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GPER deficiency impedes murine
myocutaneous revascularization
and wound healing
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Jacquelyn S. Brandenburg?, Vernon S. Pankratz®, Geetanjali Sharma?, Helen J. Hathaway*“®,
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Estrogens regulate numerous physiological and pathological processes, including wide-ranging effects
in wound healing. The effects of estrogens are mediated through multiple estrogen receptors (ERs),
including the classical nuclear ERs (ERa and ERB), that typically regulate gene expression, and the
7-transmembrane G protein-coupled estrogen receptor (GPER), that predominantly mediates rapid
“non-genomic” signaling. Estrogen modulates the expression of various genes involved in epidermal
function and regeneration, inflammation, matrix production, and protease inhibition, all critical to
wound healing. Our previous work demonstrated improved myocutaneous wound healing in female
mice compared to male mice. In the current study, we employed male and female GPER knockout mice
to investigate the role of this estrogen receptor in wound revascularization and tissue viability. Using

a murine myocutaneous flap model of graded ischemia, we measured real-time flap perfusion via laser
speckle perfusion imaging. We conducted histologic and immunohistochemical analyses to assess

skin and muscle viability, microvascular density and vessel morphology. Our results demonstrate that
GPER is crucial in wound healing, mediating effects that are both dependent and independent of sex.
Lack of GPER expression is associated with increased skin necrosis, reduced flap perfusion and altered
vessel morphology. These findings contribute to understanding GPER signaling in wound healing and
suggest possible therapeutic opportunities by targeting GPER.

17B-estradiol (E2) is the most potent and prevalent steroid estrogen hormone secreted by the ovaries. Estrogens
regulate many essential physiological processes and are necessary for developing the reproductive system in
females and males. The effects of estrogens are mediated through multiple estrogen receptors (ERs), including
the classical nuclear ERs (ERa and ERB), that typically regulate gene expression, and the 7-transmembrane G
protein-coupled estrogen receptor (GPER), which predominantly mediates rapid “non-genomic” signaling. Over
the past two decades, GPER has been identified as a regulator of various and diverse aspects of pathophysiology,
including cardiovascular physiology and disease, metabolism (e.g., obesity and diabetes), multiple cancers,
and inflammation (infection and inflammatory diseases), among others'~>. Emerging results demonstrate that
estrogens play a significant role in human wound healing. Estrogen modulates numerous genes and processes
involved in epidermal function and regeneration, inflammation, matrix production, and protease inhibition, all
critical for effective wound repair®.

Approximately 8.2 million Medicare recipients in the United States received wound care in 2018, with
annual medical expenses for acute and chronic wound treatments ranging from $28 billion to $97 billion’.
Gene expression studies reveal that impaired wound healing in humans is associated with increased age and is
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profoundly influenced by estrogen®. Clinically, as aging negatively affects wound healing, applying topical estrogen
improved wound healing in older women and men, with increased collagen and fibronectin levels observed,
leading to a reduction in wound size in both sexes®. In a human surgical wound study, increased collagen
deposition was documented in premenopausal women compared to age-matched men’. In ovariectomized female
mice, exogenous estrogen reversed the delay in acute incisional wound epithelialization in a model of cutaneous
ischemia, potentially through increased expression of the anti-apoptotic Bcl-2 protein!®!!. The beneficial effects of
estrogen required ERa expression, as demonstrated by the lack of estrogen efficacy in ERa knockout (KO) mice'".
Sex differences in the prevalence of skin wounds exist, with foot ulcers more common in men than women'2 In
addition, sexual dimorphism exists in endothelial cell function and angiogenesis'. Although GPER expression
is higher in female versus male human umbilical vein endothelial cells (HUVEC), neither E2 nor G-1 enhanced
HUVEC viability in cells derived from either sex'*. In primary rat aortic vascular smooth muscle cells, GPER
activation inhibits cell proliferation and migration and is downregulated during vascular injury'°. Moreover,
estrogen-induced angiogenesis in endothelial cells is mediated by GPER, involving key metabolic pathways'.
In studies with triple-negative breast cancer cells, E2 suppressed vascular endothelial growth factor (VEGF)
expression through GPER, reducing endothelial tube formation and angiogenesis'’. Finally, we have shown in
a murine myocutaneous flap model of graded ischemia that flap revascularization and healing are superior in
female mice compared to male mice'®.

