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Abstract

Estrogen hormones are primarily associated with their role as female sex hormones responsible
for primary and secondary sexual development. Estrogen receptors are known to undergo age-
dependent decreases due to age-related changes in hormone production. In the mitochondria,
estrogen functions by reducing the production of reactive oxygen species in the electron

transport chain, inhibiting apoptosis, and regulating mitochondrial DNA content. Moreover,
estrogen receptors may be the key components in maintaining mitochondrial membrane potential
and structure. Although estrogen plays a crucial role in the development of pregnancy, our
understanding of how estrogen receptors change with aging during pregnancy remains limited.
During pregnancy, estrogen levels are significantly elevated, with a corresponding upregulation
of estrogen receptors, which play various roles in pregnancy. However, the exact role of

estrogen receptors in pregnancy complications remains to be further investigated. The paper
reviews the role of estrogen receptors in the regulation of mitochondrial metabolism and in
pregnancy complications, with a special focus on the effect of age-related changes on estrogen
levels and estrogen receptors function. We also address how estrogen maintains mitochondrial
function, including reducing the production of reactive oxygen species in the electron transport
chain, inhibiting apoptosis, regulating mitochondrial DNA content, and maintaining mitochondrial
membrane potential and structure. However, the effects of estrogen on mitochondria-endoplasmic
reticulum contacts have not been well studied. Based on these emergent roles in mitochondria,
the differential roles of estrogen receptors in pregnancy complications are of great relevance. The
paper emphasizes the association between maternal health and estrogen receptors and indicates the
need for future research to elucidate the interdependence of estrogen receptor-regulated maternal
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health with mitochondrial function and their relationship with the gut microbiome. Overall, we
summarize the important role of estrogen receptors during pregnancy and highlight the need

for further research to better understand the role of estrogen receptors in aging and pregnancy
complications. This not only helps to reveal the mechanism underlying the role of estrogen in
maternal health but also has potential clinical implications for the development of new therapies
targeting age-related diseases and pregnancy complications.
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INTRODUCTION

Estrogens are recognized to be important molecules in sexual development, which have
been studied intensely (Figure 1).13 Estrogens are a class of sex hormones defined by their
ability to promote female sexual development.* Despite this characteristic, 17p-estradiol
(E2), a major product of estrogen synthesis, is produced in both men and women.® In
reproductive-aged women, E2 is primarily synthesized in the ovaries.® In men, the testes
are capable of producing estradiol. Estradiol production also occurs in non-gonadal tissue,
such as the brain, liver, muscle, and bone.® The conversion of androgens to estrogens is
recognized as a critical process in the body, with important implications for reproductive
health, bone health, and the pathogenesis of certain diseases such as breast cancer.b: 7
Increasingly, the literature shows that mitochondria must be considered in the roles of
estrogen and its receptors. Beyond simply considering estrogen as a steroid, the roles of its
receptors have similarly arisen as important effectors, especially when it comes to maternal
health. In this narrative review, we highlight the important role of mitochondria in estrogen
receptors during pregnancy and aging.

SeArRcH STRATEGY

For this review, literature published from 2000 to 2024 was searched using PubMed.

The following keywords were used: “pregnancy” OR “estrogen” OR “estradiol” AND
“mitochondria.” The articles included in this review were selected based on their relevance
to the topic, along with additional historical articles or related articles. The results were
further screened according to the title and abstract, and whether they included animal
experiments, /n vitro studies, clinical trials, and database or software applications.

Estrocen Receptors in CELLULAR SIGNALING

Estrogen receptor a (ERa) and estrogen receptor B (ER) are estradiol receptors that are
expressed in a variety of cell types (as extensively reviewed in the reference 8). Beyond
only different amino acid sequences, ERa and ERp have differential affinities, with alpha
having a higher affinity for E2 than estradiol 17a (E1), while ERB favors estriol.° Notably,
different isoforms of ERa have different affinity for E2.19 ERa and ER can act through
genomic signaling by activating transcription cascade(s).? ERB can notably localize to the
mitochondria to restore bioenergetics and improve resilience to oxidative stress in disease
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states.1! Specifically, when cytosolic ERa and ERP bind to estradiol, they become activated
and dimerize.® Dimerized receptors will then translocate to the nucleus where they bind to
specific DNA sequences called estrogen response elements (EREs), which function similarly
to transcription factors.12 The ERs also interact with transcription factors and stabilize

them. This process ultimately facilitates transcription complex assembly, resulting in gene
expression.12 Notably, the linkage between ERs and mitochondria is evident through the
modulation of estradiols by mitochondria.5 13 Exposure to E2 in cells leads to an increase in
mRNA that originates from mitochondrial DNA (mtDNA).1! E2 also serves as an inhibitor
of apoptosis through signaling pathways that involve membrane ERs and mitochondrial
ERs.

Additionally, E2 was shown to act through non-genomic signaling. E2 is involved in
signaling cascades through protein-kinase activation by binding to membrane-bound ERa,,
ERB, and G-Protein Coupled Estrogen Receptor (GPER, also known as GPR30, as extensive
reviewed in the reference 14).1° Structurally, ERa and ER differ in the N-terminal

A/B domain and to a lesser degree in their ligand-binding domain.1® GPER is located
predominantly in the plasma membrane of the endoplasmic reticulum.1” Despite limited
research on interactions with mitochondria, GPER activation has been suggested to increase
mitochondria biogenesis in myoblast cell line C2C12.18 GPER is activated by estradiol and
is responsible for the rapid, non-genomic effects of estradiol.1? Structurally, GPER consists
of seven transmembrane domain receptors.}®> When estradiol activates GPER, downstream
pathways are activated that are responsible for regulating factors including cell growth,

cell migration, and apoptosis.1®> The four main signaling cascades that E2 has been found

to be involved in are the phospholipase C/protein kinase C pathway, the Ras/Raf/MAPK
cascade, the phosphatidylinositol 3 kinase (PI3K)/Akt cascade, and the cyclic adenosine
monophosphate (CAMP)/protein kinase A cascade.20 The phospholipase C/protein kinase

C pathway is involved in intracellular calcium mobilization, protein phosphorylation, and
activation of transcription factors.2l: 22 The Ras/Raf/MAPK cascade is involved in cell
proliferation; the PIsK/Akt cascade is involved in cell growth and metabolism; and the
cAMP/protein kinase A cascade is involved in gene transcription and cell differentiation.20:
22 Together, these pathways serve crucial roles in cellular survival. ERa has also been found
to be involved in increasing ERK, PI3K, cAMP, and calcium signaling in the breast cancer
cell line MCF7.23 By activating these pathways, E2 can directly affect protein activity as
well as indirectly affect gene transcription. However, how E2 interacts with other proteins
involved in mTOR and Pl3K/Akt pathways, such as SWELL1 and PTEN,24 25 remains
unclear.

