories), applying a potential
difference of 30 V for 90 min. After
staining with Ponceau S for 2 min the
image of the separated protein bands on
the membranes was captured and saved in
a Chemidoc XRS (Bio-Rad Laboratories)
for further normalization of the studied
proteins. The membranes were then
incubated with warm blocking solution (5%
w/v non-fat powdered milk [Molico, Nestlé,
Portugal] diluted in Tris-buffered saline
with 0.1% v/v Tween-20 [TBS—T]) for 1 h at
room temperature. The membranes were
incubated with antibodies for at least two
overnight sessions at 4°C with stirring; the
antibodies were primary rabbit antibodies

(Cell Signaling when the manufacturer is
not indicated) diluted in blocking solution,
anti-PCNA (0.134 ug/ml), anti-CYP17al
(0.06 pg/ml), anti-F4/80 (0.435 pug/ml),
anti-nuclear factor kappa B (NF«B;

0.42 pg/ml, AB_10859369), anti-heme
oxygenase (HO-1; 0.13 ug/ml, AB_2118685,
ProteinTech, USA), anti-glutathione
peroxidase (GPX-1; 0.8 ug/ml, AB_2112120,
Abcam) and rat antibody anti-galectin-3
(0.02 pug/ml).

The membranes were then washed with
TBS-T solution and incubated with the
appropriate secondary anti-rabbit antibody
conjugated with horseradish peroxidase
(AB_10015282, Jackson ImmunoResearch)
for 1h at room temperature with stirring;
secondary anti-rat antibody conjugated
with horseradish peroxidase (AB_1125219
Santa-Cruz Biotechnology) was used to
detect galectin-3. Immunoreaction of each
membrane was performed by applying a
chemiluminescent substrate for
peroxidase (Clarity Western ECL
Substrates, Bio-Rad Laboratories) for

5 min, followed by signal detection using
the Chemidoc XRS equipment.

To semi-quantify the immunolabelled
bands, the intensity of the band, assessed
by densitometry and with Image Lab®
software (Bio-Rad Laboratories), was
divided by the total staining of the proteins
in the corresponding lane, stained with
Ponceau S. To minimize the variations in
exposure times between the membranes,
the average intensity value of the uterine
samples from the sham group on each
membrane served as an internal control. In
the experiments that compared only
ectopic endometrial tissue samples
harvested from non-mated and pregnant
mice, the internal control in the
membranes was the average value
obtained for the samples from the non-
mated End group. Each analysis involved a
minimum of six distinct samples (mice) per
group, and for each protein analysis every
sample was quantified in at least two
different gels, with the results averaged per
sample.

Statistical analysis

Statistical analysis, including an assessment
of data distribution normality, was
undertaken using Prism version 9.5
(GraphPad Software, USA).

All analyses were performed after verifying
normal distribution using the
Shapiro—Wilk test. The Student’s t-test
was performed to analyse metformin

uptake. One-way analysis of variance
(ANOVA) was applied to evaluate
pregnancy rates. Regular two-way ANOVA
was applied to evaluate the effect of the
combined factors: endometriosis and
metformin, or pregnancy and metformin.
In addition, post-hoc analyses were
performed using Tukey’s multiple
comparisons tests.

The results are presented as mean £
standard error of the mean (SEM), and a
P-value <0.05 was considered statistically
significant.

RESULTS

Metformin reduces the rate of
endometriosis progression

The establishment of the endometriosis
mouse model was carried out as depicted
in FIGURE 1Ai and proved to be successful
because a growth of ectopic uterus
implants was noted in all the mouse than
had been operated on. A high rate of
mouse survival was verified as only one
death occurred during surgery and none in
the follow-up. As metformin could be
considered a mimetic of energy
restriction, the body weight of the animals
was assessed at the final end-point, but no
differences were found between groups
within the same pregnancy condition (non-
Based on the volume of liquid ingested, the
effective dose of administered metformin
was clinically similar for the ShamMet

(71.3 mg/kg per day) and EndMet

(74.15 mg/kg per day) groups (FIGURE 1Aiv).