In this study, we utilized a GPER KO mouse model to determine whether GPER signaling plays a role in
wound revascularization and repair. Employing the murine myocutaneous flap model of graded ischemia, we
used laser speckle perfusion imaging (which provides depth-resolved blood flow measurements, typically limited
to a depth of 300-500 pm) to assess perfusion throughout the flap'®. Serial photography and planimetry were
utilized to document gross flap viability. Image analysis followed histology and immunohistochemical staining
to determine skin and muscle viability, microvascular density and vessel morphology. Our results using GPER
KO mice demonstrate for the first time that GPER plays an essential role in wound healing, regardless of sex,
showing that GPER expression is associated with increased neovascularization, perfusion, and flap viability.
These findings advance the understanding of the role of GPER in wound healing and highlight the therapeutic
potential of targeting this receptor.

Results

Our previous study demonstrated a sex difference in murine flap revascularization, with females exhibiting
improved wound healing compared to males, suggesting a role for estrogen'®. In a previous supporting
publication, ovariectomy leads to a decline in wound healing, with the negative effect ameliorated by restoring
estradiol after ovariectomy'!. Although a role for ERa has been proposed,'* we sought to determine whether
GPER contributes to the differences observed in male and female murine wound healing by employing GPER
KO in a murine myocutaneous flap model of wound healing.

GPER deficiency leads to increased fat and decreased dermal thickness in male mice

To explore the role of GPER in wound healing, we first examined the morphology of the skin and panniculus
carnosus muscle in GPER KO and WT mice of both sexes. We and others have previously reported that GPER
KO mice can exhibit limited metabolic dysfunction (e.g., weight gain) starting at six months of age'®. As expected,
there was no significant difference in weight observed between WT and GPER KO mice at the age used in this
study (10 +2 weeks; Fig. 1a)?’. Because the skin of female mice is thinner than that of males,*"** we sought
to determine whether GPER expression affects skin morphology. Female WT mice exhibited an increased
thickness of the subcutaneous fat layer and decreased dermal thickness compared to male WT mice (Fig. 1b).
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Figure 1. Effects of GPER deficiency on mouse body weight and skin morphology. (a) Age-matched female
and male WT and GPER KO C57BL6 mice (10+2 weeks of age) were weighed pre-operatively. n=15 mice

per group. (b) Epidermis, dermis, fat, and panniculus muscle (PCM) thickness was determined via image
analysis of H&E-stained sections. n=>5 mice per group; *P <0.0001 for male WT vs. GPER KO fat thickness,
tP<0.0001 for male WT vs female WT dermis thickness, ¥ P<0.0001 for male WT vs. female WT fat thickness.
PCM =panniculus carnosus muscle.
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Moreover, while the overall morphology was not different when comparing female GPER KO to female WT
mice, male GPER KO mice exhibited a significant increase in the thickness of the subcutaneous fat layer, with a
commensurate decrease in dermal thickness, compared to male WT mice. (Fig. 1b).

GPER deficiency modulates temporal and spatial perfusion in the myocutaneous flap
Myocutaneous flap regions were evaluated before surgery (pre-op), immediately following surgery on
postoperative day (POD) 0, and subsequently on days 2, 5, and 10, assessing skin perfusion within caudal,
central, and cranial regions of interest (ROI) as described previously'®. Immediately following surgery, perfusion
initially dropped in all measured ROIs across all subgroups in a graded pattern, progressively declining towards
the caudal region, with no differences observed between any of the four mouse groups (Fig. 2). The caudal region
is the least perfused, displaying initial and ongoing ischemia, providing a stimulus for neovascularization.

As previously reported,'® perfusion in female WT mice improved substantially on POD 2 in the cranial and
central regions compared to the caudal region, with a sustained increase in caudal perfusion throughout the
10-day course. In male WT mice, although cranial perfusion on POD 2 was similar to females, perfusion then
declined steadily through POD 10 (Fig. 2a). Overall, the central and caudal regions showed reduced perfusion
in male WT mice compared to female WT mice at all but one time point (POD 2 in the caudal region; Fig. 2b).

In the cranial region of the flap, both male and female GPER KO mice showed a delay in peak perfusion,
with maximal perfusion appearing on POD 5, compared to POD 2 in their WT counterparts, with a subsequent
substantial decline by POD 10 in both sexes of GPER KO mice. Compared to WT mice, cranial perfusion was
also greatly reduced on POD 2 in both male and female GPER KO mice. In both the central and caudal regions,
perfusion in both male and female GPER KO mice was consistently lower than their WT counterparts at all time
points except for females at POD 2 in the caudal region (Fig. 2b). In the caudal region, a progressive increase in
perfusion over time was evident in female WT mice, surpassing the pre-operative baseline value by POD 10. In
contrast, caudal perfusion in all other groups remained substantially below baseline levels.

