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CELL BIOLOGY

Metformin prevents age-associated ovarian fibrosis by
modulating the immune landscape in female mice

David A. Landry"?, Edward Yakubovich'?, David P. Cook'?, Sijyl Fasih?,

1,24

Jeremy Upham?®, Barbara C. Vanderhyden

Ovarian fibrosis is a pathological condition associated with aging and is responsible for a variety of ovarian dys-
functions. Given the known contributions of tissue fibrosis to tumorigenesis, it is anticipated that ovarian fibrosis
may contribute to ovarian cancer risk. We recently reported that diabetic postmenopausal women using met-
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formin had ovarian collagen abundance and organization that were similar to premenopausal ovaries from non-
diabetic women. In this study, we investigated the effects of aging and metformin on mouse ovarian fibrosis at a
single-cell level. We discovered that metformin treatment prevented age-associated ovarian fibrosis by modulat-
ing the proportion of fibroblasts, myofibroblasts, and immune cells. Senescence-associated secretory phenotype
(SASP)-producing fibroblasts increased in aged ovaries, and a unique metformin-responsive subpopulation of
macrophages emerged in aged mice treated with metformin. The results demonstrate that metformin can modu-
late specific populations of immune cells and fibroblasts to prevent age-associated ovarian fibrosis and offers a

new strategy to prevent ovarian fibrosis.

INTRODUCTION

Aging is a multifactorial process characterized by a series of gradual
changes such as increasing mitochondrial dysfunction, oxidative
stress, DNA damage, and systemic chronic inflammation (1). Although
the cellular mechanisms of aging are based on various hypotheses,
it has become clear that the process of cellular senescence is a key
biological process underlying aging (2). As a terminal state of growth
arrest, senescent cells are unable to proliferate but remain metabol-
ically active and secrete a variety of proinflammatory chemokines,
cytokines, and interleukins, which are known as the “senescence-
associated secretory phenotype” (SASP) (3). Although aging is also
associated with a decline in immune response and efficacy, known as
immunosenescence (4), it often leads to age-associated inflamma-
tion (inflamm-aging) (5). Chronic, low-grade, sterile, and systemic
inflammation is one of the main mechanistic pillars of aging that is
shared by many age-related diseases and tissue fibrosis (6).

Tissue fibrosis is attributed to excess deposition of extracellular
matrix (ECM) components and typically results from chronic inflam-
mation (7). Although ovarian inflammation is a normal process es-
sential for oocyte quality, ovulation, and ovulatory wound repair
(8, 9), the repeated states of inflammation, wound healing, and con-
stant remodeling throughout a reproductive lifetime are thought to
be persistent irritants that promote ovarian fibrosis (10). We recently
reported the accumulation of anisotropic (linearized) collagen, char-
acteristic of organ fibrosis, in postmenopausal ovaries in association
with a tissue-resident shift in immune cells (11). Every organ ages at a
different pace, and the ovary is the first organ to show signs of aging
and lose its function following menopause (12). Moreover, several
known pathologies are characterized by ovarian fibrosis such as the
ovarian chocolate cyst, polycystic ovarian syndrome, and premature
ovarian failure, all of which are more susceptible to infertility and
early menopause (13). Nevertheless, given the known contributions
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of general tissue fibrosis to tumorigenesis, metastasis, and the “seed
and soil” hypothesis (14, 15), it is strongly anticipated that ovarian
fibrosis is a major risk factor for ovarian cancer (11, 16). As a matter
of fact, not only is ovarian stromal fibrosis capable of creating a per-
missive “soil” for metastasis, but fibrosis within ovarian tumors pro-
motes cancer progression (17), supporting the urgent need for an
ovarian fibrosis management strategy in aging women and patients
with ovarian cancer (10).

In our previous study, we reported normal ovarian collagen or-
ganization and reduced M2 macrophage polarization in type 2 dia-
betic (T2D) postmenopausal women using metformin, compared
with the fibrotic ovaries of postmenopausal nondiabetic women
(11). Metformin is a well-known drug prescribed for the treatment
of T2D (18) to decrease glucose absorption, improve peripheral glu-
cose uptake, and increase insulin sensitivity to reduce blood glucose
levels (19). The polarity of metformin makes it dependent on its trans-
porter OCT1, coded by Slc22al, to enter hepatic cells (20), where it
can inhibit gluconeogenesis (19). Numerous studies have demon-
strated the potential of metformin as an anticancer and an antiaging
agent among other health benefits (21).

Given the possible effects of metformin on age-associated ovarian
tibrosis, we sought to investigate whether metformin can prevent
and/or reverse ovarian fibrosis. Using single-cell RNA sequencing
(scRNA-seq), we evaluated phenotypic changes associated with ovar-
ian aging and assessed the impact of metformin on these dynamics.
We show that metformin treatment modulates the immune cells
toward the emergence of a unique subpopulation of macrophages
and prevents the establishment of age-associated ovarian fibrosis,
likely by promoting ECM remodeling and the clearance of SASP-
producing fibroblasts to maintain tissue homeostasis.

RESULTS

Metformin prevents but does not reverse age-associated
ovarian fibrosis

Mice were acquired at 14 and 18 months of age and aged in-house
for 6 months with or without metformin in their drinking water as
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prevention and as a reversal treatment against ovarian fibrosis, re-
spectively (Fig. 1). To assess the impact of age on ovarian fibrosis, we
used ovarian tissue from sexually mature mice at 3 months of age
(equivalent to 20 years old in humans), middle-aged mice from 12 to
17 months (ranging from 38 to 50 years old in humans, premeno-
pausal stage), and aged mice between 20 and 24 months (ranging from
60 to 69 years old in humans, postmenopausal stage) (www.jax.org).
Using Picrosirius red (PSR) staining, we found a prominent net-
work of intense PSR-stained collagen fibers throughout the ovarian
stroma and albuginea of aged mice under bright light microscopy
(Fig. 2A). Mice treated with metformin as a prevention treatment
had no to minimal staining of PSR. However, mice treated with met-
formin as a reverse treatment showed no difference in PSR staining
compared with age-matched mice.