The implant growth in the End and
EndMet groups was visualized using
ultrasound (FIGURE 1Bi). The End group
exhibited a statistically significant growth of
the implant area (pixel?) at timepoints 2
and 3 relative to timepoint 1. However, the
growth from timepoint 2 (1.47 times the
area measured at timepoint 1) to timepoint
3(2.00 times the area measured at
timepoint 1) did not reach statistical
significance (P = 0,1123). The EndMet
group exhibited implant growth at
timepoints 2 and 3 relative to timepoint 1,
but between timepoints 2 and 3 the area
only changed from 1.39 to 1.43 times the
initially measured area (timepoint 1)

(P =0.8396; FIGURE 1Bii).

At the final end-point, reddish
vascularized implants resembling cysts
that adhered to several abdominal organs
were identified in the mice from the End



group, providing evidence for the
macroscopic similarities between the
endometriotic implants observed in this
animal model and those found in
endometriosis patients. The implants in
the EndMet group were visually a clearer
colour than those in the End group
(FIGURE 1Cii—iv). The stitches were clearly
observed in the Sham group, but
inflammatory signs were absent

(rIGgURe 1CiH).

No significant differences in the
concentrations of oestradiol, total
cholesterol, HDL-C, LDL-C and glucose in
mouse serum were observed between the
four treatment groups for either the non-
mated or the pregnant mice (FIGURE 1D,
Supplementary Table 1). However, when
the non-mated and pregnant states were
compared within the same group, a
significant increase in oestradiol
concentration and a concomitant
decrease in total cholesterol

concentrations were observed in the
pregnant mice for all treatment conditions
(all P < 0.0001; Figure 1D, ii). In addition, a
decrease in blood glucose concentrations
was observed in the pregnant Sham mice
compared with their non-mated Sham
counterparts (P = 0.0409); however, this
variation was not evident in either the End
groups or the mice treated with
metformin. It should also be noted that the
animals were not fasting at the time of
euthanasia, which augmented the
variability of blood glucose concentrations.

Endometriosis increases fibrosis of
endometrial tissue

Morphological similarities between eutopic
and ectopic endometrial tissue were
confirmed by H&E staining. It was possible
to identify epithelial and stromal cells, as
well as glands, in both tissues and in all the
experimental groups,. Microscopic analysis
confirmed the ability of implants to graft to
the peritoneum (FIGURE 2i).
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Observation of sections stained with
Masson's trichrome indicated a noticeable
increase in stromal fibrosis in the non-
mated, non-treated animals with
endometriosis compared with both Sham
groups, in both eutopic tissues (non-
treated EuEnd versus non-treated
EuSham, P =0.0186; and versus
EuShamMet, P = 0.0008) and ectopic
tissues (non-treated EcEnd versus non-
treated EuSham, P = 0.0221; versus
EushamMet P = 0,0010); this was
confirmed through computer-assisted
analysis of the fibrosis to total area ratio
(FIGURE 2ii). Metformin treatment restored
the levels of fibrosis in the tissues to those
found in the Sham groups in non-mated
animals (FIGURE 2ii, Supplementary Table 2).
When the ectopic tissue from non-mated
mice was compared with that from
pregnant mice, a significant decrease in
fibrosis in pregnant EcEndMet mice was
only observed relative to non-mated
EcEnd mice (P = 0.0187; FIGURE 2iii), again

EuShamMet

i) EuSham

") Fibrosis - Non-Mated

ANOVA (ENDO)
F(2,29)=10,76, p=0,0003

ANOVA (Metformin)
F(1.29)=11.51, p=0,002

p=00221
p=0.0010

p=00186

[ —

p=0.0008

%fibrosis! tissue
& 2

3
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FIGURE 2 Endometriosis (ENDO) increases the fibrosis of endometrial tissue. (i) Representative images of haematoxylin and eosin (H&E; scale
bar =200 um) and Masson trichrome (MT; scale bar =100 «m) stained sections of eutopic and ectopic tissues, from the endometriosis experimental

The statistical analysis employed two-way analysis of variance (ANOVA) followed by post-hoc analyses using Tukey’s multiple comparisons tests. Values
are presented as mean + SEM. Significant P-values are shown in the figure, and all the P-values are shown in Supplementary Tables 2 and 3. White arrow
heads indicate glands; black arrow heads indicated endometrial tissue epithelium; light grey asterisks denote stroma; white cardinal symbols show
fibrosis; black stars indicate flaking cells. EuSham, eutopic tissue from sham-operated mice; EuShamMet, eutopic tissue from sham-operated mice
treated with metformin; EuEnd, eutopic tissue from mice with endometriosis; EuEndMet, eutopic tissue from mice with endometriosis mice treated with
metformin; EcEnd, ectopic tissue from mice with endometriosis; EcEndMet, ectopic tissue from mice with endometriosis mice treated with metformin;
EcEndP, ectopic tissue from pregnant mice with endometriosis mice; EcEndMetP, ectopic tissue from pregnant mice with endometriosis mice treated

with metformin.
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with metformin not significantly decreasing
fibrosis within the group of pregnant mice
(Supplementary Table 3).