Estrocen Recertors ARe Key RecuLaTors oF Grucose anp Insutin METABOLISM

Both ERa and ERP receptors are found in skeletal muscle, but the effects of estradiol
binding to these receptors are different. In E2-depleted mice, the binding of an ERP agonist
led to a decrease in the expression of the insulin-regulated glucose transporter type 4
(GLUTA4) in both the cytosol and cell membrane of skeletal muscle.26 Furthermore, the
binding of an ER antagonist in ERa silenced cells led to increased GLUT4 expression,
which did not occur in ERp silenced cells. This demonstrates that the blocking of ERB
leads to increased GLUT4 expression,?” and suggest that that ERp binding is necessary for
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GLUT4 downregulation in skeletal muscle. In contrast, ERa silenced cells demonstrated

a lower level of GLUT4 mRNA compared to wild-type and ERp silenced cells, which
implies that ERa binding increases GLUT4 expression.?% As skeletal muscle is active in

the uptake of glucose by insulin signaling, decreased GLUT4 expression would be predicted
to lead to insulin insensitivity and hyperglycemia, which has been demonstrated in ERa
silenced mice.28 When insulin binds to its receptors, it initiates a phosphorylation cascade
that ultimately results in the translocation of GLUT4 from cytoplasmic vesicles to the cell
membrane, whereby it allows the cellular intake of glucose. E2 plays a critical role in the
expression and translocation of GLUT4 as well as in the modulation of glucose through the
insulin signaling pathway.2?

Adipocytes, which function in lipid mobilization as well as leptin secretion, also contain
estrogen receptors, primarily in the nucleus.3° In female mice with removed ovaries, E2
treatment has been found to reverse increased adipocyte size as well as lipogenic gene
expression resulting in restored protection to weight gain than their male and female
counterparts.3° It has also been demonstrated that mice fed on a high-fat diet had a
decreased level of lipogenic expression when given E2 treatment.28 These mice also

had higher levels of insulin sensitivity, which was implied to be a result of decreased
adipose weight.28 Beyond this, when the aromatase enzyme, critical for E2 synthesis,

was deactivated in transgenic mice, the mice developed increased adiposity and insulin
levels, which underscores E2’s role in preventing metabolic syndrome (MS).29 Even within
male mice, aromatase activity within adipose tissue is protective against inflammation and
bolsters insulin sensitivity.31 However, in some endocrine therapies, such as breast cancer
endocrine therapy, hyperinsulinemia occurs frequently in obese women due to the hormones
disrupting adipocyte progenitors.32 In combination, this suggests that E2 is a potential target
for obesity protection.

Notably, the role of ERa., Erp, and GPER in regulating metabolism is beyond only E2
action. Broadly, ERa expression is associated with obesity,33 with its decrease or mutations
in it paralleling metabolic syndrome through inflammation and glucose intolerance.3% 35 A
proper balance of the ERa to ERP ratio is critical for maintaining carbohydrate and lipid
homeostasis in the brain, skeletal muscle, adipose tissue, liver, pancreas, and cardiovascular
system.36 An imbalance of ERa an ER leads to greater risk for issues such as MS,

which is characterized by obesity, hypertension, and insulin resistance.3” Notably, while
few studies have directly compared them, ERa may be particularly important in metabolic
syndrome. A large case-control study in China found polymorphisms in ERa, but not ERp,
were associated with MS in postmenopausal women.38 Recently, this has led to therapies
targeting ERa and administering derived peptides for ERa, thus suppressing ubiquitination-
induced IRS1 degradation, which improves insulin sensitivity, glucose homeostasis, and
serum lipid profiles.3?

Given these plentiful roles of E2 in general metabolism, the distinct roles of ERs in facets
of mitochondrial function are of great relevance. Roles of estrogen and its receptors in
mitochondrial function are plentiful (as extensively reviewed in the references 7, 40, and
41), yet the multifaceted nature of mitochondria (as described in the references 42 and
43) underscores that many characteristics have not yet been elucidated in the context
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of ERs. Thus, the sections “Effects of Estrogen Receptors on Mitochondrial Structure,”
“Effects of Estrogen Receptors on Mitochondrial DNA,” “Effects of Estrogen Receptor on
Mitochondria-Endoplasmic Reticulum Contacts and Calcium are Not Well Characterized,”
and “Estrogen Receptor-Dependent Remodeling of Mitochondrial Membrane” focus on
promising and nascent areas of mitochondrial research of ERs.

Errects oF Estrocen Recertors on MiTocHoNDRIAL STRUCTURE

Recognizing that structure influences function, alterations in mitochondrial morphology
can significantly affect calcium signaling, ROS production, and biosynthetic pathways.44-46
However, improved methods to measure both mitochondrial dynamics and visualize ERs
are necessary for advanced morphology analysis. Recently, ZsGreen was used in mice to
image ERa,*” which could be used in collaboration with existing 2D and 3D methods

of quantifying mitochondrial structure,8-50 including serial block-facing-scanning electron
microscopy®!: 52 and focus ion beam-scanning electron microscopy.>3 Using techniques
such as these and correlative light and electron microscopy®* may allow for additional
findings of associations in E2 regulation and mitochondria structure to be understood.

Mitochondria are double membrane-bound organelles, whose membranes are composed

of lipid bilayers regulated by membrane phospholipids. Changing the composition or
packing of phospholipids in mitochondrial membranes can affect membrane dynamics and
electron transfer.13: 55 Mitochondrial membrane potential is indicative of cellular health,
as it is critical for generating adenosine triphosphate (ATP) in oxidative phosphorylation.
Estrogen also promotes cellular redox homeostasis, targeting and increasing the activities
of Complex | and Complex I/11 + 111 in the ETC.13 Maintaining proper mitochondrial
membrane potential is vital to preserving healthy mitochondria, as membrane potential has
been identified as a factor in the process of eliminating disabled mitochondria.56 Thus,
further research must investigate how mitochondrial membrane potential may be modulated
by estrogens.