PSR dye alone is not specific to collagen, but paired with polarized
light, fibrillar collagen undergoes specific birefringence enhancement
enabling fiber thickness visualization and quantification (22, 23).
To examine the birefringence properties of PSR staining in ovarian
tissue, we acquired multiple images under circularly polarized mi-
croscopy at 20x and stitched them together to obtain a figure show-
ing the whole ovary, designated as POL-PSR (Fig. 2A). First, we
observed intense birefringence in the ovarian regions that stained

Prevention experiment design

14 months

intensely red under bright-field light. Because the color of collagen
fibers stained with PSR and viewed under polarized light depends
on fiber thickness, we determined the ratio of color (HUE) in each
pixel from the whole ovary. We reported the group average for each
HUE (representative of thickness) in a pie chart for quick visualiza-
tion between ages and treatments (Fig. 2B). There was no statistical
difference between the ovarian size in pixels; however, older ovaries
tended to be smaller (fig. SIA). Aged mice have increased collagen
bundles associated with increased thickness. Similar to PSR under
bright field, the prevention group had minimal bundles of collagen,
while the reverse group had no change in collagen proportion and
thickness compared with age-matched mice. Collagen fibers and
their thickness increased with age in ovaries, and, most importantly,
metformin treatment effectively prevented the formation of colla-
gen bundles and reduced collagen thickness when provided during
the period when age-associated ovarian fibrosis is normally estab-
lished (Fig. 2C and fig. S1B). However, metformin failed to reverse
preestablished age-associated ovarian fibrosis.

Using second-harmonic generation (SHG) microscopy and im-
aging, high-resolution quantifiable images of collagen fibers in our
groups of interest were obtained. To further validate the PSR-POL
observation, we acquired 20 images of three groups of three mice:
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Fig. 1. Schematic of the ovarian fibrosis prevention and reversal experimental designs. Fourteen- and 18-month-old mice were administrated metformin in drinking
water (no metformin as control) for 6 months in prevention and reverse experimental settings, respectively. At the end point, 3- and 14-month-old control mice were also
euthanized with the experimental mice to collect the ovaries for histology. The left ovary of the first three mice was used for single-cell analysis; single cells were flow
sorted for viability and CD45 positivity and remixed at a ratio of 1:1 of immune (CD45%) and nonimmune (CD457) cells forimmune cell enrichment before multiplex
barcoding and single-cell sequencing. Right ovaries were collected, formalin fixed, and paraffin embedded for second-harmonic generation (SHG) microscopy and with
PSR staining assessed under polarized light microscopy. Together, histologic and transcriptomic data were used to analyze the effects of metformin on aged-associated

ovarian fibrosis.
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Fig. 2. Metformin prevents age-associated ovarian fibrosis as assessed by polarized light and SHG microscopy. PSR-stained whole ovaries from young (3 to
6 months), middle-aged (12 to 17 months), and aged (20 and 24 months), with and without metformin treatment during aging (timelines shown in Fig. 1). (A) Ovaries
were visualized under bright field (PSR) in the top and polarized light (PSR-POL) in the middle. Scale bars, 250 um. The bottom panel is an enlargement of the white square
in PSR-POL, for better visualization of the collagen fiber distribution and color. Scale bars, 20 um (B) Quantification of collagen thickness by HUE is represented in a pie
chart for each experimental condition for the green (thin fibers), yellow, orange, and red (thick fibers) pixels. (C) Histogram comparing the average total collagen in whole
ovaries from all experimental conditions relative to young mice. (D) SHG microscopy of mouse ovaries in young (3 to 6 months), aged (20 months), and prevention groups.
In the merged image, the white arrows indicate fibrotic ovarian regions, and the letters indicate ovarian structures such as the oocyte (O) or the granulosa cells (G). Scale
bars, 20 um. (E) Quantification of collagen deposition. Total positive pixels were normalized to total pixel count and averaged within each group. Data are means + SEM
(*P < 0.05, **P < 0.01, and ***P < 0.001).

young, aged, and aged plus metformin (prevention group; Fig. 2D). By  no difference in collagen fibers in aged mice treated with metformin
quantifying the positive pixels of each SHG image above a constant  in the prevention setting compared with young mice (Fig. 2E). The
threshold and calculating the average per group, we found a signif- ~ SHG analysis validated the birefringence analysis, demonstrating that
icant increase in the abundance of collagen fibers in aged mice and PSR staining under polarized light is an efficient and cost-effective
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method to assess and quantify ovarian fibrosis. Together, multiple
imaging approaches (PSR, POL-PSR, and SHG) have provided
strong evidence that the abundance and thickness of collagen fi-
bers are increased in the aged ovary and can be prevented by the use
of metformin if administered before the establishment of ovari-
an fibrosis.

Establishment of ovarian fibrosis is accelerated
inimmunocompromised mice

While the initial study was done with C57BL/6, the mouse strain used
most often in research, we sought to investigate whether other immune-
competent or immunocompromised mouse strains show the develop-
ment of age-associated ovarian fibrosis. We examined the collagen
composition of aging FVB/N and NSG mice using PSR staining
under polarized light. First, we confirmed our observation in a differ-
ent mouse strain and showed that aged FVB/N mice at 20 months of
age had significantly higher relative total collagen compared with
young mice at 3 months of age (Fig. 3, A and C). Immunocompro-
mised mice developed ovarian fibrosis earlier than immune-competent
strains, with a significantly higher collagen staining in the middle-aged
group and as early as 12 months of age compared with young mice
(Fig. 3, B and D). This observation suggests the immune system plays
a major role in regulating the ovarian stroma during aging.
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A comprehensive map of ovarian cell types after aging

and metformin treatment

To examine the shifts in populations of cells that comprise the aging
ovary and the effects of metformin treatment, we collected and dis-
sociated whole ovaries from six groups of C57BL/6 mice. For each
group, we flow sorted for CD45-positive cells and remixed the im-
mune cells at a 1:1 ratio with nonimmune cells, which allowed us to
have a better representation of the immune landscape within the ovary.
The proportions of immune (CD45") and nonimmune (CD45") cells
are shown in table S1 and indicate that aging is associated with an
increase in ovarian immune cell infiltration, but metformin treat-
ment at both ages seems to reduce the infiltration compared with
their untreated counterpart. On the basis of the fibrosis prevention
effect of metformin and the lack of reversal, we performed scRNA-
seq on three groups (young mice, aged mice at 20 months, and aged
mice at 20 months treated with metformin as a prevention treatment—
hereafter referred to as the metformin group) to construct the ovar-
ian cellular map. We profiled a total of 8082 CD45™ (nonimmune)
and 5726 CD45" (immune) single cells summarized in Fig. 4A and
identified a total of 20 distinct clusters that represent the cell types
within the mouse ovary (Fig. 4B). We defined cell types using the
ImmGen Project reference transcriptomes (24) and the automated
annotation tool singleR.