Ectopic endometrial tissue shows higher
cell proliferation in non-mated mice but
lower proliferation in pregnant mice
Specific markers of the cellular
mechanisms involved in endometriosis
progression, such as abnormal cell
proliferation, oestrogen secretion,
increased inflammation and oxidative
stress, were analysed in the murine model
of disease treated with metformin.

To assess the proliferative features of
ectopic tissue, the cell proliferation marker
PCNA was analysed through
immunofluorescence in eutopic and
ectopic samples of endometrial tissue.
Labelling was noted in the nuclei of the
cells, particularly in epithelial cells, from all
the analysed tissues (FIGURE 3A).

In addition, a band of approximately

36 kDa corresponding to PCNA was
identified by western blotting (FIGURE 3Aiv,
vii). Two-way ANOVA analysis showed an
endometriosis effect in tissues from non-
mated mice, as well as a pregnancy effect
in the ectopic tissues analysed. Semi-
quantification of PCNA (FIGURE 3Av)
revealed an increase in the EcEnd group
compared with the EuSham, EuShamMet
and EuEndMet mice (all P < 0,0231). No
differences were found, however, when
comparing EcEnd with EuEnd
(P=0,0893), or EcEndMet with EuSham
(p=0,0952), EuShamMet (P = 0,0704) or
EuEndMet (P = 0,0901) (FIGURE 3Av,
Supplementary Table 4). On the other
hand, a significant decrease in PCNA
expression was found in both the pregnant
EcEnd and pregnant EcEndMet mice
compared with EcEnd mice (both

P < 0,0178); FicURE 3A—viii). These findings
suggested that the extensive pro-
proliferative and growth effect in ectopic
tissue is hindered by pregnancy,
independently of treatment with
metformin.

Expression of CYP17al is increased by
endometriosis but decreased by
metformin treatment in ectopic
endometrial tissue

CYP17al, a marker of steroidogenesis, was
detected in the analysed tissues by
immunofluorescence (FIGURE 3Aii) and by
western blotting with a band of
approximately 56kDa (FIGURE 3Alv, vii).
Two-way ANOVA showed that

endometriosis had an effect on CYP17al
expression in tissues from non-mated
animals, and that pregnancy also had an
effect on this protein. On the other hand,
the effect of metformin in these tissues
did not reach significance. The levels of
CYP17al increased in EuEnd compared
with EuSham mice (P = 0,0228) but
decreased with metformin treatment in
EcEndMet mice (P = 0,0170; FIGURE 3Avi).
There was a decrease in CYP17al levels in
ectopic tissue from pregnant mice
treated with metformin compared with
both treated and non-treated ectopic
tissues from non-mated mice (both

P < 0,0203; FIGURE 3Aix).

Inflammatory cell markers and NF«B
were increased by metformin treatment
in non-mated but not pregnant mice
Dual immunolabelling of F4/80 (a
macrophage marker) and galectin-3 (a
molecule involved in the inflammatory
response that is expressed by immune
cells) was carried out to elucidate the
inflammatory features in endometriosis.
Labelling for both proteins was noticed in
the stroma cells of all the tissues studied
but was absent from the epithelia. Both
labels had a diffuse, scattered pattern but
showed clusters of positive cells in some
sections (FIGURE 3Bi). In addition, F4/80
was identified as several bands ranging
from 75 to 200 kDa on western blotting
(FIGURE 3Bii, vi).

