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ABSTRACT: Alzheimer’s disease (AD) is a neurological disorder characterized primarily by a progressive decline in
cognitive and behavioral functions. The pathogenesis of AD has not been fully elucidated till now. The progesterone
receptor (PR) family has recently attracted increasing attention and has become the focus of potential links to factors
such as the pathogenesis and pathological changes of AD due to its role in the central nervous system. This article
summarizes the progress of research progress on the PR family in AD, including its role in pathophysiology, molecular
mechanisms, and potential therapeutic strategies.
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1 Introduction

AD is a chronic neurodegenerative disease that is the most common cause of dementia. It is mainly
characterized by a progressive decline in cognitive and behavioral functions [1]. According to estimates by
the Alzheimer’s Association, the number of people over 65 years old in the United States currently suffering
from AD is as high as 6.9 million; furthermore, this number may double by 2060 [2]. As AD continues to
rise in prevalence, it not only imposes heavy financial burdens on the families of patients but also seriously
impacts the social economy. At the time of this writing, the pathogenesis of AD is still unclear; therefore,
an in-depth exploration of the pathogenesis of AD and the development of innovative treatments for AD
is necessary.

The progesterone receptor (PR) family is a member of the steroid hormone nuclear receptor superfamily,
through which progesterone exerts its effects on female reproduction, such as the menstrual cycle and
pregnancy [3]. Previously, PRs have attracted much attention, mainly in the female reproductive system
[4-6]. However, recent research suggests that the roles of PR family members in the central nervous
system may be more complex and widespread than previously understood [7-9]. The progesterone receptor
family consists of the classical progesterone receptor (PR), progesterone receptor membrane component
1 (PGRMC), and progesterone receptor membrane component 2 (PGRMC2) [10]. They are involved not
only in biological processes such as cell proliferation, apoptosis, and metabolic regulation [11-13] but also in
important tasks such as neuroprotection, synaptic plasticity, and cognitive function [10,14,15].

This article systematically reviews the latest research on the progesterone receptor family in the field of
AD and hopefully provides a novel target for research on and treatment strategies for AD.
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2 AD Pathogenesis

While the pathogenesis of AD remains incompletely understood, current research has demonstrated
that a variety of complex factors may be involved (Fig. 1).
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Figure 1: Illustrates the current hypotheses of AD pathogenesis

The figure illustrates the current hypotheses of AD pathogenesis, which primarily involve amyloid-
beta (Af) deposition, tau hyperphosphorylation, neuroinflammation, oxidative stress, and gene mutation.
Among these, amyloid plaques and hyperphosphorylated tau protein are considered the main factors.
Increasing evidence suggests that neuroinflammation plays a crucial role in the progression of AD. The
interaction between A and tau leads to the excessive activation of microglia and astrocytes, the primary
cells responsible for the brain’s inflammatory response. Overactivation of microglia and astrocytes results
in the release of harmful substances such as reactive oxygen species (ROS) and pro-inflammatory cytokines
(e.g., Interleukins (ILs) through signaling pathways like Nuclear Factor-xB (NF-«B), exacerbating neuronal
damage and ultimately leading to neuronal death.

2.1 AB Deposition

The amyloid cascade hypothesis is widely accepted as a primary mechanism in AD pathogenesis.
According to this hypothesis, the extensive accumulation of neurotoxic A plaques in the brain is the
fundamental driving force in the development of AD [16].

Amyloid precursor protein (APP) is a single-transmembrane protein that is highly expressed in
the brain and is primarily synthesized by neurons, blood vessels, blood cells, and astrocytes. Scholarly
evidence has indicated that APP plays a critical role in brain development, memory formation, and synaptic
plasticity [17,18]. Under normal physiological conditions, APP is predominantly cleaved by a-secretase,
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thereby producing soluble APP« (sAPP«)—a fragment with neurotrophic properties that supports neuronal
survival and enhances synaptic function. In the pathological context of AD, APP is preferentially cleaved by
B-secretase and y-secretase, generating A8 peptide fragments, primarily A340 and Af42. These A peptides
exhibit low structural stability, particularly Af42, which has a higher propensity to aggregate into insoluble
fibrillar structures, leading to amyloid plaque formation [19]. This amyloidogenic pathway is central to AD
pathology development.