k¥
<& S=

Relative total collagen

Collagen thickness

Fig. 3. Ovarian fibrosis significantly increases in advanced age in both FVB/N and NSG mice. PSR-stained whole ovarian tissue from (A) immune-competent FVB/N
mice and (B) immunodeficient NSG mice under bright-field (PSR) and polarized light (PSR-POL). Scale bars, 250 um. The bottom is an enlargement of the white square in
PSR-POL, for better visualization of the collagen fiber distribution and color. Scale bars, 20 um. For each group, collagen thickness quantification is represented in a pie
chart for each HUE pixel: green (thin fibers), and yellow, orange, and red (thick fibers). (C) Quantification of collagen deposition for immune-competent FVB/N mice and
(D) immunodeficient NSG mice by quantifying the average of total collagen in whole ovaries from all experimental conditions relative to young mice. Data are means + SEM

(*P < 0.05 and **P < 0.01).
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Fig. 4. A single-cell map of mouse ovarian cells. Single-cell RNA-seq data from immune and nonimmune compartments were analyzed and clustered by the Seurat
packages, resulting in a two-dimensional projection of single cells onto a graph representation. (A) A total of 14,353 single cells from nine mice that were young
(3 months), aged (20 months), and aged + metformin (20 months—Prevention study) were analyzed and marked by color for each condition. (B) Cells were associated with

20 cell types, annotated, and marked by color for each cluster.

Single-cell sequencing revealed shifts in fibroblast
subpopulations in the aging ovary treated with metformin
Because ECM components from tissue fibrosis are produced and
maintained primarily by fibroblasts (25), we next sought to investigate
the fibroblast subtypes and gene expression associated with aging and
metformin treatment. From the original data, we subset three clusters
identified as Fibroblast, Myofibroblast I, and Myofibroblast II, and
remapped the single cells on a UMAP (Fig. 5A). The reclustering of
fibroblast single cells identified a total of seven clusters (Fig. 5B).
Differentially expressed gene (DEG) analysis, gene set enrichment
analysis (GSEA), and module scoring were used to identify specific
markers of each cluster for identification (table S2). We then assessed
specific DEGs of each fibroblast subtype to confirm cluster iden-
tification (Fig. 5C). On the basis of the DEGs and pathway analysis,
we labeled the clusters as follows: (1) matrix fibroblasts with high
Decorin (Dcn) expression; (2) matrix fibroblasts with high collagen
(Cols) expression; (3) remodeling myofibroblasts with high expres-
sion of alpha-actin 2 (Acta2) and A disintegrin and metalloproteinase
with thrombospondin type 1 motif 1 (Adamts1); (4) SASP fibroblasts
with high human leukocyte antigen (HLA) class II histocompati-
bility antigen gamma chain (also known as Cd74) expression and
SASP marker expression such as C-X-C motif chemokine ligand 10
(Cxcl10); (5) myofibroblasts with high Acta2 and Actin gamma 2
(Actg2) expression; (6) transitioning fibroblasts with high expres-
sion of cellular communication network factor 2 (Ccn2); and (7)
mesenchymal progenitor with high expression of Cd52, also known
as CAMPATHS-1 antigen.

To determine how aging and metformin affect the composition
of the fibroblast population, we used a Monte Carlo/permutation
test that calculates the cell proportions of each cluster between aging
(young versus aged) and metformin treatment (aged versus aged +
metformin) using the scProportionTest package (26). We found a
distinct shift in SASP fibroblasts with a higher proportion [false dis-
covery rate (FDR) < 0.01] in aged mice compared with the young
and metformin groups. We also found a significant increase in the
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proportion of the remodeling myofibroblast subtype in the metformin
group (FDR < 0.01; Fig. 5D). Figure 5E shows the main significant
DEGs between all fibroblasts for young versus aged and metformin
versus aged. Notably, fibroblasts from young mice have higher gene
expression for various collagen genes (Colla2, Col3al, and Col4al),
the aged group has higher expression of antigen presentation genes
(H2-DI and H2-K1), and the metformin group has higher expres-
sion of genes associated with activated remodeling by fibroblasts
(Acta2 and Adamtsl).

To uncover the global structure of fibroblast lineages within our
data, we performed a trajectory inference analysis using the “sling-
shot” package (27) that characterizes the trajectory of fibroblast
clusters into distinctive lineages in a semisupervised manner (Black
dots and lines in Fig. 5B). The analysis revealed that cluster 4 is at
the end of the matrix fibroblast lineage, and clusters 3 and 5 are at
the end of a differentiated lineage of Act2" activated fibroblasts, also
called myofibroblasts and are separated by a transitioning fibroblast
cell state, represented by cluster 6. The transitioning fibroblasts also
had low to medium expression of Acta2 and high Ccn2 expression,
which is known to promote fibroblast adhesion and is required for
fibroblast activation (28). On the other end of the trajectory, the fi-
broblasts belonging to cluster 7 had high expression of Cd52, which
is a known surface marker for the mesenchymal progenitors (29).