GPER deficiency reduces flap viability

We also investigated the impact of GPER expression on flap viability (a function of perfusion) by evaluating
the extent of externally visible cutaneous necrosis within the flap and the overall flap area (a measure of flap
contraction, reflecting cutaneous and/or more profound panniculus muscle necrosis) (Fig. 3). On POD 2, 5,
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Figure 2. GPER deficiency leads to decreased perfusion in both sexes. Laser speckle perfusion imaging was
performed on each mouse pre-operatively (Pre-op), immediately following surgery, and on postoperative day
(POD), POD 2, POD 5, and POD 10 following surgery. Three regions of interest within the flap were imaged:
cranial, central, and caudal. (a) Perfusion data are graphed based on genotype and sex. (b) The same perfusion
data in (a) are graphed by flap region. N=10 mice per group; *P<0.05 for GPER KO vs. WT mice on POD 10
(orange =female; blue = male). PU, perfusion units.
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Figure 3. GPER deficiency increases flap necrosis and contraction. (a) Necrosis within the flap tissue of

male and female WT and GPER KO mice on postoperative days (POD) 2, 5, and 10. (b) Flap area (a measure

of contraction reflecting poor healing) was determined in male and female WT and GPER KO mice on
postoperative days 2, 5, and 10 as a percentage relative to the initial flap. (a, b) N=10 mice per group. *P<0.0001
for female WT vs. GPER KO mice on POD 10; +P<0.0001 for male GPER KO mice vs. female GPER KO mice
on POD 10.

and 10, female GPER KO mice displayed a significant increase in flap necrosis (Fig. 3a), with a commensurate
decrease in flap area (Fig. 3B), compared to their WT counterparts. Interestingly, male WT mice exhibited even
greater flap necrosis and flap contraction than female GPER KO mice. However, the magnitude of the necrosis
was not substantially increased in male GPER KO mice compared to male WT mice, as observed with female
mice. Together, these results reveal that the limited flap necrosis and contraction observed in female WT mice
is increased in both male WT mice and female GPER KO mice, suggesting an important role for both estrogen
and GPER in maintaining myocutaneous wound healing. An effect of estrogen acting through other ERs in
female GPER KO mice may contribute to the improved response in these mice compared to male WT or male
GPER KO mice.

We also sectioned H&E-stained skin from the proximal and distal regions of the flap from all cohorts (isolated
at sacrifice on POD 10), and the spatial effects of graded ischemia on tissue viability and morphology were further
assessed by histological evaluation (Fig. 4). H&E staining of the proximal and distal flap morphology at POD 10
revealed differences in tissue viability and morphology between GPER KO mice and their respective sex-matched
WT counterparts (Fig. 4). Complete proximal flap viability was evident in all groups (Fig. 4a-d). However, flaps
from female WT and GPER KO mice (Figs. 4a, ¢) had reduced dermal and increased hypodermal composition
compared to flaps from male WT and GPER KO mice (Figs. 4b, d).

With respect to distal flap histology (Fig. 4e-h), female WT mice exhibited full-thickness viability, including
epidermis, dermis, hypodermis, and panniculus carnosus muscle with adherent granulation tissue (Fig. 4e). In
contrast, female GPER KO distal flap histology confirmed dermal and panniculus carnosus muscle necrosis
and viable epidermis (Fig. 4g). Distal male WT flap histology displayed a transition from flap necrosis to viable
adjacent wound margins (Fig. 4f), with an absence of viable dermis and panniculus carnosus muscle in the
necrotic portion, and proliferative epidermis closing the wound by secondary intention. Male GPER KO distal
flap histology revealed extensive necrosis of the epidermis, dermis, hypodermis, and panniculus muscle (Fig. 4h).

GPER deficiency decreases muscle viability in both sexes

To further investigate GPER’s role in myocutaneous flap wound healing, we evaluated the viability of the
panniculus carnosus muscle in male and female GPER KO mice and their corresponding WT counterparts. Both
male and female WT mice maintained significantly greater muscle viability compared to their corresponding
GPER KO counterparts (Fig. 5). Although female WT mice exhibited substantially greater muscle viability than
male WT mice, both male and female GPER KO mice showed significantly lower muscle viability compared to
their corresponding WT counterparts. The protective effect of the female sex in WT female mice was reduced
by almost half in female GPER KO mice, which was similar to the magnitude observed in male WT mice. In
addition, female GPER KO mice displayed significantly higher muscle viability than male GPER KO mice,
revealing a continued sex dependence even in GPER KO mice. Together, these results show that muscle viability
in this model depends greatly on sex and GPER expression in both sexes.