Under physiological conditions, Af is a soluble monomeric peptide generated by APP cleavage, with
its production and clearance maintained in dynamic equilibrium. In AD pathology, however, this balance
is disrupted; either increased Af production or reduced clearance leads to its progressive accumulation
in brain tissue. Under specific conditions, monomeric Af readily self-aggregates into A oligomers. As
these oligomers continue to accumulate, they form larger fibrils, eventually resulting in amyloid plaque
formation. These abnormal deposits initiate a cascade of pathological cellular events, causing synaptic loss,
neurodegeneration, extensive neuronal death, and ultimately driving the onset and progression of AD [20].

2.2 Abnormal Phosphorylation of Tau Protein

The formation of intraneuronal neurofibrillary tangles (NFTs), composed of abnormal and hyperphos-
phorylated tau protein aggregates, is also considered a key pathogenic hypothesis in AD.

Tau protein, a microtubule-associated protein (MAP), is widely distributed within the cytoplasm and
axons of neurons. Researchers have gradually elucidated its structure since its discovery in 1975. Tau
protein comprises four functional domains: the N-terminal projection domain, the proline-rich region
(PRR), the microtubule-binding region (MTBR), and the C-terminal domain [21]. Tau protein is typically
classified as a naturally disordered protein, with its primary physiological function being the stabilization
of microtubules. Under normal conditions, tau protein’s intrinsically unfolded state reduces the likelihood
of misfolding, aggregation, or accumulation, both intracellularly and extracellularly. However, when tau
protein experiences pathological alterations, it undergoes abnormal folding and aggregation, resulting in
neurodegenerative disorders collectively known as tauopathies. While tau protein phosphorylation is essen-
tial for normal physiological functioning, elevated phosphorylation levels can result in the self-aggregation
and hyperphosphorylation of tau—a key hallmark of various tauopathies. The hyperphosphorylation of
tau protein alters its conformation and charge, exposing the microtubule-binding domain and facilitating
self-aggregation and oligomerization. These aggregated tau proteins ultimately form insoluble NFTs. The
structure of these tau aggregates disrupts axonal transport and progressively induces microtubule insta-
bility [22]. Tau protein levels are significantly elevated in patients with AD, with hyperphosphorylated tau
increasing fourfold. These misfolded tau proteins not only lose their ability to stabilize microtubules but also
enhance their aggregation propensity, exhibiting neurotoxic effects. Ultimately, the functional imbalance
between tau proteins and microtubules results in decreased synaptic plasticity and axonal transport deficits,
contributing to cognitive dysfunction. Furthermore, hyperphosphorylated tau can activate microtubule-
disrupting proteins such as katanin, further exacerbating the disruption of microtubule assembly [23].

Several studies have indicated that Af may facilitate the pathological progression of tau protein by
activating specific kinases, thereby enhancing tau aggregation. Tau protein plays a critical role in Af-
induced cognitive dysfunction, suggesting that the interaction between A and tau may serve as a significant
pathological driver in AD development [24].

2.3 Immune Inflammatory Response

Persistent immune-inflammatory response in AD has increasingly been recognized by experts as the
third core pathological change associated with the disease. Numerous studies have demonstrated that
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neuroinflammation is not merely a concomitant phenomenon of AD pathology but also a central driver of
disease progression [25]. Neuroinflammation arises from pathological damage to the peripheral or central
nervous systems, triggering an inflammatory response in the central nervous system. This response leads to
the production of proinflammatory cytokines, including interleukin-18 (IL-18), IL-6, IL-8, tumor necrosis
factor (TNF), chemokines, and complement cytokines, as well as small molecules such as prostaglandins,
nitric oxide (NO), and ROS.