Two-way ANOVA analysis revealed that
both endometriosis and metformin had an
effect in tissues from non-mated mice, and
that both metformin and pregnancy had
an effect in ectopic tissues. F4/80
increased in EuEndMet mice compared
with the EuEnd (P = 0.0002) and EuSham
(P =0,0146) groups and also with non-
treated EcEnd mice (P < 0.0001). In
ectopic tissue from EcEndMet animals
there was a strong tendency towards an
increased expression of F4/80 relative to
EcEnd mice (P = 0,0725; FiGURE 3Biii). The
variation between these two groups
reached significance when the F4/80
expression levels were normalized to those
of the ectopic tissues from the End group
in the comparison between ectopic tissues
from non-mated and pregnant animals. In
this case, not only did metformin increase
F4/80 levels in non-mated mice

(P =10.0037), but an equivalent trend was
also observed in pregnant mice

(P =0,1611). A significant decrease was
observed when comparing pregnant

EcEndMet with pregnant EcEnd mice
(P =0,0011; FIGURE 3Bvii).

Galectin-3 was identified by western
blotting as a band of approximately 30 kDa
(FIGURE 3Bii, vi). Two-way ANOVA revealed
that metformin had an effect on the tissues
of non-mated animals, and in the
comparison between ectopic tissues,
pregnancy had an effect while the effect of
metformin almost reached significance. In
line with the data relative to F4/80 and
NF«B (FIGURE 3Bv), metformin increased
galectin-3 levels in ectopic tissue
(EcEndMet) compared with all the other
tissues studied: EuSham (P < 0.0001),
EuShamMet (P < 0.0001), EuEnd
(P=0.0002), EuEndMet (P =0.0031) and
EcEnd (P = 0.0039) (FIGURE 3Biv). In ectopic
tissues from non-mated and pregnant
mice, decreased levels of galectin-3 were
observed when comparing non-mated
EcEndMet mice with their non-treated
counterparts (P = 0,0291) and with both
ectopic tissues in pregnant EcEnd

(P =0,0099) and pregnant EcEndMet

(P =0,0099) mice (FIGURE 3Bviii).

Regarding NF«B, a transcription factor
involved in the inflammatory response, a
band of approximately 65 kDa was
identified (FIGURE 3Bii, vi). Two-way
ANOVA showed that metformin had an
effect on the tissues of non-mated mice
and that both metformin and pregnancy
showed an effect when comparing
ectopic tissues. The quantification of
NF«B concentrations showed an
increase in the ectopic tissue of animals
treated with metformin (EcEndMet)
compared with all the tissues from the
non-treated groups: EuSham
(P=0,0062), EuEnd (P =0,0070) and
EcEnd (P =0,0293) (ricure 3Bv). Within
the ectopic tissues, non-mated animals
treated with metformin presented
increased NF«kB concentrations relative
to their non-treated counterparts

(P =10.0038) and to both groups of
pregnant mice: pregnant EcEnd

(P =0.0025) and pregnant EcEndMet
(P =0,0177) mice (FIGURE 3Bix).

Metformin increased the expression of
antioxidant defence enzymes in the
ectopic endometrial tissue of non-mated
mice

The oxidative response was evaluated by
western blotting quantification of HO-1and
GPX-1, the enzymes with anti-oxidative
properties. HO-1 was identified as a band
of approximately 28 kDa (FIGURE 3Ci, iv).
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Metformin increases inflammatory markers and antioxidative defences in ectopic tissue from non-mated mice, while endometriosis (ENDO)
impacts cell proliferation and oestrogen production in the tissues. (A) Representative immunofluorescence images: (i) green labelling for proliferating
cell nuclear antigen (PCNA); (ii) green labelling for cytochrome P450 17a1 (CYP17al); and (iii) negative control. Nuclei are labelled in blue (4',6-
diamidino-2-phenyl-indole [DAPI]), and the corresponding single-channels are shown below the merged images. Scale bars =50 um. (iv, vii)
Representative images of PCNA and CYP17al bands detected by western blotting and representative membrane stained with Ponceau S. Analysis of
tissues from non-mated mice compared with pregnant mice was carried out in separate blots. (v, vi, viii, ix) Quantitative analysis of PCNA (v, viii) and
CYP17al (vi, ix) between treatment groups for non-mated mice and ectopic tissues from pregnant mice compared with their non-mated counterparts.
(B) (i) Representative images of immunofluorescence dual labelling for F4/80 (red) and galectin-3 (green), with the corresponding individual channels
below each image. Nuclei were labelled blue with DAPI. Scale bars = 50 um. (ii, vi) Representative images of F4/80, galectin-3 and nuclear factor kappa B
(NF«B) bands detected by western blotting and the corresponding Ponceau S-stained membrane used as a control of loading. (iii, v, vii, ix) Quantitative
analysis of F4/80 (iii, vii), galectin-3 (iv, viii) and NF«B (v, ix) between groups of non-mated mice and ectopic tissues from pregnant mice compared with
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Two-way ANOVA showed that metformin
had an effect on both the tissues of non-
mated mice and in the comparison of
ectopic tissues. In line with the data
observed for the previously analysed
proteins, an increase in HO-1 expression in
the EcEndMet group was found compared
with all the tissues from non-treated
animals: EuSham (P = 0,0157), EuEnd