GPER deficiency reduces microvascularity

Microvascular anatomy was analyzed in control mice and at POD 10 in experimental mice in the proximal
and distal regions of the flap. CD-31 immunostaining was followed by digital image analysis to determine the
microvascular density (i.e., the number of vessels per mm?) and total vessel area (which incorporates both
the number and size of vessels; Figs. 6 and 7), reflecting distal neovascularization and proximal arteriogenesis
respectively following the hypoxic conditions introduced by the creation of the flap.

In proximal flaps, there was no change in vessel count in any of the groups (Fig. 6a-d, Fig. 7a); however,
all groups showed a change in vessel morphology (Fig. 7b), with enlarged vessel diameter and therefore area
(i.e., arteriogenesis), compared to control vessel diameter. Both female WT and GPER KO mice exhibited
increased vessel areas compared to their male counterparts, which were nevertheless increased compared to
their corresponding control tissues. In addition, both female and male GPER KO mice displayed reduced vessel
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Figure 4. Histological evaluation of proximal and distal flap morphology. The effect of graded ischemia on
tissue viability and flap morphology was evaluated using H&E-stained sections from female and male WT and
GPER KO mice on POD 10. Representative images of proximal flaps from (a) Female WT mice, (b) Male WT
mice, (c) Female GPER KO mice, and (d) Male GPER KO mice. Representative images of distal flaps from (e)
Female WT, (f) Male WT illustrating the junction between the viable flap and the necrotic flap area, demarcated
by the wound margin (arrows), (g) Female GPER KO, and (h) Male GPER KO mice. Scale bars in all images
represent 100 um. Labels: epidermis (E), dermis (D), hypodermis (subcutaneous fat) (H), panniculus carnosus
muscle (PC), a necrotic portion of the flap (NF), and granulation tissue (GT). GPER =G protein-coupled
estrogen receptor.

area compared to their WT counterparts. Interestingly, female GPER KO mice showed an increased vessel area
compared to male WT mice, suggesting other estrogen-mediated contributing factors in female mice (Fig. 7).
In contrast, in the distal flap, only female WT mice exhibited new vessel growth (neovascularization) into
the flap muscle and fat (Fig. 6e), with an increase in vessel count and vessel area compared to female GPER KO
mice (Fig. 7). The similar magnitude of increase in each parameter in female W'T mice suggests that the increased
vessel count (2.7-fold) likely accounts for the majority of the increase observed in vessel area (2.9-fold). Female
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Figure 5. GPER deficiency reduces muscle viability in male and female mice. Muscle viability at POD 10 was
quantified via image analysis of (H and E)-stained sections. *p <0.0001 between representative comparison
groups.

GPER KO mice displayed new blood vessel growth within scattered viable panniculus carnosus muscle bundles
but with uniform flap necrosis of the epidermis, dermis, and fat (Fig. 6g). Male WT mice exhibited prominent
new vasculature solely in the granulation tissue beneath the avascular necrotic distal flap (Fig. 6f). However,
both male WT and GPER KO mice exhibited a slight reduction in vessel count and area compared to their
respective non-operative controls (Fig. 7). Male GPER KO mice showed healthy lateral wound margins and
avascular full-thickness flap necrosis in distal flap sections (Fig. 6h). Both female and male vessel parameters are
consistent with the POD 10 caudal perfusion data (Fig. 2b), showing selectively improved perfusion in female
WT mice. Together, these results suggest that GPER expression plays a critical role in neovascularization in the
most hypoxic distal flap region.

Discussion

In the current study, we establish that GPER plays a crucial role in myocutaneous wound healing and
revascularization, regardless of sex, albeit with more pronounced effects in females. When comparing GPER-
deficient mice with their WT counterparts, we observed considerable spatial and temporal differences in
perfusion within the flap. This impaired perfusion, as a consequence of GPER deficiency, may result in increased
flap cutaneous necrosis and reduced panniculus muscle viability observed in GPER KO mice. However, the
direct effects of GPER expression on cutaneous and muscle viability cannot be excluded®. Furthermore, GPER-
deficient mice displayed altered angiogenic responses, indicating a potential role for GPER in modulating the
formation and maintenance of new blood vessels during the wound healing process. These discoveries of GPER
have profound implications for understanding the complex interplay between hormones, the immune system,
and vascular biology.