Fibroblast gene expression revealed specific and distinctive
pathways among clusters

To investigate the cluster identity and functional pathways associated
with each cluster, we identified the DEGs associated with each fibro-
blast cluster (table S2). We used the PROGENY R package to infer
signaling pathway activity from 14 pathways based on consensus
gene signature (30). Janus kinase (JAK)-signal transducers and acti-
vator of transcription (STAT), nuclear factor kB (NFkB), and tumor
necrosis factor alpha (TNFa) activity were higher within the SASP
fibroblasts, transition fibroblasts, and mesenchymal progenitors, while
mitogen-activated protein kinase (MAPK) signaling pathway had a
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Fig. 5. Dynamic changes in ovarian fibroblasts revealed distinct shifts in population proportions in aged and metformin-treated mice. (A) Projection of the
5361 single cells belonging to fibroblast/myofibroblast | and Il compartments of the original data, analyzed, and reclustered in a two-dimensional (2D) projection of single
cells onto a graph representation by color for each condition. (B) Cells were associated with seven fibroblast states, annotated, and marked by color. The suggested
pseudotrajectory from all fibroblast states is represented by black dots and lines on the 2D map. (C) Expression of key cell state-specific marker genes on top of the 2D
map of ovarian fibroblasts. (D) Graph of the permutation test of each fibroblast cluster and the single-cell proportion differences between young versus aged and
metformin versus aged. Dotted lines indicate the threshold for a fold change of 1.5 (log, =0.58), and red dots represent the significance of a change in cell proportion
between groups compared [*FDR (false discovery rate) < 0.05, **FDR < 0.01]. (E) Differential gene expression of all fibroblasts derived from young versus aged and
metformin versus aged ovaries. Vertical dotted lines indicate the threshold for a fold change of 1.25 (log, = 0.3), and the horizontal dotted line indicates the P value
threshold of 0.05 (—logqo = 1.3), Blue dots are significant DEGs that meet 1.25-fold change and P value <0.05. Red dots are not significant DEGs.
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higher pathway score in the fibroblasts transitioning from matrix
fibroblast to myofibroblast (Fig. 6A). Interferon (IFN) gamma and
alpha activities were also increased in SASP fibroblasts using relevant
modules from the MSigDB Hallmark gene sets (Fig. 6B) (31). A list of
senescence marker genes was obtained from the literature (32), in-
cluding senescence core genes, senescence-associated effector genes,
and genes that encode SASP factors. We identified the fibroblasts in
cluster 4 as SASP-associated fibroblasts as they scored highly for the
panel of SASP factors (Fig. 6C). However, they show no higher expres-
sion of senescence core genes or senescence effector genes (fig. S2).

Two distinct populations of myofibroblasts (Acta2®) were also
identified, and DEGs were determined (Fig. 6D). Myofibroblasts in
cluster 5 enriched for genes associated with collagen formation and
extracellular organization, suggesting an active myofibroblast pop-
ulation contributing to ECM formation (Fig. 6D, I and II). Myofibro-
blasts in cluster 3 enriched for the TNFa signaling pathway, which
is associated with the remodeling of ECM by myofibroblasts in other
tissues (Fig. 6D, IIT) (33) and had high expression of ADAM metal-
lopeptidase 1 and 5 (Admts1 and 5), known to be required for the
remodeling during ovarian folliculogenesis (Fig. 6D) (34).

To identify biological processes associated with each population,
we used PANTHER to evaluate pathway enrichment for each clus-
ter’s DEGs (table S3). The top pathways from the DEGS in remod-
eling fibroblasts and SASP fibroblasts are shown in Fig. 6E. Briefly,
remodeling myofibroblasts from cluster 3 showed increased adhe-
sion (integrin signaling pathway) and regulation of ECM production
[cytoskeletal regulation by Rho GTPase (guanosine triphosphatase)].
In contrast, SASP fibroblasts from cluster 4 showed increased apop-
tosis, and JAK-STAT, IFN-gamma (IFNg), and PDGF signaling path-
way activities.

Effects of metformin may be indirect in the mouse ovary
Metformin is known to act in the liver, where it inhibits gluconeo-
genesis by targeting complex 1 of the mitochondrial electron trans-
port chain and by the activation of AMPK [reviewed in (19)]. Because
of its structure, metformin is dependent on membrane transporters
for cellular uptake and secretion, such as the solute carrier family 22
members 1, 2, 3, and 4 (Slc22al, Slc22a2, Slc22a3, and Slc22a4),
solute carrier family 47 members 1 and 2 (Slc47al and Slc47a2), and
solute carrier family 29 member 4 (Slc29a4) (18). To determine
whether metformin might be transported into the ovarian cells, we
explored the gene expression of all known transporters of met-
formin in every ovarian cell population reported in our scRNA-seq
analysis (fig. S3A) and discovered no expression of any known trans-
porter, except for Slc22al in myofibroblast, which was reported in
less than 6% of the cells from that cluster. On the basis of the human
protein atlas, the SLC22A1 gene (also known as OCT1) is not ex-
pressed in human ovarian tissue [(35), humanproteinatlas.org], sug-
gesting that metformin effects in the ovary are not mediated by direct
action on ovarian fibroblasts.

Because metformin mainly targets the inhibition of mitochondrial
complex I (NADH: ubiquinone oxidoreductase) and the oxidative
stress response pathway (19, 36), we accessed public gene lists for these
pathways to assess their expression in our fibroblasts (fig. S3B). We
found no significant decrease in gene score from the complex I gene
module or increase in oxidative responsive gene score in the met-
formin group, as we would expect if metformin had targeted fibro-
blasts directly. The slight increase in the score of the mitochondria
gene module score in the metformin group compared with aged
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mice may be attributable to the shift in SASP-associated fibroblasts,
which have lower mitochondrial activity (37, 38), to a higher pro-
portion of activated fibroblasts seen in the metformin group. The lack
of metformin transporter expression or change in cellular bioenergy
suggests that metformin may have no direct effect on ovarian tissue.

A responsive population of macrophages is identified

in the metformin treatment group

Because our observations in the NSG mice suggest that immune
cells have an important role to play in the establishment of ovarian
fibrosis, we sought to further investigate the immune cells in the
single-cell RNA expression data and cell population proportions as-
sociated with aging and metformin treatment. From the original
dataset (Fig. 4B), we subset 12 clusters identified as CD45" and then
reclustered these immune cells, which identified a total of 16 dis-
tinctive CD45" clusters (Fig. 7A). As expected, aging altered the im-
mune landscape of the ovary, which was associated with an increase
in the proportions of B cells, T cells, natural killer T cells, innate
lymphoid cells (ILCs), and mast cells and a decrease in macrophage
and dendritic cells (Fig. 7B). Metformin prevention treatment in aged
mice resulted in an increase in B cells and T cells and the recruitment
of a metformin-responsive population of macrophages compared
with the aged mice. Thus, we identified a population of macrophages
specific to the metformin group, noted as “macrophage III” (Fig. 7C).
From the original CD45" data, we subset four clusters: macrophages I,
I1, and III, and monocytes and reclustered these populations as seen
in the UMAP (Fig. 7D). We then performed a trajectory inference
using the slingshot package to determine whether that population is
from the same lineage of tissue-resident monocytes or alternatively
recruited to the ovary (black dots and lines in Fig. 7D). One possible
explanation for the separation between the macrophage I and mac-
rophage III subpopulations and the lack of lineage association be-
tween the monocytes and the macrophage III cluster would be a
possible differentiation of these macrophages in a different tissue
before recruitment to and infiltration of the ovary. Further work is
needed to determine the origin of that subpopulation of macrophages
in the metformin-treated ovary.