Acute neuroinflammation acts as the brain’s protective response to stimuli such as neural injury and
infection. Prolonged inflammation can transition from acute to chronic, thereby perpetuating irritation
within the nervous system. Chronic inflammation continuously releases various inflammatory cytokines,
resulting in a pro-inflammatory response that surpasses the anti-inflammatory response, exacerbating
inflammation and ultimately damaging neurons, leading to diverse pathological changes in the body [26].
Brain homeostasis becomes disrupted in patients with AD, whose brain microenvironment and glial cell
characteristics are altered. Microglia predominantly exhibits an activated anti-inflammatory M2 phenotype
that releases anti-inflammatory cytokines, such as transforming growth factor- (TGF-f3), IL-4, IL-10, and
IL-13, while enhancing their phagocytic functions. However, persistent inflammation can shift microglia to
an activated pro-inflammatory M1 phenotype, thereby exacerbating inflammatory responses. This transition
results in increased levels of pro-inflammatory cytokines, including TNF-«, IL-4, IL-6, IL-12, and IL-18,
alongside impaired phagocytic function, enlarged microglial cell bodies, shortened processes, and rounded
morphology. Research has indicated that in the early stages of AD, microglial activation may aim to repair
damage, whereas microglia can become detrimental in late-onset Alzheimer’s disease (LOAD), producing
pro-inflammatory molecules that contribute to neuronal damage [27]. Astrocytes are similar to microglia
in that they maintain homeostasis and supply metabolites and growth factors to neurons. In AD, reactive
astrocytes are found in proximity to A plaques. Like microglia, astrocytes detect A3 aggregates in a Toll-
like receptor (TLR)/Receptor for advanced glycation end products (RAGE)-dependent manner, thereby
activating downstream target genes and producing cytokines [28]. The responses of astrocytes are mediated
by four signaling pathways: Janus kinase (JAK)/Signal Transducer and Activator of Transcription 3 (STAT3),
calcium/calcineurin (CN)/nuclear factor of activated T cells (NFAT), NF-«B, and Mitogen-Activated Protein
Kinase (MAPK) pathways [29]. The excessive production of neurotoxic factors disrupts the homeostasis of
APP processing in astrocytes, resulting in increased A accumulation and toxicity. During the pathological
progression of AD, persistent neuroinflammation damages the blood-brain barrier, allowing peripheral
immune cells, such as monocytes and macrophages, to infiltrate the central nervous system, exacerbating
neuronal damage through interactions with microglia and astrocytes [30].

Neuroinflammation is a principal mechanism underlying AD. It is closely associated with the patholo-
gies of Af and tau proteins, and it exacerbates neuronal damage and dysfunction through the release of
inflammatory mediators, oxidative stress, and the disruption of the blood-brain barrier (BBB). The dual roles
of microglia and astrocytes in neuroinflammation position them as both protectors of the nervous system
and contributors to the progression of AD pathology [31,32].

2.4 Oxidative Stress

Oxidative stress has garnered considerable attention in recent years as a significant factor in the
pathogenesis of AD. Oxidative stress refers to the imbalance between free radicals and the antioxidant
systems in the body, which leads to the excessive production of ROS and other free radicals, thereby
potentially damaging proteins, lipids, and DNA in cells. ROS include superoxide anions (O*~), hydrogen
peroxide (H,O,), and hydroxyl radicals (OH), all of which are generated during normal cellular metabolism.
At low concentrations, ROS can function as signaling molecules that participate in cell growth, apoptosis,
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and immune response. However, when ROS production exceeds the clearance capacity of intracellular
antioxidant systems, oxidative stress is triggered, resulting in damage to cellular components. Neurons are
particularly sensitive to ROS due to their high metabolic activity, substantial oxygen consumption, and
abundant mitochondria, which are the primary source of ROS production [33,34]. Studies have shown that
numerous mutations occur in mitochondrial DNA (mtDNA) in the brains of patients with AD, potentially
compromising the function of the mitochondrial electron transport chain and leading to electron leakage
and excessive ROS production. Furthermore, the loss of mitochondrial membrane potential exacerbates
the oxidative stress response in AD [35]. A oligomers and fibrotic plaques can adhere to the lipid bilayer
of membranes, inducing lipid peroxidation, compromising membrane integrity, causing calcium influx
imbalances, and further promoting oxidative stress. Neuroinflammation is also a significant source of
oxidative stress in AD patients, as activated microglia and astrocytes release large amounts of inflammatory
factors and ROS in response to AB. These ROS accumulate at the site of inflammation, intensifying local
oxidative stress. ROS not only directly damages neurons but also further contributes to the pathological
progression of AD by inducing cell apoptosis and necrosis [36].