GPER KO mice have been an essential tool in revealing the functions of GPER in numerous physiological
and pathophysiological areas, including cardiovascular, endocrine, reproductive, immune, and musculoskeletal
systems, among others***. GPER KO mice exhibit increased adiposity, impaired insulin secretion from pancreatic
islets, and an obesity-related phenotype marked by insulin resistance and glucose intolerance compared to
WT mice'®**?>?%_ Insulin promotes tissue repair and regulates several cellular processes involved in wound
healing, including cell migration, proliferation, and angiogenesis?’. In wound healing, GPER’s role in modulating
insulin secretion may become increasingly important under hypoxic conditions, as insulin promotes tissue repair
and angiogenesis®®. GPER expression has been shown to have a functional interaction with hypoxia-inducible
factor-la (HIF-1a), resulting in the positive regulation of VEGF under hypoxic conditions, which can further
affect angiogenesis and tissue repair processes”. Understanding the interplay between GPER, insulin secretion,
and hypoxia may provide valuable insights into developing therapeutic strategies to improve wound healing
outcomes, especially in individuals with compromised tissue repair, such as those with obesity or diabetes?.
Interestingly, diet-induced obese mice exhibited reduced myocutaneous perfusion, microvascular density, and
distal flap revascularization compared to WT controls, underscoring the importance of exploring the potential
role of estrogen-mediated GPER signaling in these processes™. In line with previous studies, we observed no
overt obesity in 10 + 2-week-old GPER KO mice overall; however, we did find an increase in the hypodermis in
male GPER KO mice compared to their WT counterparts, suggesting the possibility of underlying metabolic
dysfunction®. The interplay between GPER signaling, insulin secretion, and hypoxic conditions highlights the
complex regulatory networks influencing wound healing and revascularization.

This study highlights the pivotal role of GPER expression in revascularization in both male and female
mice, especially in the ischemic distal flap region, as evidenced by increases in vessel density and area among
female WT mice compared to female GPER KO mice. In males, WT mice show an increase in the proximal
vessel area compared to GPER KO mice. Our findings suggest that GPER improves perfusion in both sexes
throughout the flap, highlighting its significance in wound healing and angiogenesis. GPER activation is known
to stimulate endothelial nitric oxide synthase (eNOS) and nitric oxide production, consequently mediating
a range of protective cardiovascular effects®®. Additionally, GPER activation enhances VEGF production in
fibroblasts by upregulating HIF-1a, promoting endothelial tube formation®’. GPER also governs estrogen-induced
maintenance of endothelial tube formation that fails under hypoxia/reoxygenation conditions through eNOS and
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Figure 6. CD-31 immunostaining of proximal and distal flap histologic sections to assess blood vessel location,
density, and lumen size. Day 10 proximal flap histology in female and male WT and GPER KO mice revealed
enlarged blood vessels consistent with arteriogenesis (a-d). Representative images of proximal flap sections from
(a) Female WT showing a markedly enlarged blood vessel (arrow) in the subcutaneous fat, compared to other
vessels (arrowheads) in the subcutaneous tissue or within bundles of the panniculus muscle. (b) Male WT with
large subcutaneous blood vessels (arrow) in longitudinal and axial views. (c) Female GPER KO demonstrating
a large subcutaneous blood vessel (arrow). (d) Male GPER KO exhibiting uniform tissue viability and limited
enlargement of a subcutaneous vessel (arrow). Representative images of distal flap sections (e-h) from (e)
Female WT with viable epidermis, dermis, hypodermis, and panniculus muscle, and new vessel growth into
flap muscle and fat (arrows). (f) Male WT at the junction of the healthy lateral wound and necrotic flap margin
(arrows), revealing prominent new vasculature (arrowheads) solely in the granulation tissue beneath the
avascular necrotic flap. (g) Female GPER KO with limited new blood vessel growth (arrows) within scattered
viable panniculus carnosus muscle bundles and uniform flap necrosis of epidermis, dermis, and fat. (h) Male
GPER KO showing healthy lateral wound margin and avascular full-thickness flap necrosis. Scale bars in

all images represent 100 um. The labels are denoted as follows: the epidermis (E), dermis (D), hypodermis
(subcutaneous fat) (H), panniculus carnosus muscle (PC), healthy flap lateral wound (HF), necrotic flap margin

(NF), and granulation tissue (GT). GPER =G protein-coupled estrogen receptor.
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Figure 7. GPER deficiency decreases microvascularity in distal and proximal regions. Analysis of vessel
parameters in female and male WT and GPER KO mice in control skin and proximal and distal flap regions
for: (a) microvascular density (vessel count) and (b) vessel morphology (vessel area). N=5 mice per group for
controls and # =10 mice per group for proximal and distal flaps. *P<0.0001 for comparison between respective
groups.