To determine the unique features of this metformin-induced
macrophage population, we compared its gene expression profile
relative to all other macrophages (Fig. 7E and table S4 for the full
list). On the basis of the DEGs and a statistical enrichment analysis
using the PANTHER pathway annotation, we found that the mac-
rophage III cluster enriches for the activation of B cells and T cells,
and phosphatidylinositol 3-kinase (PI3K) kinase activity, as well as
integrin and apoptosis signaling pathway activity (Fig. 7F). Because
we discovered that inflammation mediated by cytokines and chemo-
kines, T cell activation, and IFNg signaling in the fibroblasts was
associated with aging and ovarian fibrosis (Fig. 6E), we further in-
vestigated the cell communication network of that unique macro-
phage population by performing a ligand-receptor analysis using the
LIANA R package on the single-cell data (table S5) (39). We limited
the analysis to communications with immune cells as the ligand
source and the seven fibroblast clusters as the receiver populations
expressing cognate receptors to obtain a list of possible signaling li-
gands secreted by immune cells and acting on fibroblasts. It is worth
noting that of all immune cells, macrophages appear to have the
most interactions with fibroblasts (Fig. 8A). To identify the specific
ligands secreted by the macrophage III cells, we further filtered the
ligands exclusively expressed by all macrophages and compared that
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Fig. 8. Ligand-receptor analysis of ovarian immune cells revealed a unique set of ligands to the metformin group. (A) LIANA ligand-receptor analysis of ligand (red)
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list of ligands within the three populations of macrophages (Fig. 8B).
We found eight ligands specific to the macrophage III population
and their target receptors in the fibroblast clusters (Fig. 8C). The
genes for Cxcl13, Icam2, Plxnb3, Negrl, Cadm1, Apoc4, L1cam, and
Kl are expressed by the macrophage III cells and have different re-
ceptors such as Igflr, Cxcr3, Cxcr5, Grm?7, Itgal, Smadg, Igsf9b, Erbb3,
Crtam, Vidlr, and Ephb2 in various fibroblast clusters of interest,
including the SASP fibroblasts (cluster 4) and the remodeling myo-
fibroblasts (cluster 3). The identification of specific DEGs and ligands
expressed by the macrophage III subpopulation in the metformin
group suggests unique signaling by the immune system on ovarian
fibroblasts in response to metformin treatment.

DISCUSSION
Age-associated ovarian fibrosis is most evident around the age of
20 months in female mice and is associated with increases in col-
lagen fiber deposition and thickness (11, 40, 41). Using scRNA-seq,
we found a decrease in macrophage and dendritic cell proportions
in the aged ovary, which is characteristic of immunosenescence [re-
viewed in (42)]. We also found a higher proportion of ovarian fibro-
blasts in the aged fibrotic ovary that express various signaling factors
that might be associated with a senescence phenotype and are en-
riched for pathways involved in the development and regulation of
SASP, such as IFNg, JAK-STAT, NF«B, and TNFa signaling path-
ways (43, 44). The acquisition of the SASP by senescent cells is gen-
erally controlled by NF«B (45) and maintained by IFNg and TNFa,
which induce and promote senescent cell survival (44). As a result of
aging and immunosenescence (46), the immune system becomes
less able to eradicate senescent cells, resulting in their persistence (4).
IFNg has been shown to induce cellular growth arrest and to
stimulate major histocompatibility complex (MHC) class II surface
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expression by activating JAK-STAT in fibroblasts (47). It was re-
cently shown that the expression of nonclassical MHC molecules on
senescent cells allows them to evade immune clearance by inhibiting
the immune responses (48). We found high expression for MHC
class I and II genes (Cd74, H2-Aa, H2-Abl, H2-Eb, H2-D1, and
H2-K1) in SASP Cd74™ fibroblasts (cluster 4) and aged fibroblasts.
In support of this observation, aging in hepatocytes increased the
expression of immune signature genes such as H2-Aa, H2-Abl,
H2-D1, H2-Eb1, and Cd74, which was described as an aging and
cellular senescence gene signature (49). Our data suggest that aged
SASP-associated Cd74™ fibroblasts may be capable of evading the
immune system clearance and persist in the aging ovary.