(P =0,0059) and EcEnd (P = 0,0048)
(FIGURrEe 3Cii). When looking at the ectopic
tissues to analyse the effect of pregnancy,
this increase was also observed in non-
mated mice treated with metformin
relative to non-treated animals

(P =0,0412). In addition, pregnant EcEnd
mice presented lower levels of HO-1than
EcEndMet mice (P = 0,0320). Metformin
treatment in pregnant mice, compared
with their non-treated counterparts, did
not increase HO-1 expression (P = 0,2522;
FIGURE 3Cv).

GPX-1, identified as a band of
approximately 22 kDa (FIgure 3Ci, iv),
presented a similar variation between the
groups to that observed for HO-1. Two-way
ANOVA indicated that metformin had an
effect on the tissues of non-mated mice,
and pregnancy was shown to have effect
when comparing ectopic tissues.
EcEndMet tissue showed higher GPX-1
expression than EuSham, EuShamMet,
EuEnd, EuEndMet and EcEnd tissue (all

P < 0,0042; ricure 3Ciii). When comparing
the ectopic tissues, increased GPX-1
expression was observed in metformin-
treated non-mated animals relative to non-
treated mice and to both groups of
pregnant mice (all P < 0,0425). In addition,
a decrease in GPX-1 expression was found
in tissues from pregnant EcEndMet mice
compared with non-mated EcEnd mice

(P =0,0425; FiIGURE 3Cvi).

Metformin restores the reduction of
fertility in endometriosis

As expected, recipient animals, including
those with surgically induced
endometriosis, maintained the functional
integrity of the reproductive system, which
was crucial for the further evaluation of
fertility rates. In all groups of pregnant
mice the uteruses with fetuses were visible

at the 18th day end-point (FIGURE 4i—iv; the
image relative to the ShamMet group is not
shown). Adhesions and vascularized
implants were still visible in End mice
pregnancy, implants in EndMet mice were
observed clearer than those in End animals
(FIGURE 4iv).

Endometriosis is associated with infertility
in women, and the present mouse model
of disease successfully replicated this
aspect, as a reduction in the average
number of fetuses per pregnant mouse
was observed in the End group compared
with the Sham group (P = 0,0034;

FIGURE 4v). It was also demonstrated that
treatment with metformin played an
effective role in restoring the average
number of fetuses to levels similar to those
found in the Sham group (Supplementary
Table 18). Notably, there was a statistically
significant increase in the average number
of fetuses per pregnant mouse in the
EndMet group compared with the End
group (P = 0,0295; FIGURE 4v). The number
of reabsorptions (FIGURE 4i—iv) showed no
differences between the groups (FIGURE 4-vi;
Supplementary Table 19) .

DISCUSSION

Endometriosis is a leading cause of
infertility in women (Guo, 2009; Lin et al.,
2018) and a painful recurrent condition
requiring frequent analgesic and long-term
hormone-based treatments. These have
the advantage of mitigating much of the
pain but at the expense of unwanted side
effects, suppression of the menstrual cycle
and decisions to postpone pregnancy.
Thus, innovative long-term therapeutic
approaches that mitigate the symptoms
and progression of endometriosis,
preserve women's reproductive function
and can be used in pregnancy are a still
unmet need (Rafique and Decherney,
2017; Taylor et al., 2021).

Despite endometriosis being a natural
disease of women and other primates, this
has not precluded the use of other
mammals including rodents as

experimental models of endometriosis. In
general, these animal models aim to
recapitulate the natural history of the
human disorder, its pathophysiology and
its related consequences, notably the
reduced fertility (Bilotas et al., 2015;
Cohen et al., 2015; Flores et al., 2007;
Greaves et al., 2014; Hayashi et al., 2020;
Park et al., 2022; Rosa-E-Silva et al., 2019;
Sharpe-Timms et al., 2020; Stilley et al.,
2009). The experimental models also
provide a means to study novel
pharmacological interventions, notably
their functional and structural
consequences, aiming for use in humans.