Akt activation®. Our findings highlight the essential role of GPER in regulating perfusion and revascularization
during the wound healing process, regardless of sex.

The effects of estrogen on the skin and in wound healing are well-established in both humans and mice.
Indeed, in the early stages of menopause (within the first five years), there is a notable 30% decrease in the
levels of collagen types I and III, which are crucial for maintaining skin integrity and structure®. From a clinical
standpoint, the age-related decline in wound healing efficacy can be mitigated by applying topical estrogen,
which has been shown to enhance wound healing in both older women and men®. In an ovariectomized mouse
model of cutaneous ischemia, either estrogen or tamoxifen treatment reduced skin ischemia by promoting
reperfusion with increased expression of antiapoptotic Bcl-2, fibroblast growth factor-2 (FGF2) and VEGF'!. The
estrogen-mediated protective effects were absent in estrogen receptor a deficient (ER a KO) mice''. However, in
stark contrast to the impaired wound healing observed in female GPER KO mice in this study, female ERa KO
mice exhibited no compromised wound recovery, underscoring the distinct roles of these respective receptors
in the wound healing process'!. Furthermore, our previous study found that FGF2 and Notchl local gene
expression were both increased in female mice compared to male mice'®. There is a substantial reduction in
neovascularization observed in ovariectomized mice, despite the presence of FGF2, which highlights the crucial
role of estradiol in amplifying angiogenesis®*®. Additionally, E2 can mediate Notchl activation, contributing
to the protective effects of VEGF on endothelial cells and promoting their survival’’. The reduced wound
revascularization and increased necrosis observed in GPER KO mice may be attributed to the lack or alteration
of one or more GPER-mediated activities, including but not limited to FGF2 and Notch1. These findings highlight
the importance of GPER expression and sex differences (including estrogen action) in vascular biology, opening
up new avenues for research into mechanisms governing microvascularity.
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Inflammation is a critical component of wound healing, and GPER is expressed in multiple immune cells,
including T-lymphocytes, B-lymphocytes, monocytes, macrophages, eosinophils, and neutrophils®*. While an
optimal level of inflammation is essential, conditions such as pyoderma gangrenosum exemplify the detrimental
effects of excessive inflammation, which can be managed effectively through immune suppression®. Thus,
a balanced inflammatory response is essential during wound healing. GPER KO mice exhibit an enhanced
proinflammatory phenotype characterized by increased cytokine production, highlighting GPER's potential role
in modulating inflammation'®. GPER is involved in various immune functions, demonstrated by its sufficiency
and necessity for estradiol-mediated protection in a murine experimental autoimmune encephalomyelitis model
of multiple sclerosis*. Estrogen also modulates immune responses by downregulating the macrophage migration
inhibitory factor, affecting cell migration, immune cell recruitment, and angiogenesis, essential elements of
wound healing!®*!. GPER, in its multifunctional role within neutrophils, increases the expression of IL1,
CXCLS8, and COX2, enhances respiratory burst, extends lifespan, and demonstrates anti-inflammatory effects®2.
Macrophages play a pivotal role in wound healing, bridging inflammatory and reparative phases by clearing
debris and initiating the repair’®**. The activation of GPER via G-1 inhibits the production of proinflammatory
cytokines and chemokines, including PGE2, TNF-aq, IL-12, IL-6, and CCL5, by monocytes and macrophages,
suggesting GPER’s potential to mitigate excessive inflammation and promote a favorable tissue repair milieu***.
Taken together, the literature underscores the dynamic role of GPER in modulating immune cell functions and
inflammatory responses during wound healing.

Foxp3-expressing T, are important in wound healing, promoting epidermal regeneration, and preventing
dermal fibrosis*. Estrogen promotes transforming growth factor (TGF-p) secretion, which is essential in
angiogenesis, re-epithelialization, inflammation, and granulation tissue formation during wound healing*”*.
TGF-P functions as a unifying molecule in facilitating the differentiation and survival of regulatory T-cell
phenotype (T,,)-cell precursors by antagonizing thymic-negative selection®. GPER activation induces T,,-cells,
while TGF-$ modulates naive CD4* T cells differentiation into T,.'. Previous findings have shown that
G-1, a GPER agonist, can stimulate Foxp3 and IL10 expression, two essential regulatory T cell markers®**!.
Consequently, GPER expression modulation of regulatory T cells may have significant implications for wound
healing biology, emphasizing the need for further research.