A recent review on the evasion of apoptosis by myofibroblasts
suggests that those responsible for age-associated tissue fibrosis are
evading cellular death and are persisting by becoming senescent,
further contributing to the pathology of fibrosis (50). Moreover, we
discovered an earlier establishment of ovarian fibrosis in immuno-
compromised NSG female mice, lacking functional immune cells
such as macrophages. To our knowledge, ovarian fibrosis in immu-
nocompromised mice has never been documented, and this is the
first evidence of a link between the immune system and ovarian fibro-
sis. However, Fransolet ef al. (51) noted that sheep ovarian tissue
grafted into SCID and NOD-SCID female mice were more fibrotic
after transplantation, suggesting that healthy ovarian tissue became
fibrotic in an immune-compromised environment, which supports
our finding that the immune cells play a central role in the establish-
ment of ovarian fibrosis. In our study, metformin treatment pre-
vented age-associated ovarian fibrosis, which was also associated
with a decrease in the proportion of SASP Cd74™ fibroblasts. To-
gether, age-associated ovarian fibrosis appears to be the result of
immunosenescence and an imbalance in fibroblast subpopulations,
such that there is an increase and/or persistence of SASP-producing
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fibroblasts, potentially capable of evading immune cells and further
stimulating ECM deposition as previously described (52).
Metformin has received a lot of attention for its capacity to reg-
ulate immune cells, especially macrophages [reviewed in (53)]. In this
study, we discovered that metformin not only increases the popula-
tions of T cells and B cells but also promotes the establishment of a
distinct macrophage subpopulation in the aged ovary. Metformin
can modulate macrophage polarization directly (54) or indirectly by
regulating glucose and insulin blood levels (55). As macrophages are
a heterogeneous population specialized in sensing the microenvi-
ronment and modifying their properties accordingly (56), they can
rewire their responses to different metabolic signals through activa-
tion of the PI3K pathway (57). This supports our finding that the
macrophage population that appears in metformin-treated ovaries
is a population that is responsive to treatment. The mechanism by
which metformin modulates the immune cells remains unclear. We
identified a distinct set of ligands expressed by the macrophage pop-
ulation specific to metformin treatment, which includes chemokine
(C-X-C motif) ligand 13 (Cxcl13), Klotho (KI), neural growth regu-
lator 1 (Negrl), and plexin B3 (Plxnb3), which have known receptors
in the SASP Cd74™" fibroblasts and/or the remodeling myofibroblast
subpopulations. CXC-chemokines and their receptors have consis-
tently exhibited important regulatory roles in fibroblast and tissue
fibrosis (7). Current evidence indicates that CXCL13 orchestrates
cell-cell interactions with ECM components and regulates lympho-
cyte infiltration (58, 59). Klotho is known as an anti-aging protein that
stimulates the production of anti-inflammatory factors and helps
immune cells regain their immune functionality (60, 61). In various
tissues, declines in Klotho have been reported to promote cellu-
lar senescence (62). Klotho can bind the insulin-like growth factor-1-
receptor (IGF1R) to prevent activation of the signaling pathway
(63, 64). In lung fibrosis, IGF1/IGF1R plays a major role in fibroblast
survival and myofibroblast activation (65). By blocking the IGF1 sig-
naling pathway, the resolution of bleomycin-induced lung fibrosis is
accelerated (66). However, no role has been described yet for NEGR1
and PLXNB3 in tissue fibrosis. Our results suggest the emergence of
a subpopulation of metformin-responsive macrophages that helps
shape the fibroblast populations and immune landscape by secreting
a unique subset of ligands to maintain optimal tissue homeostasis.
In other mouse models, metformin has been shown to prevent
liver fibrosis and accelerate the reversal of lung fibrosis by modulat-
ing cellular proliferation/survival signaling pathways (67, 68). It is
worth mentioning that these studies used relatively young mice with
an optimal immune system. Without any intervention, both mod-
els of carbon tetrachloride-induced liver fibrosis and bleomycin-
induced lung fibrosis will resolve on their own and are accompanied
by an increase in macrophages (69, 70). Organ fibrosis can be resolved
by removing and replacing the fibrotic tissue with healthy ECM in
a controlled manner (71). It generally involves the immune cells to
promote ECM degradation and collagen uptake by secreting matrix
metalloproteinases (72), and the clearance of profibrotic myofibro-
blasts and senescent fibroblasts (50). Alternatively, fibrosis can be
prevented by promoting collagen turnover to maintain healthy ECM
production by fibroblasts (73). Although myofibroblasts are key
players in the pathological conditions of fibrosis, they also play a
pivotal role in tissue repair and remodeling by promoting ECM deg-
radation, collagen uptake, and healthy tissue homeostasis (7). In the
arterial adventitia, myofibroblasts can adopt one of two functions;
positive remodeling, associated with a loss in collagen, or negative
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remodeling, associated with a gain in collagen fibers (74), which are
under the control of the microenvironment (75). Our results sug-
gest the presence of two similar myofibroblast types in the ovary: A
population of negative remodeling myofibroblasts that enrich for
extracellular structure organization and collagen formation and a
population of positive remodeling myofibroblasts that express metal-
loproteinases. We discovered that metformin treatment increased
the proportion of positive remodeling myofibroblasts compared with
untreated aged ovaries, supporting the role of positive remodeling
myofibroblasts in preventing ovarian fibrosis and maintaining healthy
tissue homeostasis. Alternatively, metformin is known to inhibit SASP
production by interfering with NF«B in cultured lung fibroblasts
(76). Because SASP inhibitor can attenuate the deleterious conse-
quences of SASP signaling and reduce senescence-induced inflam-
mation (52), itis possible that metformin suppresses the formation
of ovarian fibrosis by regulating the SASP fibroblasts.

To conclude, our results show that age-associated ovarian fibro-
sis is associated with immunosenescence and a higher proportion of
fibroblasts with a SASP-like phenotype and expressing nonclassical
MHC molecules. As a limitation of this study, it is not clear whether
that higher proportion of SASP Cd74™ fibroblasts is a result of ovar-
ian fibrosis or is responsible for it. Nonetheless, we demonstrated
that metformin prevents ovarian fibrosis by modulating the immune
cells and that is associated with a decreased proportion of SASP
Cd74™ fibroblasts and increased proportion of positive remodeling
myofibroblasts. Future work should focus on the involvement of the
immune system during ovarian fibrosis and the mechanisms by which
metformin modulates the actions of these cells toward the prevention
of fibrosis in the ovary. Last, we know that young and healthy ovaries
are continuously under extensive ECM remodeling during reproduc-
tive life (77). As a result, the ovarian stroma is constantly remodeled
to accommodate folliculogenesis, ovulation, corpus luteum forma-
tion, and tissue repair, which is dependent on the estrus cycle (41). At
menopause, ovaries stop cycling, which limits the stromal remodeling
pressure of the estrus cycle and may promote permanent collagen
deposition, resulting in ovarian fibrosis. As an additional contributing
factor,immunosenescence prevents the clearance of SASP-producing
fibroblasts, which further promotes a profibrotic microenvironment.
Our results show that the intake of metformin can prevent the per-
sistence of SASP-producing fibroblasts and maintain healthy tissue
homeostasis by recruiting immune cells to the aging ovary.

MATERIALS AND METHODS

Animal models

This study was performed under a protocol approved by the Animal
Care Committee of the University of Ottawa and conducted in ac-
cordance with the guidelines of the Canadian Council on Animal
Care. Mice were housed under controlled environmental conditions
with 12-hour alternating light/dark cycles, with free access to water and
food. Young and aged female C57BL/6] mice were purchased from
the Jackson Laboratory. Young FVB/N female mice were purchased
from Charles Rivers and aged in-house. Ovaries from young and aged
female NOD.Cg-Prkdcscidll2rgtm1 Wjl/Sz] (NSG) mice were gener-
ously donated by C. Addison (Ottawa Hospital Research Institute).