Errects oF Estrocen Receptors on MitocHonbriaL DNA

Another important avenue for investigation is mtDNA. The loss of ERa was previously
shown to decrease mtDNA content in an E3 ubiquitin ligase parkin-dependent manner
while causing mitochondrial dysfunction.5” Thus, mtDNA levels may be more dependent
on ERs than on E2 itself.57 This degradation of mtDNA concomitantly occurs with reduced
mtDNA turnover in skeletal muscle.>® Additionally, E2 treatment drives ERa to translocate
to mitochondria, interacting with 17p-hydroxysteroid dehydrogenase 10, a core subunit

of the mitochondrial ribonuclease P complex, to increase mMRNA abundance.®® ERa is

also necessary for mitochondrial complex gene expression in osteoblasts that occurs in

E2 signaling pathways, principally cyclooxygenase | mRNA expression, which regulates
cytochrome-c oxidase activity.®% Similarly, this has been recapitulated in differentiated
myoblastic C2C12 cells, wherein constitutively active ERa has been associated with
increased mtDNA content and ATP content.51 Inversely, antagonists of ERa, inhibit
osteoblast maturation, in part due to roles of inhibiting cyclooxygenase I and 11.62 Thus,

a central way energy metabolism pathways are disrupted is through the mitochondrial
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respiratory chain genes encoded by mtDNA being disrupted by ER expression changes.3 As
previously reviewed, mtDNA depletion results in premature ovarian aging in young mice,%*
suggesting a potential area of research through which ERs are associated with ovarian aging.

Additionally, mtDNA levels can be closely linked to aging through NAD* metabolism,

as NAD* levels are necessary for lifespan and undergo disease and age-related declines
(reviewed in the reference 65). For example, Sirtuins, a family of NAD*-dependent
deacetylases, regulate mitochondrial biogenesis and function.56 As previously reviewed,
ovarian aging, which includes fertility in women of advanced maternal age, has been closely
linked to a decrease in NAD* levels.87 Notably, past studies have indicated that carcinomas
can cause an unconventional prefoldin RPB5 interactor-mediated pathway to result in the
inhibition of NAD* metabolism in an ER-dependent manner.58 While NAD* metabolism
inhibits nuclear DNA synthesis,®® its results on mtDNA synthesis remain less clear. One
study found that in mtDNA depletion syndrome,%9 NAD™ treatment restores mitochondrial
function but independently of mtDNA, while another study found that PARP1, a nuclear
protein, restores mtDNA in an NAD*-dependent manner.”® Therefore, the interplay between
ER expression and NAD*-mediated regulation of mtDNA remains controversial, which
may aid in understanding ovarian aging in the context of ER expression changes. The

roles of other ERs in the modulation of mtDNA are less clear. Beyond only mitochondrial
count and quality, nucleoids must also be examined. mtDNA is organized and maintained
in loci known as nucleoids. Estrogens have been implicated in regulating nucleoid
structure and function. Common factors of pathology include decreased nucleoids which
typically occur concomitantly with a decline in cristae quality.”! Notably, the interface

of mitochondrial networking fragmentation and nucleoid distribution is an emerging field,
with past studies suggesting that fragmentation increases the clustering of nucleoids.”?
However, the functional implications of changes in nucleoid distributions, if they occur, in
E2 treatment remains unclear.

Errects oF Estrocen RecerTor on MimocHonbriA—EnNDorLAsMIc RETIcuLUM ContacTs anp CaLcium

ARre Not WELL CHARACTERIZED

The communication between the endoplasmic reticulum and mitochondria helps maintain
normal physiological homeostasis in the cell.”3 Mitochondria—endoplasmic reticulum
contacts (MERCSs) are known to play key roles in ion and lipid transfer, cellular signaling,
and membrane dynamics.”® MERCs are involved in Ca2* transfer between the endoplasmic
reticulum and mitochondria, through the release of Ca2* by the endoplasmic reticulum
and subsequent uptake of Ca2* into the mitochondrial matrix.”# The mitochondria contain
major proteins that then respond to the increase in matrix Ca2* influx.”> Sites where

the mitochondria are constricted by endoplasmic reticulum tubules are the initiation sites
of mitochondrial fission,”® which is essential for cell viability along with mitochondrial
fusion.” Furthermore, close contact between regions of the endoplasmic reticulum
containing cytochrome P450 enzymes and the outer mitochondria membrane aids in the
movement of steroidal intermediates from the mitochondria to the endoplasmic reticulum
during steroidogenesis, producing steroids that are essential for mammalian life.””
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E2 has been observed to cause the overexpression of ERa through the PI3K/Akt/mTOR
pathway to cause the endoplasmic reticulum stress-associated degradation.”® This E2-
dependent apoptosis occurs in a PERK-dependent manner, with PERK also being known

to be enriched in MERC spaces and modulate other pathways, including autophagy,
metabolism, and ROS removal.”8 ROS from the intermembrane space of the mitochondria
are also known to be delivered to the area of MERCs.”® However, it remains unclear whether
MERC s exhibit localized ROS signaling, despite the presence of numerous ROS targets in
the endoplasmic reticulum and mitochondria.8°

Moreover, in the plasma membrane, E2 binds to GPER where it contributes to many
responses including cell proliferation and regulation of glucose metabolism.81: 82 When
GPER is activated in the endoplasmic reticulum, it initiates a response that ultimately results
in cell proliferation through the release of Ca2* and activation of the phosphoinositide
3-kinase pathway.81: 82 While not associated with the mitochondria, GPER affects
mitochondrial-induced cell death and mitochondrial function by virtue of its regulation

of cellular Ca2* concentration in the aforementioned signaling cascades. Ca2* uptake by

the mitochondria induces the opening of the normally closed mitochondrial permeability
transition pore, a key regulator of cell death, activating apoptosis.” Together, this highlights a
potential role of E2 and GPER in apoptosis that must be explored further. Since GPER
activation in the endoplasmic reticulum by estrogen induces Ca2* release resulting in

cell proliferation,” this indirectly impacts mitochondrial function since MERCs are a site

of mitochondrial uptake of Ca2*. Increased Ca%* concentration increases mitochondrial
respiratory rate and ATP production, and prolonged influx of Ca* concentration ultimately
result in mitochondrial swelling and apoptosis.83 Activation of GPER by estrogen and its
resulting effects on mitochondrial ATP output and possible induction of apoptosis warrants
further study.