In summary, our study emphasizes the essential function of GPER in modulating myocutaneous wound
healing and revascularization, irrespective of sex, and highlights its pronounced effects in females. We have shown
that GPER deficiency results in delayed peak perfusion, decreased functional revascularization, diminished
microvascular density, and increased flap necrosis in mice, demonstrating its significance in these processes. The
observed sex differences in vascular biology and GPER expression emphasize the need to thoroughly investigate
such differences when designing intervention strategies for clinical applications. The potential modulation
of GPER activity may have important implications in developing novel therapeutic approaches to enhance
wound healing outcomes, particularly in populations with heightened susceptibility to impaired healing, such
as individuals with obesity, diabetes, and ischemia, among others. Further research into the precise molecular
mechanisms of GPER-mediated effects in the context of wound healing and vascular biology will advance our
understanding of these complex processes and provide new avenues for developing targeted treatments to
improve the quality of life for patients with compromised wound healing.

Materials and methods

Mouse models and care

Wild type (WT) C57BL/6 and GPER KO mice were housed at the Animal Resource Facility of the University
of New Mexico (UNM) Health Sciences Center under controlled temperature (22-23°C) on a 12-h light-dark
cycle with unrestricted access to standard chow and water. GPER KO mice (provided by J. S. Rosenbaum,
Procter & Gamble Co.) were generated as previously described and backcrossed 10 generations onto the C57BL/6
background (Harlan Laboratories)*’. All procedures were approved by the Institutional Animal Care and Use
Committee of the UNM Health Sciences Center and carried out under UNM institutional policies and the
National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals. All methods were carried
out in accordance with relevant guidelines and regulations. This study is reported in accordance with ARRIVE
guidelines, with no exclusions of mice in the analysis, and the exceptions noted below.

Mouse myocutaneous flap model and wound morphology analysis

Aged-matched female and male WT and GPER KO C57BL6 mice (10+2 weeks of age) underwent anesthesia
with isoflurane (1-3%) via nose cone inhalation. A total of 60 mice were used in the study, including 10 male
WT, 10 female WT, 10 male GPER KO, and 10 female GPER KO mice that underwent flap surgery. Although
blinding was not performed, randomization of mice to experimental groups (WT versus KO, and male versus
female) was driven by Mendelian inheritance. In addition, 5 male WT, 5 female WT, 5 male GPER KO, and 5
female GPER KO mice were incorporated into the study as nonoperative tissue controls. All mice were weighed
pre-operatively and on postoperative day (POD) 10.

Under inhalation anesthesia, the dorsal surface was depilated using electric clippers (mice displaying nevi,
which interferes with light reflection, were excluded and another mouse selected at random), and the site was
prepped with povidone-iodine and 70% ethanol. A peninsular flap (3 cm long and 1.5 cm wide) of skin, adipose
tissue, and panniculus carnosus muscle was surgically created by making three soft tissue incisions. Precise flap
dimensions were confirmed by projecting a laser template and measuring with a caliper®. The flap was elevated
cranially and re-approximated at the edges with 6-0 monofilament sutures. Postoperative analgesia was provided
using a single subcutaneous dose (0.01 mg/kg) of buprenorphine hydrochloride. After surgery, each animal was
housed independently and received water and food ad libitum.
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At 0 (immediately following flap surgery), 2, 5, and 10 days post-surgery, the dorsal flap was photographed for
image analysis using a Nikon D70 digital camera (Nikon Instruments, Melville, New York), which was equipped
with a macro lens and mounted on a tripod at a consistent height. The total flap area was computed using a
standard planimetry method. The percentage of visible flap necrosis was calculated by dividing the measured
necrotic area by the total flap area on each measurement day.

Laser speckle perfusion imaging

Each animal underwent inhalation anesthesia in a prone position at 0 h, 2 days, 5 days, and 10 days after surgery.
Laser speckle perfusion imaging was performed with the full-field laser perfusion imager (moorFLPI, Moor
Instruments, Essex, UK) in low-resolution/high-speed setting at a display rate of 25 Hz, time constant of 1.0 s
and camera exposure time of 20 ms. The instrument head containing the charged coupled device (CCD) camera
was positioned 30 cm above the mouse’s back skin tissue surface using an articulating arm. The contrast images
were processed to produce a scaled color-coded live flux image (red, high perfusion; blue, low perfusion), which
correlated with the blood flow velocity in the tissue. Real-time data were acquired in the live image measurement
mode.