Experimental design
We previously found that metformin use by T2D postmenopausal
women may abrogate ovarian fibrosis. In this study, we sought to

110f 15



SCIENCE ADVANCES | RESEARCH ARTICLE

determine whether metformin can prevent and/or reverse the for-
mation of ovarian fibrosis. Because ovarian fibrosis is substantially
increased between 15 and 18 months of age in mice, we designed our
prevention study by treating adult female mice C57BL/6 beginning
at the age 14 months (prefibrosis development; five per group) with
350 mg/kg per day of metformin (Sigma-Aldrich) in their drink-
ing water for 6 months (no drug as control). We also determined
whether existing fibrosis can be reversed by using naturally aged mice
at 18 months of age, when collagen deposition is high. We treated the
aged mice with the same metformin treatments in the drinking water
for 6 months as a fibrosis reversal study. We selected this drug con-
centration in the drinking water as it achieves plasma concentrations
similar to the doses taken by patients with T2D (i.e., 5 to 10 uM met-
formin) (78). At the end of the 6-month period, experimental mice were
euthanized in static microisolators by CO, asphyxiation delivered at
a flow of 20 to 30% chamber volume per minute followed by cervical
dislocation. We also euthanized two more experimental conditions
based on age with no treatments, defined as young (n = 5; 3 months
old) and middle-aged (n = 5; 14 months old). All mice were dissected
to collect the ovaries. The left ovary of the first three mice of each
group was used for scRNA-seq, while the right ovary of the same mice
was collected for histologic analysis. The remaining two mice in each
group had both ovaries collected for histologic analysis (Fig. 1).

Histologic preparation PSR staining and imaging
Histopathologic assessment of murine ovaries was performed using
5-pm sections of formalin-fixed paraffin-embedded tissue. Briefly,
ovaries were incubated in 10% (w/v) neutered formaldehyde buffer
(NFB) for 24 hours at room temperature and transferred to 70%
ethanol to be paraffin embedded. Sections were prepared at a thick-
ness of 5 um and stained with PSR. Bright-field images were acquired
using the ScanScope CS2 (Leica Biosystems, Concord, Canada), and
polarized images were acquired using a Zeiss AxioObserver 7 (in-
verted) with a tunable polarizer and analyzer (Zeiss, Oberkochen,
Germany). For collagen quantification, polarized images were ana-
lyzed using FIJI (Image]).

For each image, we performed the same subtraction operation to
remove any background and noncollagen birefringence. We then
determined the hue (color) of each pixel within the subtracted im-
age. Because of the birefringence properties of collagen stained with
PSR, the thickness of collagen fiber can be viewed under polarized
light from green (thin) to yellow to orange to red (thick) (22). To de-
termine the value of each hue pixel, the hue component was retained,
and a histogram of hue frequency and saturation was obtained from
the resolved 8-bit images (which contain 256 colors). We used the
following hue definitions as previously described in (23): red, 2 to 9
and 230 to 256; orange, 10 to 38; yellow, 39 to 51; and green, 52 to
128. The hue between 129 and 229 consists of nonbirefringent tissue
and is labeled as no pixel. The number of pixels within each hue range
was determined and expressed as a percentage of the total ovarian
area in pixels. The analysis of total collagen fiber content per area was
the total sum of all hue range pixels for the total ovarian area ex-
pressed as a percentage. Last, groups were normalized by dividing
each total collagen per area value by the average of the control group
(young mice), which provided a relative total collagen per area.

SHG analysis
Unstained paraffinized 5-mm sections of mouse ovaries were imaged
using SHG microscopy. Twenty regions of the ovarian area were
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annotated for imaging in each mouse (five per group). Images were
acquired using a laser scanning microscope (Fluoview FVMPE-RS,
Olympus) to scan the sample with a Ti:saphire femtosecond laser
(Mai Tai HP, Spectra Physics). The pulse duration was 150 fs at an
80-MHz pulse frequency, and wavelength was set to 840 nm. The
average laser power at the sample was 28 mW + 1. SHG image anal-
ysis was performed using Fiji software. First, images with approx-
imately >15% of nonovarian structure were removed from the analysis
to prevent bias. Images were converted in 8-bit and based on the his-
togram of our control group (young mice); we selected a threshold
with minimal pixel identification. All images were analyzed using the
very same threshold and process. Imaging and analysis of SHG were
performed blinded. The analysis of total collagen fiber content per
area was the total positive pixels for the total image area relative to
the young mice group.

scRNA-seq sample preparation

Ovaries were collected immediately after euthanasia, cleaned from
any extraneous remaining tissue (fat, oviduct, etc.) and washed in
phosphate-buffered saline (PBS) three times. All three ovaries from
each group were pooled together in 3 ml of enzymatic dissociation solu-
tion [Hanks’ balanced salt solution with Pronase (1.25 mg/ml), Elastase
(9.2 ug/ml), deoxyribonuclease I (100 pg/ml), Dispase (100 pug/ml),
and Collagenase A (1.5 mg/ml)]. Ovaries were further chopped using
surgical scissors in dissociation media and incubated for 30 min at
37°C in a rotatory shaker. Single-cell suspensions were filtered using
a40-pm cell strainer (which removed all oocytes as well), spun down,
and resuspended in ACK lysis buffer for 30 s to remove red blood
cells. Cells were washed in sterile PBS (PBS; Corning, no. 21-031-CV)
before preparing for flow sorting.

Flow sorting samples forimmune cell enrichment

Cells in suspension were incubated in Zombie Live Dead dye NIR
solution (at 1/500 in PBS) for 20 min at room temperature and washed
with the flow buffer [PBS-2% fetal bovine serum (FBS)]. Cells were
then incubated in a CD45.2-fluorescein isothiocyanate solution (at
1/750 in flow buffer) for 15 min at room temperature. Cells were
washed twice and resuspended in flow buffer before flow sorting.
For each group, a gate was set for live cells (NIR") and separated the
live immune cells (CD45%) and live nonimmune cells (CD457) in
their respective 15-ml falcon tube. All flow cytometry was carried out
on a Beckman Coulter MoFlo XDP (Beckman Coulter, Indianapolis,
IN). Samples were kept on ice during the flow sorting process, which
was performed within 15 min following the end of enzymatic disso-
ciation. Cells were remixed together at a ratio of 1:1 immune and
nonimmune before labeling.