Looking forward, while the role of MERCs in Ca2* signaling is well studied, less
characterized is how other mitochondrial ultrastructure may be involved in Ca2* signaling.
For example, nano tunnels are mitochondrial phenotypes associated with molecule transfer
that arise in stress states.8* Nanotunnel frequency is modulated by RyR2 expression, with
a calcium imbalance by depression of RyR2 activity resulting in nanotunnel frequency
increasing concomitant with Ca2* overload in sarcoplasmic reticulum.8> Notably, while
estrogens play roles in neuroprotective against excessive Ca2*, this role has been found to
be dependent on mitochondrial sequestration of Ca2*.86 This suggests that mitochondrial
nanotunnels may serve to rescue Ca2* deficiency, and potentially restore the functions of
estrogen, yet studies regarding the modulation of mitochondrial nanotunnel structure and
other calcium signaling phenotypes by E2 and concomitant increases in receptors remain
poorly elucidated.

Estrocen Receptor-Derenpent RemopeLing oF MitocHonbriaL MEMBRANE

Recent studies have underscored the importance of studying mitochondrial quality control
mechanisms, including mitophagy and the mitochondrial unfolded protein response, beyond
only exaiming dysfunction.#2: 43.87. 88 However, the role of estrogen in regulating these
mechanisms remains poorly understood. One area of interest is cholesterol side-chain
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cleavage (P450scc), which is located within the inner mitochondrial membrane. Various
proteins are required for the transport of steroids from the outer membrane to the inner
membrane, which includes voltage-dependent anion channel, TSPO-associated protein 7,

and protein kinase A regulatory subunit 1a, as previously reviewed in the reference.89

If mitochondrial remodeling of membranes can occur, future studies are necessary to
understand if such remodeling can affect these transduceosome, thus affecting estrogen

synthesis.

One avenue that may affect this is the physical incorporation of estrogens in the
mitochondrial membrane. Yasar and colleagues have summarized the plasma membrane-
associated signaling pathways which E2 can enact through the activation of ERs,%0 and
membrane-localized ERa. can serve many functions without the need for transcription,
including modulation of cholesterol synthesis.®! However, contrastingly, the roles of
ERa in mitochondrial membrane pathways, if any, may be different from their plasma
membrane roles, thus making it an important area to study in the future. While the ERa-
independent diffusion of E2 across the mitochondrial membrane to reduce mitochondrial
membrane microviscosity has been discussed,!3 the exact mechanisms underlying this
translocation process of ERs are not yet fully understood. However, this may involve
physical incorporation of E2 in an ER-dependent manner to mitochondrial membranes,
as past studies have shown that ERp binds to PHB2, which is localized in the inner
mitochondrial membrane.92 Additionally, mitochondrial permeability transition pores have
recently been highlighted to be regulated by ERp, possibly explaining sex-dependent
differences in permeability in neurodegeneration.9 Agonists of ERp similarly have been
associated with increased mitochondrial translocase of the inner membrane protein levels,
which aid in preserving mitochondrial integrity under ischemia in a murine model.%* The
ratio of ERs may also affect the ability of estrogens to incorporate in membranes, as past
studies have indicated that in cell lines with a high ERa.-to-ERp Ratio, there is reduced
cardiolipin, a mark of inner mitochondrial membrane quality.%> Taken together with the
fact that mitochondria can have unique membrane potentials, even down to their individual
cristae, this highlights the need for future studies to elucidate differential mechanisms of
ERs in mitochondria.

Estrocen in Preenancy

Based on these factors, it is important to consider the current state of pregnancy and consider
the roles estrogens play in maternal health. While pregnancy involves numerous signaling
pathways estrogen and its receptors play significant roles in development, especially in the
context of pregnancy (Figure 2). Estrogen, in general, regulates pregnancy development,
including by directly acting on mitochondria and promoting ATP synthase activity.% Recent
findings demonstrate that, in premature births, E2 treatment can enhance neurodevelopment
through an Arx-mediated pathway.®” Notably, estrogen treatments, which parallel levels
reached during pregnancy, can confer protection against breast cancer.%8 Estrogens also play
numerous pathophysiological roles in other diseases, including tubal ectopic pregnancy,®®
restless leg syndrome,100 and breast cancer.191 This suggests that pregnancy can be
important to study, as the alterations caused due to estrogens may provide future therapeutic
techniques.
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However, the exact dependence on estrogen receptors remains slightly controversial in
disease states. It is understood that breast cancer is reduced by pregnancy due to

estrogen.® It has been found that ER-positive breast cancer does not affect pregnancy

safety outcomes.192 Conversely, while increases in estrogen typically cause increased ERs, it
was also demonstrated that the increased estrogen from pregnancy did not confer increased
resistance against the reoccurrence of breast cancer.193 This suggests that while pregnancy
boosts estrogen levels, this is not a long-term effect that protects against pathophysiology if
ERs are already lacking.

Estrocen Receptors In Preenancy CompLicaTions

Estrogen is central to many pregnancy complications, with E2 treatment known to

suppress the TLR4 signaling pathway, known to cause chronic low-grade inflammation,

and reduce NO- and iNOS-dependent endothelial dysfunction and oxidative stress in murine
models of preeclampsia.1%4 Generally, ERs are found in reproductive organs and regulate
functions including uterine growth, placental function, and the maintenance of pregnancy.10
Dysregulation of ERs is known to contribute to metabolic syndromes at baseline conditions
(reviewed in the reference 106). However, the risk of these metabolic syndromes, such

as preeclampsia, may be exacerbated by pregnancy. Pregnancy is marked by dramatically
increased production of estrogens, in turn upregulating ERs. After dimerization, ERa

is crucial for fertility, while ERB primarily counteracts unwanted actions of ERa (as
discussed in the reference 107). While the direct pregnancy-induced estrogenic action on
ERs remains unclear, ERs play distinct roles within the pregnancy, with their dysregulation
often associated with pregnancy complications (Figure 3). Aberrant expression or signaling
of ERs has been linked to preeclampsia, preterm births, and other dysfunctions of nitricoxide
(NO)-mediated vasodilatation, thus impacting uterine quiescence during pregnancy (as
previously reviewed in the reference 108). However, ERs show relatively differential roles
than estrogen, which may be related to their differential effects on mitochondrial regulation.