2.5 Gene Mutation

According to whether there is a family history, AD is divided into sporadic AD (SAD) and familial
hereditary AD (FAD). APP and presenilins (PSEN1 and PSEN2) are key causative genes in AD [37].
Furthermore, SAD accounts for more than 90% of AD cases. The main genes affecting the incidence of SAD
include apolipoprotein E (ApoE), clusterin gene, complement receptor 1, and phosphatidylinositol binding
clathrin assembly protein (PICALM) [38]. As AD research has deepened, many new AD gene loci have been
discovered, including cholesterol metabolism genes (CH25H, ABCAL, CH24H), and angiotensin-converting
enzyme genes [37].

Other factors affect the onset of AD, such as neurotransmitter imbalance, oxidative stress, and aging
[39-41]. The pathogenesis of AD involves complex interactions among multiple aspects and factors, and
researchers are still conducting in-depth explorations to fully understand the causes of this disease.

3 Potential Role of PR in Sex-Differentiated AD Risk

In AD, the prevalence is significantly higher in females than in males, suggesting that sex differences may
contribute substantially to the pathogenesis of AD [42]. Following menopause, estrogen and progesterone
levels in women decline markedly, and this hormonal shift may be associated with an elevated risk of devel-
oping AD. Estrogen exerts multiple neuroprotective effects, including the promotion of neuronal survival,
attenuation of neuroinflammation, and enhancement of cognitive function [43]. PR is also expressed in the
brain and may play a role in modulating neuronal survival and function [44].

Progesterone exerts neuroprotective effects by modulating neurotransmitter systems and influencing
the synaptic structure and function of neurons. This function is particularly important in postmenopausal
women [45]. Estrogen and progesterone act synergistically in the brain to regulate neuronal survival and
function. Estrogen exerts neuroprotective effects primarily through binding to estrogen receptor 3 (ERp),
whereas progesterone enhances these effects via activation of the PR. Studies have demonstrated that
prolonged estrogen deficiency promotes neurodegeneration, accelerates cognitive decline, and markedly
increases the risk of AD in postmenopausal women. Therefore, maintaining optimal hormone levels may be
important for the prevention of AD [46].

Studies have demonstrated significant sex differences in the relationship between apolipoprotein E

(APOE) &4 allele dosage and tau protein deposition in the brain. Female APOE ¢4 carriers exhibited
decreased levels of A342 and increased concentrations of total tau and phosphorylated tau in cerebrospinal
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fluid, whereas male carriers were younger and demonstrated lower Mini-Mental State Examination (MMSE)
scores. These findings suggest that sex plays a critical regulatory role in modulating the impact of the APOE &4
allele on tau pathology in the brain, and that females may exhibit greater sensitivity to the effects of the APOE
€4 allele [47]. Another study published in Neurology investigated three estrogen receptor (ER) variants—
GPERI, ERp (ESR2), and ERa (ESR1)—in relation to AD features, as an indirect approach to assess the
association between estrogen signaling and AD in women. ER DNA methylation and RNA expression, and
to a lesser extent ER polymorphisms, were found to be associated with cognitive and pathological features
of AD in women, with weaker associations observed in men [48].

Non-classical isoforms of progesterone receptors, including PGRMC1/2, offer novel insights into sex-
specific differences in neurobiology. PGRMCI maintains synaptic integrity by activating the Extracellular
Signal-Regulated Kinase 5 (ERKS5)-brain-derived neurotrophic factor (BDNF) signaling axis in astro-
cytes [49]. In in vitro experiments, treatment with the PGRMCI-specific antagonist AG205 significantly
attenuated the progesterone-induced enhancement of glucose uptake in Ap-injured neurons, whereas the
classical PR antagonist RU486 exhibited no such effect. These findings suggest that progesterone primarily
facilitates neuronal glucose uptake via PGRMCl-mediated mechanisms [50]. However, there are no reports
on the role of PGRMC2 in Alzheimer’s disease.