Multiplex scRNA-seq preparation, sequencing,

and processing

Following procedures previously described in (79), we performed
multiplexing following the MULT1I-seq protocol. After the final wash,
cells were resuspended in PBS + 1% bovine serum albumin (BSA),
pooled together, pelleted, and resuspended in PBS + 1% BSA. Via-
bility and cell counts were then performed before preparation of the
scRNA-seq libraries. Single-cell suspensions were processed using
the 10x Genomics Single Cell 3" RNA-seq Kit (v3). Gene expression
libraries were prepared according to the manufacturer’s protocol.
MULTI-seq barcode libraries were retrieved from the samples, and
libraries were prepared independently according to the MULTI-seq
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library preparation protocol. Briefly, barcode libraries are separated
from the cDNA libraries during the first round of size selection in
the 10x Genomics library preparation protocol and polymerase
chain reaction amplified before sequencing. Final libraries were se-
quenced on a NextSeq500 (Illumina). Expression libraries were se-
quenced so that time course libraries reached an approximate depth
of 20,000 reads per cell (v3 scRNA-seq kit). We detected a median
of 1718 genes and 4201 unique molecular identifiers (UMISs) per cell.

Raw sequencing reads from the gene expression libraries were
processed using “CellRanger” v3.0.2. The GRCh38 build of the mouse
genome was used. Except for explicitly setting --expect-cells =25,000,
default parameters were used for all samples. MULTI-seq bar-
code libraries were simply trimmed to 28 base pairs (v3 kit) using
Trimmomatic48 (v0.36) before demultiplexing.

Demultiplexing was performed using the “demultiplex” R package
(v1.0.2). The key concepts for demultiplexing are described in
McGinnis et al. (80) Briefly, the tool takes the barcode sequencing
reads and counts the number of times each barcode appears for each
cell. Then, for each barcode, it assesses the distribution of counts in
cells and determines an optimal quantile threshold to deem a cell
positive for a given barcode. Cells positive for more than one barcode
are classified as doublets and are removed. Only cells positive for a
single barcode are retained for downstream analysis. As each barcode
corresponds to a specific sample in the experiment, the sample
annotations can then be added to all cells in the dataset.

Quality control was first performed independently on each 10x
Genomics library, and all main processing steps were performed
with Seurat v3.0.2. Expression matrices for each sample were loaded
into R as Seurat objects, only retaining cells with >200 genes detected.
Cells with a high percentage of mitochondrial gene expression were
also removed. We then subset the data, making independent Seurat
objects for immune and nonimmune cells (i.e., Fibroblast, CD45",
CD457, etc.). Each condition was then processed independently
with a standard workflow. We first removed genes detected in <1%
of the cells for the given experiment. The expression values were
then normalized with standard library size scaling and log transfor-
mation. The top 3000 variable genes were detected using the variance-
stabilizing transformation (vst) selection method in Seurat. Expression
values were scaled, and the following technical factors were regressed
out: percentage of mitochondrial reads, number of RNA molecules
detected, and cycle scores. UMAP dimensionality reduction and em-
beddings were mapped after applying “SCTransform” normalization
and standardization algorithm.

Computational analyses

To determine the identity of the cell type in each cluster, we used
the “celldex for cell-type identification” package (24) with the im-
munological Genome Project (ImmGen) as the reference with the
automated annotation tool “singleR,” and we manually validated
each cluster with specific markers (table S2). Differential expression
analysis was performed using the R package “Seurat.” We assessed
the number of DEGs in various specified contexts (e.g., Metformin
versus Aged, Cluster#4) using the FindMarkers() function, and de-
fault parameters were used with idents and sub-idents specific
to the analysis. GSEA was then performed using the R package
“FGSEA.” Input genes were ranked by log,fold change and adjusted
Pvalue from the differential expression analysis. Reference gene sets
were collected from the Molecular Signatures Database (MSigDB)
v6.2 (31).
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Gene set scoring was performed using the AddModuleScore()
function provided by the Seurat package; default parameters were used.
Gene lists from the public domain were acquired from Geneglobe
Qiagen website (geneglobe.qiagen.com): Cellular Senescence (Core,
Effective, and SASP gene set), Mitochondria Energy Metabolism
[Complex I (NADH-Coenzyme Q Reductase) gene set], and Oxida-
tive Stress (Oxidative Stress Responsive Genes gene set).

Pathway responsive genes for activity inference from gene ex-
pression analysis were performed using the R package “PROGENy”
(30). Pathway activity score was computed on the scRNA-seq data from
the fibroblasts subset Seurat object using the progeny() function with
the mouse reference dataset. Alongside, we used the protein analysis
through evolutionary relationships (PANTHER) classification system
to perform an overrepresentation analysis (http://pantherdb.org).
We imported positive DEGs associated with specific clusters (e.g.,
SASP fibroblast) and performed the analysis using the PANTHER
pathway with the mouse whole genome as a reference.

Ligand-receptor analysis was performed by applying the “LIANA”
package (39). Briefly, our Seurat object with relevant cellular popu-
lation identities was used as the data source for the package. We
converted all mouse genes to human nomenclature using a list of
1-to-1 human to mouse orthologs and ran LIANA to identify all
possible ligand-receptor communications between all clusters. We
chose the following implementations to calculate consensus-based
receptor-ligand links: LogFC, NATMI, Connectome, SCA, SquidPy,
CellChat, iTALK, and CytoTalk. After each implementation finished
calculating consensus ranks, we aggregated the data into a single
table with a meta P value that represents the strongest and most likely
receptor-ligand interactions before focusing on relevant populations
and their receptor-ligand interactome. Visualization of receptor-
ligand interactions was done using the “Circlize” package.

Statistical analyses

All statistical analyses were performed using Prism 9 software
(GraphPad Software Inc., La Jolla, CA, USA). Datasets were com-
pared using analysis of variance (with Tukey’s or Dunnett’s multiple
comparisons posttest) or otherwise when specified. All data are pre-
sented as means + SEM.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq1475

View/request a protocol for this paper from Bio-protocol.
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