The most common role of ERa and ER is regulating uterine artery vasodilation, through
non-NO-pathways such as hydrogen sulfide (as previously reviewed in the reference 105).
This allows fine-tuning of estrogen to disable uterotonic action until term, thus preventing
pre-term births. Notably, an important regulator of this is ERa splicing, via hnRNPG and
E2, which produces the isoforms of ERA7 and ERa46.199 ERA7 specifically is responsible
for maintaining myometrial quiescence through inhibition of Connexin 43, until term, at
which point myometrial hnRNPG levels decline, mitigating ERa splicing and resulting

in myometrial activation.1%9 Both ERa and ER exhibit isoform formation. The relative
impacts of each of these isoforms as well as upstream factors modulating splicing, will
continue to be of interest. Of particular interest, the supplementation of hnRNPG, or another
splicing factor, to increase ERA7 levels may be therapeutic targets in mitigating preterm
births.

While ERa has been reported to show lower expression in preeclampsia than in control
individuals across several studies, conflicting studies also show unchanged or even elevated
expression.110-114 |t may be that these reports of different expressions arise due to varying
study sites. For example, gestational diabetes mellitus modifies placental ERa expression
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in a cell type-dependent manner, with upregulation of ERa in extravillous trophoblasts but
downregulation of ERa in decidual vessels of specifically male fetuses.11® In any case,
changes in ERa expression may increase vulnerability to disease states in several ways. One
way is through ER stress. Endoplasmic reticulum stress can cause fetal growth restriction,
concomitant with upregulation of estrogen, in response to environmental pollutants.116
Since in other models, ERa overexpression mitigates endoplasmic reticulum stress through
mitochondria, 17 ERa is protective against fetal growth restriction and other unfolded
protein response-dependent pregnancy complications (as discussed in the reference 118).
Given the roles of ERa in insulin sensitivity in skeletal muscle, its role in the development
of preeclampsia remains unclear.%8 Specifically, ERa knockout in murine models of skeletal
muscle is linked with impaired mitochondrial health and insulin sensitivity in women.34
However, it is unclear if these same pathways linking mitochondria and ERs in metabolic
homeostasis are also implicated in preeclampsia. Additionally, stress-induced elevations in
blood pressure and changes in feeding habits in non-pregnant females have been shown to be
affected by ERa acting upon the medial amygdala neurons.119-121 Thys, it is plausible that
preeclampsia develops in part due to neuronal activation of ERa during pregnancy.

There is an emerging role of inflammation changes caused by altered ERa expression
contribute to preeclampsia. As extensively reviewed in the reference 105, both E2
stimulation, as well as its downstream effects on ERs, are generally understood to

promote the synthesis of NO. NO plays pluralistic roles in both uterine vasodilation

and inhibiting interactions between immune and endothelial cells, thus protecting against
preeclampsia.122 However, by shortening the lipopolysaccharide-induced pro-inflammatory
phase through cytokine signal molecule IL10, E2 can also act upon ERa to mitigate
inflammation in macrophagic cells.123 Interestingly, in late-term labor, ERa can play roles
in inflammation-dependent parturition through a positive feedback loop, by which E2/ERa
signaling downregulates miR-181a, enhancing pro-inflammatory signaling and myometrial
contractility, and further increasing in ERa.124 125 While the potential for dysregulated
signaling to lead to pathological-states has not been fully studied, one finding shows that
anomalously upregulated pathways of hsa-miR-181a-5p lead to preeclampsia.126 Otherwise,
studies have found that preeclampsia-associated decrease in ERa expressions can occur in
decidual macrophages, concomitant with reductions in anti-inflammatory markers.127 This
suggests dualistic roles of ERa expression in inflammation and preeclampsia.

ERB, in contrast to ERa, is generally reported to consistently have higher expression in
preeclampsia.110: 111, 114 Oytside of preeclampsia, ERa and ERB mRNA expressions are
different in the rat uterus, with ERa appearing more closely linked and upregulated close
to the labor process.128 Additionally, ER and GPER, but not ERa., are also upregulated

in endometriosis.12% One potential reason for the distinct expression is differential hypoxic
reactions. It has been observed that placental hypoxia during early pregnancy may cause
preeclampsia in a guinea pig model.130 In other models, studies have suggested that
hypoxia downregulates ERa 31 but upregulates ERB.132 Significantly, gestational hypoxia is
known to modify ER levels, contributing to preeclampsia, through oxidative stress, calcium
signaling, and RyR2 inhibition,133 suggesting potential involvement of mitochondria

and their structure (reviewed in the reference 134). Alternatively, upregulation of ERB

in preeclampsia might represent a compensatory mechanism to counterbalance the pro-
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inflammatory and oxidative stress conditions that are prevalent in preeclampsia. Otherwise,
research has shown ERp having distinct roles in several other pregnancy complications.
Pregnancy-induced upregulation of ERp in primary human uterine artery endothelial cells,
but not ERa..13% In turn, ERP causes AT2R upregulation, which in turn is protective
against preeclampsia through increased uterine blood flow.13¢ In villous endothelial

cells, ERP has been shown to mediate Cyclooxygenase-2 expression levels in a ligand-
independent manner, potentially influencing prostanoid biosynthesis and fetoplacental
vasculature.137 Additionally, in human biopsies, recurrent reproductive failure, including
recurrent implantation failure and recurrent pregnancy loss, is associated with significantly
lower levels of ER, particularly in the vascular endothelium and perivascular areas.138
Finally, ERB displays differential localization than ERa.; compared to ERa, it is more
abundant in the human myometrium and cervix during pregnancy, and the only estrogen
receptor present in the endothelium of the endometrium and fetoplacental vasculature,
indicating its potential distinct roles in fetoplacental blood flow.13°