The FLPI instrument reports perfusion in arbitrary units. The image was calibrated to assign values to a
measurement using a reference flux signal generated by the laser light scattered from a suspension of polystyrene
microspheres in water undergoing thermal or Brownian motion. From kinetic theory, the average velocity of the
microspheres is proportional to the square root of the temperature in Kelvin. All measurements were performed
at a room temperature of 20°C*2.

For each time point examined, 10 single-frame images acquired at end-expiration (no torso movement)
were analyzed in the repeat image measurement window using three identical regions of interest (ROI): cranial,
central, and caudal. The mean perfusion in each ROI was calculated for control skin and the peninsular flaps at
each time point®?.

Tissue harvest, histology, and immunochemical staining

Mice without surgery (utilized as tissue controls) or 10 days following flap surgery were humanely euthanized
by CO, inhalation for tissue collection and histologic examination. Unoperated back skin (controls) or POD
10 flap tissue was excised using sterile technique and transversely bisected, yielding proximal and distal tissue
specimens. Histology samples were processed in two flap regions (proximal and distal) rather than three ROIs
analyzed for perfusion imaging. The tissue was fixed in IHC Zinc Fixative (BD Biosciences-Pharmingen, San
Diego, California) for 24 h, processed, and paraffin-embedded. Serial Sects. (4 um) were dewaxed in xylene
and gradually hydrated through graded ethanol and phosphate-buffered saline solution before staining with
hematoxylin and eosin (H&E; Vector Laboratories, Burlingame, California) for the determination of skin
morphology and panniculus muscle viability or CD-31 immunohistochemistry for the determination of blood
vessel density and morphology.

Blood vessel density and morphology were determined by CD-31 immunostaining. After dewaxing and
hydration, sections were incubated for 10 min in 3% hydrogen peroxide in methanol to block endogenous
peroxidase activity, washed in phosphate-buffered saline, and incubated with primary antibody (rat anti-mouse
CD-31, 1:50, BD Biosciences-Pharmingen) for 1 h at room temperature in a humidified chamber. Next, the
sections were incubated with a biotinylated secondary antibody (anti-rat immunoglobin horseradish peroxidase
kit, 1:50, BD Biosciences-Pharmingen) for 30 min at room temperature. The streptavidin-horseradish peroxidase
reagent was applied for 30 min, followed by 3,3’-diaminobenzidine (DAB) chromogen for 5 min. With quick
immersion, the sections were counterstained with Vector Hematoxylin QS (Vector Laboratories). The DAB
substrate-chromogen resulted in a brown-colored precipitate at the antigen site.

Panniculus muscle viability and vessel density and morphology determination

Multiple full-thickness male and female nonoperative control tissue sections and POD 10 male and female flap
biopsy sections (three proximal and three distal sections per mouse) were stained as above and analyzed. A
Zeiss microscope with an attached digital camera (Carl Zeiss Microimaging, Jena, Germany) was used for image
acquisition. Magnified images (x 100) were analyzed with SlideBook image analysis software (SlideBook 5.0;
Intelligent Imaging Innovations, Santa Monica, California). Muscle viability (muscle area index) was determined
with H&E-stained sections by dividing the viable panniculus carnosus muscle area from POD 10 distal sections
by the muscle area on unoperated, control H&E-stained distal sections. Vessel density (vessel count per mm?)
and vessel morphology (vessel area reflecting both vessel count and size; jum?/mm?) were determined with image
analysis of CD-31 immunostained Sects.****. Both vessel density and morphology were analyzed in the flap, and
granulation tissue was excluded from the study.

Statistical analysis

Statistical analysis was performed with SAS (Cary, NC, version 9.4). Differences among groups and between
baseline and subsequent time points were determined by analysis of variance approaches. Repeated-measures
methods and data transformations were utilized when necessary. Fisher’s Protected Least Significant
Difference tests were used for post hoc analysis, with pairwise comparisons being evaluated for significance
only if the global test for the factor combination of interest reached statistical significance®. All data are
expressed as mean * standard error of the mean (SEM). A 2-sided p-value of less than 0.05 was considered
statistically significant. A comprehensive analysis of all cross-comparisons is available in the supplementary
data (Supplementary information 1).
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