In the current model, endometriosis was
established by the peritoneal implantation
of allogenic endometrial grafts; the
pharmacological intervention was the
antioxidant and antidiabetic drug
metformin. The use of a model in an
animal that does not naturally develop
endometriosis is a limitation of the study;
similarly, the dose of metformin per animal
(70 mg/kg per day) was calculated based
on the average ingestion of water by the
group. This is lower than the standard dose
of metformin used in human treatment
(500 mg twice a day), and after adjustment
to rodents corresponds to 200 mg/kg per
day (Nair and Jacob, 2016). Considering
that the animal model of endometriosis
does not present insulin resistance and
that excessive doses of medication should
be avoided in pregnancy, a lower dose of
metformin was selected. The use of
metformin in the control of gestational
diabetes has been demonstrated to be safe
for both women and fetuses in doses of
500 mg to 2.5 g per day (Ainuddin et al.,
2015; Beyuo et al., 2015).

The concentrations of total cholesterol,
HLD-C, LDL-C and glucose in the blood
did not differ significantly when the groups
were compared, indicating that the
subtherapeutic dose of metformin
employed did not change glucose and lipid
metabolism.

Endometrial implants successfully
engrafted in the peritoneum and thrived,
as verified by ultrasonography and upon

their non-mated counterparts. (C) (i, iv) Representative images of HO-1 and GPX-1 bands detected by western blotting and corresponding Ponceau S-
stained membranes used as a control of loading. (ii, iii, v, vi) Quantitative analysis of heme oxygenase (HO-1; ii, v) and glutathione peroxidase (GPX-1; iii,
vi) between groups of non-mated mice and ectopic tissues from pregnant mice compared with their non-mated counterparts. The statistical analysis
employed two-way analysis of variance (ANOVA) followed by post-hoc analyses using Tukey’s multiple comparisons tests. Values are presented as mean
+ SEM. Significant P-values are shown in the figure, and all the P-values are shown in Supplementary Tables 4—17. EuSham, eutopic tissue from sham-
operated mice; EuShamMet, eutopic tissue from sham-operated mice treated with metformin; EuEnd, eutopic tissue from mice with endometriosis;
EuEndMet, eutopic tissue from mice with endometriosis mice treated with metformin; EcEnd, ectopic tissue from mice with endometriosis; ECEndMet,
ectopic tissue from mice with endometriosis mice treated with metformin; EcEndP, ectopic tissue from pregnant mice with endometriosis mice;
EcEndMetP, ectopic tissue from pregnant mice with endometriosis mice treated with metformin.
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reabsorption sites; the green arrow indicates adhesions; yellow arrows show vascularized implants. (v) Graphical depiction of fertility assessment by the

number of fetuses per pregnant female mouse between the groups. (vi) Graphical depiction of the number of reabsorptions per pregnant mouse
between the groups. The statistical analysis employed one-way analysis of variance analysis of variance (ANOVA) followed by post-hoc analyses using

Tukey’s multiple comparisons tests. Values are presented as mean + SEM, with the points showing individual mice. Significant P-values are shown in the

figure, and all the P-values are shown in Supplementary Tables 18 and 19. Sham, sham-operated mice; ShamMet, sham-operated mice treated with

metformin; End, mice with endometriosis; EndMet, mice with endometriosis mice treated with metformin.

visual inspection after laparotomy. Tissue It is well established that the progression of  relevance of specific cellular

PCNA evaluation by the current group and ~ endometriosis depends on oestrogen environments. In contrast, CYP17al
others (Wang et al., 2023) provided (Rizner, 2009), and that metformin is a expression evidenced a downward
additional support for implant growth. A known regulator of its synthesis and response to metformin in both eutopic
major finding in the ultrasound assessment secretion (Cheng et al., 2022; Zhang et al., and ectopic endometrial tissue. This

was that metformin treatment restrained 2017). Oestradiol and other sex hormones change suggests that a decrement in

the growth of the implants, in agreement predominantly in the ovary require the oestradiol is the likely mechanism for the
with previous reports in rodents (Cheng et activity of the steroidogenic CYP17al growth restriction of endometriotic