Notably, a deficiency of GPER is associated with preeclampsia.110: 140 As discussed in the
section of “Effects of Estrogen Receptor on Mitochondria-Endoplasmic Reticulum Contacts
and Calcium are Not Well Characterized”, GPER has a central role in modulating the
mitochondria permeability transition pore opening.1#! It has been suggested that this pore
opening, indicative of mitochondrial dysfunction, may contribute to preeclampsia, but it
may just as well be a result of existing preeclampsia.l? Like ERa and ERp, GPER is
important in modulating NO/cGMP pathways for the maintenance of uteroplacental blood
flow.143 However, other pathways through which GPER may be involved in pregnancy
complications remain underresearched. In models of breast cancer, GPER can cause fission
through the phosphorylation of Drp1.144 Interestingly, GPER activation during pregnancy
in female rodents increases p-cell mass by suppressing miR-338-3p, which promotes f-
cell proliferation and protects against apoptosis, but this effect is not observed in human
B-cells. 14> While these ERs have distinct roles, they also have confluent roles which cannot
be neglected. For example, E2 can be used in the treatment of pelvic organ prolapse

by inhibiting mitochondrial fusion protein mitofusin 2, alongside concomitant increases

of all ERs (i.e., ERa, ERp, and GPER).146 Additionally, E2 enhances mitochondrial
function, through PKA, by acting upon both GPER and ERa..14” cAMP and PKA are
important in quiescence by upregulation and downregulation during pregnancy and labor,
respectively (reviewed in the reference 148). Their activation is also important in oxytocin
receptor expression, 149 thus implicating diminished levels of PKA with preterm labor.150
While both GPER and ERa. expression is increased during pregnancy, due to elevated E2
levels,145 more studies must consider the co-dependence of these ERs and their impacts on
preterm labor in conditional knockouts. Similarly, while upregulation of ERa in extravillous
trophoblasts is observed, recent evidence also shows that GPER is associated with placental
extravillous trophoblasts invasion, wherein reduced GPER expression in this trophoblasts is
associated with preeclampsia, potentially due to impaired estrogen synthesis (as reviewed
in the reference 151). Other studies have shown that E2 treatment specifically increases
ERa expression only in villous cytotrophoblast cells, again demonstrating the necessity of
estrogen in trophoblast differentiation through ERs.152 Thus, despite the clear presence of
ERa, ERB, and GPER30 in uterine arteries and the placenta, their exact roles in pregnancy
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complications, and the influence of mitochondrial dysfunction in enacting these pathological
states, remain conflicting.153

Notably, ERs contributing to pregnancy complications in the context of aging are poorly
elucidated. While recent studies have shown that estrogen-related receptors are modulators
of age-related mitochondrial dysfunction and inflammation in kidney aging,®* it is unclear
if this is the case for ERs in the context of pregnancy complications. One recent study
found abundant mitochondrially-localized ERp in ectopic endometriotic tissues, which
served crucial bioenergetic roles including through lowering oxidative stress,11 suggesting
ERP may mitigate therapeutically protect against endometriosis. Another study has found
that aging leads to a significant decrease in ERa expression and transcriptional activation
in mesangial cells, leading to increased oxidative stress.15® This study also found that
ethidium bromide treatment for mitochondrial depletion reversed some of these effects,
suggesting that oxidative stress contributes to the loss of estrogen’s protective functions
during aging.1%® This has further been recapitulated in C2C12 cells wherein ERa represses
hydrogen peroxide generation.1®8 Thus, the roles of ER-modulated oxidative stress in the
pathology of pregnancy complications, especially across aging, is relevant.

Estrocen Receptors CHancing THE Pregnancy Microsiove

A further area of research that demands more research is how estrogen affects microbiomes
during pregnancy. Notably, the microbiome diversifies in the postpartum period while in
healthy pregnancy, there is low diversity with a dominance of Lactobacillus, which is
concomitant with elevated estrogen levels.157 Group B Streptococcus growth in the lower
reproductive tract microbiome is understood to be a key marker of adverse pregnancy
outcomes, yet how Lactobacillus interacts with it to protect pregnancy remains unclear.158
While supernatants secreted by Lactobacillus can protect against biofilm formation,

these were strain-dependent, and bacterial associations resulted in host cell death, in

some cases.128 Beyond this, recent therapeutic techniques for adverse perinatal outcomes
have been facilitated by Lactoferrin, which inhibits the biofilm formation of Group B
Streptococcus 59 Lactoferrin is an estrogen-inducible protein that interacts with estrogen
receptor-related receptor a.1.160 Thus, it is possible that certain adverse outcomes or
interactions between these gut microbiomes may be modulated by certain ERs-interactions
which aid in explaining the differential development in pregnancy between healthy
Lactobacillus-dominant environments and the buildup of Group B Streptococcus.

Given the alteration in the vaginal microbiome that occurs following the loss of estrogen
levels, the role of estrogen in affecting other microbiomes is highlighted. The gut
microbiome is also subject to reduced diversity during pregnancy in a progesterone-
dependent manner.161 This lowered diversity may be a defense mechanism against
“estrobolomes” which are adverse health outcomes of metabolizing estrogens bacteria that
may increase the likelihood of ER—positive breast cancer.162 Conversely, a key health risk
during pregnancy is gingivitis as estrogen can enhance planktonic growth.163 Notably,
clinical studies indicate that salivary estrogen levels are correlated with the likelihood

of developing pregnancy gingivitis and gingival inflammation.164 This suggests that
opportunistic infections can utilize elevated estrogen levels during pregnancy, yet estrogen
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may serve a modulating role in reducing microbiome biodiversity in certain organ systems to
prevent this. Still, the roles of microbiomes in disease states during pregnancy need further
investigation to understand these multifaceted roles of estrogen.

RoLe oF MitocHonbriA IN Pracentar DeveLopMmENT

Important in the process of pregnancy is placental development, which remains heavily
dependent on both ERs and mitochondrial function and structure, although few studies
have looked at the interconnection of these processes. The roles of ERs in placental
development and dysfunction are an active field of study. Estrogen related receptor-
gamma, which shares DNA-binding domain and the ligand-binding domain with ERa

and ERB, is highly expressed in normal placenta with decreases in placental dysfunctions
characteristic of fetal growth restriction (reviewed in the reference 165). The placenta

can also play differential roles in binding ERs, with ERB expression in chorionic villi,
particularly in syncytiotrophoblasts, associated with trophoblasts differentiation, while ERa
is decreased. 166 Vascular endothelial growth factor expression is important for placental
angiogenesis, with E2 often playing regulatory roles.167 As previously reviewed in the
reference 167, vascular endothelial growth factor, and associated angiopoietin-1, expression
estrogenic changes caused by are primarily regulated by ERs. However, upregulated

ERs expression is not always associated with improved outcomes; the upregulation of
expression of ERa and gene polymorphism of ERa in placental tissues were both
associated with gestational diabetes mellitus in pregnant women.168 Placental angiogenesis
is also heavily dependent on the action of GPER, with recent findings showing that E2
treatment resulted in GPER-dependent endothelial nitric oxide synthase and Akt signaling,
important for maintaining endothelial cell tube formation under conditions of hypoxia and
reoxygenation.169 Additionally, recent findings have shown that E2-dependent increases

in GPER activation are responsible for placenta-secreted human chorionic gonadotropin
expression, which produces progesterone, trough protein kinase A (PKA)-CREB signaling
pathway in human cytotrophoblast cells.170 Together, this demonstrates differential roles of
ERs in placental development, with GPER being of particular interest.