In summary, the progesterone receptor system modulates sex differences in AD through classical
synergy, epigenetic mechanisms, and non-classical pathways. Dysregulation of the ERS-PR axis exacerbates
women’s sensitivity to postmenopausal hormonal fluctuations, The APOE ¢4 allele establishes a positive
feedback loop with PR attenuation via metabolic-inflammatory pathways, and functional defects in the
non-classical receptor PGRMCI, further diminish women’s neuroprotective capacity. Therefore, investigating
the potential role of the progesterone receptor in sex-related AD risk is crucial for gaining a deeper
understanding of AD pathogenesis and identifying potential therapeutic targets.

4 Progesterone Receptor Family

The exploration of the progesterone receptor family originated from extensive research on the role of
progesterone receptors in the reproductive system. The progesterone membrane receptor family includes
multiple members, the most well-known of which is the classic PR. PR was originally found to bind to proges-
terone and regulate cyclic changes in the female reproductive system [51]. However, with the advancement of
technology and the deepening of research, scholars have gradually realized that the progesterone membrane
receptor family also includes emerging members, such as PGRMCI and PGRMC2 [10]. These receptors are
widely distributed in the human reproductive system, nervous system, and other tissues and are essential
for regulating hormone signals, maintaining physiological balance, and various other life processes [5,11,49]
(Fig. 2).

This figure illustrates how progesterone binds to receptors such as Progesterone Receptor Membrane
Component (PR-M), Progesterone Receptor Isoform B (PR-B), and Progestin and AdipoQ Receptor 7
(PAQR?), activating multiple signaling pathways. The N-terminal region of PR-B contains a polyproline
domain that binds to the Src homology 3 (SH3) domain of Src kinase. Additionally, this domain is essential
for the ligand-activated PR-B to stimulate Src and subsequently activate ERK signaling. PR-M appears
to be a truncated form of PR, with its primary feature being its localization to the outer mitochondrial
membrane. PR-M mediates progesterone’s ability to increase cellular metabolism in vitro. PGRMCI and
PGRMC2 interact with GAP SH3 Domain-Binding Protein 2 (G3BP2), which binds to Inhibitor of nuclear
factor kappa-B alpha (IxBa), and IxBa binds to NF-xB/p65, thus restricting NF-xB/p65 to the cytoplasm
and regulating its transcriptional activity. PGRMCI also binds to Epidermal Growth Factor Receptor (EGFR)
and regulates Protein Kinase B (Akt) and ERK signaling pathways. G protein-coupled receptors regulate the



BIOCELL. 2025;49(7) 1175

production of Cyclic adenosine monophosphate (cAMP) through the modulation of adenylyl cyclase (AC),
thereby inhibiting the protein kinase A (PKA) signaling pathway.
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Figure 2: Mechanisms of progesterone and its related receptors in signaling pathways

4.1 Classic PR

The progesterone receptor is a nuclear hormone receptor with two main subtypes: PR-A and PR-B.
They are isomers produced by different splicing methods of the same gene but differ in the N-terminal
region. PR-B contains an additional amino acid sequence, making it longer than PR-A [52]. PR mainly
exists in the endometrium, ovaries, and other reproductive system tissues. Its classic function is to regulate
the endometrium during the pregnancy cycle to promote the implantation of the fertilized egg [53]. The
PR regulates developmental processes as well as proliferation and differentiation during pregnancy and it
also plays an important role in the progression of endocrine-dependent breast cancer [11]. Moreover, PR
activity is regulated by estrogen and progesterone. Estrogen affects PR activity by increasing its expression
and changing its conformation. Progesterone is a natural agonist of PR that can activate the PR and regulate
the expression of its target genes [54]. Overall, the PR is a crucial receptor in female reproductive physiology
that plays an irreplaceable role in the normal progression of the menstrual cycle, maintenance of pregnancy,
and breast development [53].