al., 2022; Oner et al., 2010; Sapmaz et al., enzyme (Burris-Hiday and Scott, 2021). implants and indicates that metformin has
2022; Yilmaz et al., 2010). Moreover, on The variation in CYP17al expression in the a preventive effect on disease progression.
inspection, metformin also improved the uterine tissue suggests that it may be a

appearance of the implants, as they were modulator of local (endometrial) response In mice with endometriosis there was an
clearer in colour, in contrast to lesions in in endometriosis. In fact, an enhanced increase in fibrosis in both eutopic and
untreated animals that exhibited a darker, expression of CYP17al was observed in the ectopic tissues. The finding is a frequent
brown bloody appearance, resembling eutopic endometrial tissue of non-treated occurrence following prolonged
‘chocolate cysts’ similar to those endometriotic mice compared with inflammation, itself a hallmark of the
frequently observed in the ovaries of controls, but not in the ectopic human disease (Itoga et al., 2003; Vigano

women with endometriosis. endometrial tissue, emphasizing the et al., 2020), and is involved in the
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establishment and progression of
endometriotic lesions (Maybin et al., 2011).
Interestingly, following metformin
administration, there was a trend for the
fibrosis to decrease, probably reflecting a
particular ability of the drug (Wu et al.,
2021), which may not be similar for every
tissue. In fact, a decrease in fibrosis has
been reported in ovarian and uterine tissue
in a rat model of metformin-treated
polycystic ovary syndrome (Zhang et al.,
2013), but not in the heart in an
endometriosis mouse model (Martins et
al., 2022), suggesting a relationship to the
turnover capacity of cells in the different
tissues, which is very marked when one
compares the dynamic endometrial
epithelium and stroma, and the cellularly
stable myocardium.

Inflammatory pathways are extensive and
complex, and recruit a variety of cells and
molecules that converge to the site of
inflammation, where they attract more
cells and molecules. Macrophage
secretory products and galectin-3 are
major players in inflammation
(Capobianco and Rovere Querini, 2013;
Hogg et al., 2020; Lousse et al., 2008;
Yamashita et al., 2022). Galectin-3, an
inflammation-associated protein and
marker of surveillance cells, works also as
chemoattractant for immune cells,
including macrophages, and has been
related to the formation of tissue fibrosis
(Hisrich et al., 2020). However, in implants
and sham-operated uteri at timepoint 3 in
the current study, galectin-3 and NF«B
expression were similar; in addition, F4/80,
a major macrophage marker, had a
particularly low level of expression in
implants. This low expression profile
suggests that, despite the important role of
macrophages in inflammation, the tissue
may have entered a condition of poorer
response, similar to that found in kidney,
where F4/80 exhibits a dynamic change
from pro-inflammatory to anti-
inflammatory action (Kim et al., 2010),
while contributing to cell migration
(McKnight and Gordon, 1996; Stacey et
al., 2000) or adhesion of macrophages to
the extracellular matrix or other cell types.

In this study, the low-response condition
appears to have changed when metformin
was added. In fact, galectin-3, NFkB and
F4/80 exhibited all an upward trend,
suggesting that the tissues had returned to
an inflammatory-like state, which is
important to drive the tissues back to a
resolution. Nevertheless, tissue-specific
properties may again underlie the variety

of responses observed. For example,
metformin treatment led to an increase in
F4/80 in eutopic tissue, a finding that aligns
with a previous demonstration where an
increase in F4/80+ cell content in the
mouse liver was observed after metformin
treatment (Woo et al., 2014), while
galectin-3 and NF«B are augmented in
ectopic tissue. In contrast, systemic levels
of galectin-3 decreased (Weigert et al.,
2010), further supporting the view that
galactin-3 often plays a dual role, as a pro-
inflammatory but also an anti-inflammatory
molecule (Hisrich et al., 2020). This
versatility is further exemplified by the
ability of galectin-3 to scavenge advanced
glycosylated end-products, which are
irreversibly glycated under pro-oxidative
conditions (Hogg et al., 2020; Pricci et al.,
2000; Viassara et al., 1995). By altering
gene expression in favour of the expression
of anti-inflammatory molecules and
excessive cell apoptosis (Lawrence, 2009;
Pereira and Oakley, 2008), NFxB
promotes inflammation resolution
(Lawrence et al., 2001).