Placenta parallel rapid aging in some ways, as they develop over quick periods. At

around ten weeks, blood flow is reduced by trophoblasts resulting in impaired oxygen,
associated with decreased respiration and compensatory increased mitochondrial content.172
Beyond this, numerous pregnancy complications may be linked to alterations in the
placenta. As past reviews have emphasized, malnutrition, hypoxia, and obesity may affect
placenta mitochondrial function thus causing fetal complications.172 Additionally, placental
trophoblast cells experiencing gestational diabetes mellitus display elevated oxidative
stress.173 However, the exact mechanisms of these complications remain unclear in some
contexts. For example, in pig models with excessive back fat, placental dysfunction was
noted due to oxidative stress arising from mitochondrial injury.1”4 ROS has remained a
well-studied topic as a mediator of uteroplacental dysfunction due to the mild oxidative
stress caused by pregnancy at baseline which may be exacerbated by certain conditions, as
previously reviewed in the reference 153.

Aging Adv. Author manuscript; available in PMC 2025 January 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hinton et al.

Page 14

However, other aspects of mitochondrial function in placental dysfunction remain poorly
elucidated, such as if mtDNA changes in the placenta are implicated in complications is
unclear. For example, a hallmark of aging is an accumulation of mtDNA mutations which
can result in deleterious heteroplasmy that interferes with mitochondrial function.1?® It is
unclear if the short life span of the placenta also causes accelerated mtDNA mutations.
Notably, certain conditions such as intrauterine growth restriction are marked by increased
mtDNA content.17® Beyond this, how mitochondrial structure changes across placental
aging is unclear. Past results have shown that in the brain, donut-shaped 3D structures

are more favorable upon hypoxic conditions,177 yet it is unclear if certain mitochondrial
phenotypes are more favorable to the hypoxic-like conditions that occur at Week ten in
placental development. Similarly, several MERC proteins are known to be implicated in the
ROS generation,178 suggesting that these contact sites should be considered as a potential
indicator to better understand oxidative stress in the placenta, which has previously been
reviewed to be predictive of pregnancy complications.1”®

Given that mitochondrial transplantation is increasingly emerging as an option to potentially
restore endometrial injury,180 this may be a valuable option. As previously reviewed

in the references 181 and 182, direct injection, systemic administration, and intranasal
administration are all routes of mitochondrial transplantation through which mitochondrial
diseases can be mitigated through the replacement of mitochondria. Similarly, mitochondrial
replacement therapy via ooplasm injection has been performed for oocyte rejuvenation, but
despite successful pregnancies, concerns over mitochondrial DNA heteroplasmy and the
risk of mitochondrial diseases led to regulatory restrictions.183 A better understanding of
these dynamics in pregnancy complications and how estrogen affects them in the placenta
can be important for precision medicine, especially in future clinical studies aiming to use
mitochondrial transplantation or replacement for disease states.

Given the functional requirements of the cholesterol side chain cleavage enzyme P450 in the
inner mitochondrial membrane for steroidogenesis, not all cell types are steroidogenic.8°

In the placenta, steroidogenic metabolites and precursors of fetal glands are utilized,
emphasizing the relationship and dependency between the placenta and fetus. However,

the role of E2 in poor placentation is controversiall84 with some recent cohort studies
finding no association and peak E2 levels during ovarian stimulation being independent

of birthweight, 185 suggesting that estrogen serum levels alone may not be a primary
modulator of mitochondrial function.18 This again highlights the importance of looking

at specific activation of estrogen receptors, as differential recruitment may be a factor in
poor placentation.

Future Directions To Unperstand Estrocen RecerTors I PrRegNANCY

As reviewed in the reference 134, mitochondria dysfunction is well-linked to many
pregnancy complications, including preterm birth, stillbirth, and pre-eclampsia. Targeting
mitochondria, such as through antioxidants, has been shown to mitigate preeclampsia.18’
Multiple avenues must be explored to further our understanding of how the structural
remodeling of mitochondria is altered in response to the modulation of ERs in a tissue-
dependent manner, contributing to pregnancy complications. For example, in murine brown
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adipocytes, ERa was required for Drp1-dependent mitochondrial remodeling, yet it is
unclear if this is the case for other tissue types.>’ Beyond only looking at expression

levels of associated genes, understanding mitochondrial ultrastructure is important. Further
investigation is necessary to better understand the direct effect of estrogen on MERCs.
Future directions for the field include determining the relationship between GPER on the
endoplasmic reticulum and MERCs with regard to calcium signaling and characterizing
MERC activity in response to an estrogen-induced drop in ROS production.

E2 and estrone are widely studied, however, the different roles of estrogen types should
further be investigated. For example, equine models express ring B-unsaturated equilin

or equilenin which have relatively poorly defined functions.188 A better understanding of
the functional roles of species-specific estrogens can offer insight into the evolutionarily
conserved mechanisms that govern estrogens. Beyond the differential roles of estrogens,
while this review focused on the different types of ERs, it should also be noted that isoforms
may be implicated in pathologies. For example, ERa-LBD, an isoform of ERa is apparent
in breast cancer and localizes to mitochondria.18°

A greater understanding of the intersectionality between estrogens and bacterial
microbiomes to both provide negative and positive birth outcomes remains an important
avenue to study. Recent studies have indicated that HIV-1 transmission can be prevented
in the female genital tract through a combination of elevated E2 levels and lactobacilli,1%0
paralleling the results observed in pregnancy. In contrast, E2 degrading bacteria may also
naturally exist in the environment and reduce E2 to estrone to reduce stress on certain
organisms.191 While common understanding shows that bacteria reduce E1 to produce
ring-cleaved metabolites, the exact mechanism still requires further elucidation.192 It is
understood that different bacteria may reduce E2 levels in varied mechanisms,193 however,
the implications of these varied mechanisms on pregnancy outcomes, mitochondrial
structure, and ERs remain poorly elucidated. Given the varied relationships between bacteria
and E2, studies on mutualistic interactions of E2 and bacteria on host mitochondria may
prove promising. Notably, a study in yeast found that the expression of the bacterial

cell division protein FtsZ may lead to mitochondrial fission.194 This suggests that certain
alterations in bacteria may alter mitochondria, and if E2-modulation of its microbiome
may also affect mitochondria through poorly explored mechanisms. Beyond only host cell
studies, a better understanding of how ERs and E2 interact with bacteria may give insight
into their modulation of mitochondrial function given mitochondria’s endosymbiotic origin.
For example, while binary fission is known in bacteria, it is not clear if, in response to

E2, they also use similar fusion and fission pathways to regulate their cell shape and size.
Beyond this, how estrogens affect bacterial DNA replication may provide insights into the
similar processes that occur in with mtDNA.