4.2 PGRMC1

PGRMCI is a 195-residue membrane-bound protein that contains a short luminal peptide, an
N-terminal transmembrane domain, and a C-terminal cytochrome b5-related heme-binding domain. Fur-
thermore, it is a multifunctional heme-binding protein [55]. Mammalian PGRMCI was first purified and
cloned from pig liver membranes during research on membrane-bound receptors in 1996 [56]. PGRMC1
is a non-classical progesterone receptor that is distributed in multiple tissues, including brain tissues,
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the liver, and the kidney [57]. Studies have shown that overexpression of PGRMCI may mediate breast
cancer proliferation and development by altering lipid metabolism and activating key oncogenic signaling
pathways in vitro and in xenograft mouse models [58]. In addition, PGRMCI has been found to enhance
cardiac function and reduce cardiac lipid accumulation by increasing fatty acid oxidation and mitochondrial
respiration [59]. Moreover, the conditional knockout of PGRMCI has been suggested to lead to reduced
fertility and the occurrence of endometrial tumors in mice. PGRMCI has also been found to play an
important role in female fertility and uterine homeostasis [60]. Overall, PGRMCI primarily participates in
various biological processes, such as heme metabolism, the development of reproductive system tumors, and
systemic metabolism [61-63].

4.3 PGRMC2

PGRMC2 is a member of the progesterone receptor family. Several studies have indicated that PGRMC2
plays an important role in intracellular heme transport. The use of small molecule PGRMC2 agonists can
significantly improve the diabetic characteristics of diabetic mice [64]. A study on PGRMC2 knockout mice
found that the knockout of PGRMC2 causes premature reproductive senescence in female mice [65]. In
addition, knocking out PGRMC2 in female zebrafish has been found to lead to reduced fertility and reduced
progesterone synthesis [66]. Overall, PGRMC2 plays an important role in fat metabolism, tumors, and
hormone regulation, among others [64,66,67].

The three main members discussed above, and other known or unknown family members form the
PR family. The family’s members interact in various ways and play indispensable roles in maintaining
normal physiological status by binding to hormones and regulating signaling pathways on the cell membrane
[68-70]. The currenting understanding of the progesterone receptor family has deepened, causing
researchers to realize that it may play an important role in the nervous system and is closely related to the
occurrence and development of many neurological diseases, including Alzheimer’s disease [71].

5 Progesterone Signaling Pathways

The progesterone signaling mechanism is divided into classical and non-classical pathways. The classical
pathway is mainly mediated by progesterone receptors.

5.1 Classical Pathway

Progesterone is a lipophilic hormone that can easily cross the cell membrane and enter cells. The PR
can recognize and bind to progesterone hormones. Progesterone molecules enter cells through diffusion
and bind to the PR inside the cell to form a PR-progesterone complex. When stimulated by progesterone,
the PR undergoes conformational changes, exposing DNA binding sites and being released from the heat
shock protein (such as HSP90) complex. PR can also bind to specific progesterone response elements (PRE)
via its DNA binding domain (DBD) to initiate the transcription of target genes. The PR, a transcription
factor, further recruit’s cofactor complexes (such as the transcription cofactor Src) to activate target genes for
transcription through interaction with RNA polymerase II. The termination process of progesterone signal
transduction is mainly achieved through receptor degradation. The degradation of PR is usually completed
through the ubiquitin—proteasome pathway [5,72].

5.2 Non-Classical Progesterone Signaling Pathway

The non-classical progesterone signaling pathway refers to the pathway by which progesterone directly
regulates gene expression through membrane receptors or other signaling molecules in the cytoplasm
rather than the traditional nuclear receptor PR. Its main signaling pathways include the membrane-bound
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progesterone receptor (mPR) pathway, the signaling regulation pathway of the EGF receptor and PGRMC2,
and the PGRMC1 and PGRMC2 pathways [73] (Fig. 2).

5.2.1 Membrane-Bound Progesterone Receptor (mPR) Pathway

The mPR family is a crucial component of the non-classical pathway. mPR is a member of the G protein-
coupled receptor family and contains multiple subtypes, including mPRa, mPRf, and mPRy. Progesterone
binds to mPR through the extracellular region, activates mPR receptors, and activates G proteins. G proteins
can inhibit the activity of AC, thereby reducing the generation of cAMP and affecting the activity of PKA.
This process does not rely on nuclear PR; instead, it directly regulates the intracellular second messenger
system through mPR. The mPR pathway serves various rapid regulatory functions in the reproductive
system [73], with studies showing that mPR can promote the maintenance of luteal cell function by activating
Protein Kinase C (PKC) and calcium ion pathways [74]. Moreover, the mPR signaling pathway plays a
neuroprotective role within the nervous system. Several researchers have indicated that after mPR activation,
the pathway can promote the expression of anti-apoptotic proteins and inhibit neuronal apoptosis by
reducing cAMP levels or increasing calcium ion concentrations [7].