The findings discussed so far indicate that,
in this model, endometrial implants
become established and grow in an
oestradiol-dependent environment and
cause local inflammation, mimicking the
natural disease. More importantly,
metformin is able to favour the reversal of
these lesions, leading to a beneficial
reduction in fibrosis and implant size.

Endometriosis is recognized as a pro-
oxidative disease (Donnez et al., 2016),
which stems from an increment in the
production of pro-oxidative molecules
and/or a down-regulation of antioxidative
defences. In this setting, GPX-1serves as
safeguard for the cells against oxidative
damage. In fact, apart from modulating
processes such as metabolism,
mitochondrial function, growth and
apoptosis, GPX-1 has the capacity to adjust
intracellular concentrations of hydrogen
peroxide and maintain the overall
intracellular redox balance (Lubos et al.,
2011). Additionally, HO-1, traditionally seen
as an adaptive cellular response to
oxidative stress toxicity, has gained
recognition for its significant
immunomodulatory and anti-inflammatory
roles (Campbell et al., 2021).

In this study, both HO-1and GPX-1
exhibited a similar level of expression at
baseline in the control animals and even in
eutopic and ectopic tissues in mice with
endometriosis. However, upon metformin

administration, the ectopic samples from
the endometriosis group showed a
significant increase in HO-1and GPX-1
expression, paralleling the changes in the
inflammation-associated molecules NF«B
and galectin-3. In line with the current
data, metformin has been recognized to
activate the antioxidative response in a
mouse model of diabetes (Zhang et al.,
2022). In addition, a plant-derived
flavonoid, naringenin, was shown to
improve endometriosis in rats through
increasing HO-1 expression in the lesions
(Kapoor et al., 2019). In respect to the
GPX-1 results, consistency with previous
studies was found in terms of the its
expression in the cardiac tissue of in a
mouse model of endometriosis and a rat
model of diabetes (Felgueiras et al., 2022),
and also in the brain of rats (Obafemi et al.,
2020). Thus, in addition to reversing some
of the consequences associated with
endometriosis, such as implant growth and
local fibrosis, metformin led to an up-
regulation of antioxidative enzymatic
defences, further limiting the progression
and effects of the endometriosis.

An important result was noticed in
pregnancy as this affected oestradiol and
cholesterol concentrations in every study
group. The increase in oestradiol is a
recognized change in human pregnancy,
here verified in pregnant mice. In contrast,
the reduction in cholesterol concentration
in pregnant mice (Sweeney et al.,, 2006),
while conflicting with the findings in
humans (Green, 1966; Ogura et al., 2002),
may reflect a distinct means of cholesterol
processing. Indeed, the main supplier of
cholesterol to the tissues in humans is
LDL-C, whereas in rodents it is HDL-C
(Grummer and Carroll, 1988).

Pregnancy is an important issue in the
setting of endometriosis. The assessment
of ectopic endometriotic tissue from
pregnant mice receiving metformin
showed a decrease in expression of PCNA,
CYP17al and GPX1 relative to non-mated
EcEnd animals, and CYP17al, galectin-3,
NF«B and GPX-1 relative to non-mated
EcEndMet animals. This similarity in the
response of these molecules emphasizes
the importance of pregnancy and indicates
that it overrode the endometriotic
condition and buffered its effects.

As a corollary of the beneficial
consequences of metformin
administration, the assessment of
fertilization revealed a most important
finding. After the significant reduction in



the number of fetuses per pregnant mouse
in the group with induced endometriosis
compared with their sham-operated
counterparts, also observed by Cohen and
collaborators (Cohen et al., 2015), a
reversal of infertility was found in the group
of mice with endometriosis that were
treated with metformin. This evidence
marks the first documented reversal of
endometriosis-associated infertility with
metformin in a mouse model despite a
previous report of an equivalent effect with
the natural compound oleuropein (Park et
al., 2022).

In conclusion, the current study
establishes a mouse model illustrating
the reversal of infertility associated with
endometriosis through metformin
treatment, probably through its anti-
inflammatory properties manifested in
pregnancy. The subtherapeutic dose
employed, tailored to this animal model,
demonstrated promising outcomes.
Although metformin showed consistency
of action in the oxidation response
pathways, its impact on inflammatory
pathways necessitates further
exploration. These findings constitute
valuable insights into the potential
benefits and complexities of metformin
in the context of endometriosis, paving
the way for future research and clinical
considerations.
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