Across models, the localization of ERp in mitochondria is commonly observed, but the
localization of ERa differs.195 Notably, estrogen treatment is associated with increased ERB
localization, which in turn promotes ERE binding to reduce oxidative stress and regulate
mtDNA transcription.® 195 As a result, ERP has arisen as a key target for the treatment of
Alzheimer’s Disease through the inhibition of fission in an AKAP1-dependent manner.196
However, the potential therapeutic role of targeting ERa and its effects on mitochondrial
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structure need further investigation. Even less understood is GPER, which past research
has suggested serves protective roles against obesity, glucose intolerance, and increased
blood pressure.197 The roles of the differential ERs in cardiac cells have previously been
reviewed, 197 which shows differential roles of the ERs due, in part, to different roles in
cardiac Ca%* ion channels.197

In this narrative review, we sought to synthesize current knowledge on estrogen receptors
and mitochondrial function. However much of the existing literature may be fragmented or
focused on specific aspects, making it challenging to draw comprehensive conclusions. As
this is a narrative review, we sought to highlight areas of perceived interest, but additional
systematic reviews are necessary to cover all relevant pathways or conditions.

Given the important role of estrogen in age-related pregnancy and maternal health, it is
critical to consider the current state of pregnancy and any concerns about maternal health
when evaluating treatments. Recent findings show that in frozen embryo transfer, hormone
replacement therapy is associated with an increased risk of preterm birth complications,
low birth weight, and hypertensive pregnancies compared to natural cycle-based methods.198
This indicates that the full effects of pregnancy remain poorly understood and cannot be
replicated through E2 treatment alone. There remains a lack of research regarding how the
pregnancy process and secretion of estrogen may differ due to certain social determinants
and aging. Furthermore, future treatments may consider targeting mitochondria. Also, as
opposed to estrogen treatment, it may be interesting to see if it is possible to modulate the
binding affinity of the ERs to reduce pregnancy-negative outcomes as a potential therapy.
Finally, the role of the microbiome in maternal health, as both modulated by estrogen and
as an effector, requires further study. Together, this suggests that each of these receptors
plays differential, tissue-dependent roles in mitochondrial function thus conferring risk of
pregnhancy complications.
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replacement therapies,
such as Emmenin.

1970s-1980s

Biological roles of
estrogens in promoting
female sexual
development, as well as
catalytic mechanism of
aromatase studied

Early studies by
Chen et al., showing
mitochondrial
localization of ERa
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of roles in mtDNA

transcription.

Figure 1: A brief timeline of the discovery of estrogen and itsreceptors, aswell asan emerging
under standing of their rolesin mitochondria, particularly in the context of age-related disease

states.
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Figure 2: Estrogen receptors (ERs) which regulate genomic and non-genomic signaling pathways
during pregnancy.
During pregnancy, estrogen levels show an uptick, with various levels, typically inverse

to progesterone. Estriol (E3), the form of estrogen which is synthesized by the placenta,

is the most plentiful. Since E3 is not biologically activated, it can be converted to the

ovarian estrogen form estradiol (E2), which is biologically active. Thus, circulating E2 levels
are relatively high throughout pregnancy. E2 can then bind to ERs (ERa and ER) and
G-protein-coupled receptor 30 (GPR30/GPER). They undergo genomic effects, in the case
of ERa and ERB, or rapid, non-genomic signaling pathways, which commonly occur with
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GPR30. ERa is widely expressed in reproductive tissues, such as the uterus, placenta, and
breast. While ER is also expressed in ovary, uterus, and placenta, its expression is generally
lower than ERa.. Created with BioRender.com.
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Figure 3: Roles of estrogen receptors (ERs) in mitochondrial function and pregnancy.
Roles in pregnancy of ERs (ERa and ERP) and G-protein-coupled receptor 30 (GPR30/

GPER) during their upregulation (top, green arrow) or downregulation (bottom, red arrow).
Involved mitochondrial roles are in the middle. ERa.: (Top) ERa isoforms, namely ERA7
whose splicing is determined by hnRNPG, downregulate connexin-43 for myometrial
quiescence. Thus, the continual hormonally regulated splicing of ERa into isoforms, and
subsequent inhibition of splicing, is necessary to prevent preterm labor then incur labor.
(Middle) While ERa has multiple mitochondrial roles, a central one is regulating Polg1,
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in turn affecting mitochondrial DNA (mtDNA) and regulating mitochondrial metabolism.
(Bottom) Lower levels of ERa are observed in women with preeclampsia. ERB: (Top)

ERP upregulates angiotensin type 2 receptor expression (AT2R) and increases uterine artery
blood flow. However, higher levels of ERp are observed in women with preeclampsia.
(Middle) ERp has central roles in upregulating Peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC-1a.), which is a central regulator of mitochondrial
biogenesis. (Bottom) Lower levels of perivascular and vascular endothelium ERp are
associated with recurrent reproductive failure (RRF), including recurrent implantation
failure (RIF) and recurrent pregnancy loss (RPL). GPR30/GPER: (Top) GPR30/GPER can
increase Gs alpha subunit protein, which in turn raises cyclic adenosine monophosphate
(cAMP), activating Protein kinase A. Protein kinase A in turn maintains uterine quiescence.
(Middle) A principal mitochondrial function of GPR30 is activation of extracellular signal-
regulated kinase (ERK), resulting in the mobilization of intracellular Ca?* concentration.
This prevents the opening of the mitochondrial permeability transition pore (mPTP), a
pathological channel that is Ca?*-dependent. (Bottom) Rapid, non-genomic vasodilatory
actions via transmembrane GPR30 may be disturbed in preeclampsia, as levels in GPR30 are
lower in the placentae from women with preeclampsia. Created with BioRender.com.
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