5.2.2 Signal Regulation Pathway of EGF Receptor Binding to PGRMCI

PGRMCI can form a complex with EGFR in which PGRMCI physically binds to the intracellular
domain or extracellular domain of EGFR through its transmembrane domain. PGRMCl may act as a cofactor
to stabilize EGFR activity, enhance the conformational stability of EGFR, prevent EGFR degradation,
thereby prolonging the duration of signal transduction. Under the influence of PGRMCI, the kinase domain
of EGFR undergoes conformational changes, which can promote its autophosphorylation process. After
the phosphorylation site of EGFR is activated, the phosphorylated tyrosine residues attract downstream
signaling molecules, particularly those with Src homology 2 (SH2) domains or phosphotyrosine binding
(PTB) domains, further initiating downstream signaling pathways [75]. After PGRMCI binds to EGFR,
it primarily triggers two key signaling pathways: the ERK/MAPK pathway and the PI3K/Akt pathway.
In the ERK/MAPK pathway, after EGFR phosphorylation, its intracellular domain can bind to the Grb2
protein containing the SH2 domain. Grb2 forms a complex with the son of sevenless (SOS), which, as a
guanylate exchange factor, can convert Ras-GDP into active Ras-GTP. After activation, Ras-GTP transmits
the signal to Raf kinase. Raf then activates downstream MEK, which further phosphorylates and activates
extracellular signal-regulated kinase (ERK). Activated ERK translocates to the cell nucleus and can regulate
the expression of cell cycle-related genes and promote cell proliferation [76]. In the PI3K/Akt pathway, the
phosphorylation sites of EGFR can also recruit PI3K. PI3K is activated after binding to EGFR and catalyzes
the conversion of Phosphatidylinositol 4,5-bisphosphate (PIP2) to Phosphatidylinositol 3,4,5-trisphosphate
(PIP3). The generated PIP3 then acts as a second messenger to attract Akt to the cell membrane. Akt
activation at the membrane is completed by phosphorylation through the synergistic action of Pyruvate
Dehydrogenase Kinase 1 (PDK1) and Mechanistic Target of Rapamycin Complex 2 (mTORC2), then, it is fully
activated [77]. PGRMCI has been found to promote breast cancer growth by altering the phosphoproteinome
and enhancing the EGFR/PI3K/AKT signaling pathway [78]. Activating the PGRMC1/EGFR/Glucagon-Like
Peptide-1Receptor (GLP-1R)/PI3K/Akt pathway in the brain can exert neuroprotective effects on the nervous
system [79].

5.2.3 PGRMCI and PGRMC2 Pathway

PGRMCI1 and PGRMC2 are mainly localized in the cytoplasm, where they interact with one another.
G3BP2 is a multifunctional protein widely involved in essential biological processes such as cellular stress
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response, RNA metabolism, cell proliferation and signal transduction [80]. Both PGRMC1 and PGRMC2
interact with G3BP2 and form a complex in the cytoplasm. PGRMC1 and PGRMC2 regulate a common
pathway, of which one of the common elements is G3BP2 [70]. G3BP2 interacts with NFxB inhibitor «
(IxBa) to bind NF«xB/p65, thereby retaining NF«xB/p65 in the cytoplasm and restricting its transcriptional
activity. However, IxBa is not the only factor contributing to the cytoplasmic localization of NFxB/p65 [81].
PGRMCI1, PGRMC2, and G3BP2 also regulate the cytoplasmic localization and transcriptional activity of
NF«xB/p65. PGRMCI and PGRMC2 has been determined to regulate granulosa cell mitosis and apoptosis by
modulating the cellular localization and activity of NFxB/p65 [80].

6 The Linkage between the Progesterone Receptor Family and Alzheimer’s Disease

Research on the role of the PR family in AD has included multiple aspects at the molecular, cellular, and
biological levels. Although the progesterone receptor family plays a more important role in the reproductive
system, an increasing number of studies have shown that progesterone receptors are widely expressed in
the central nervous system and play an indispensable role there, particularly in cognition and neurological
processes. Moreover, in terms of neuroprotection, it may have direct or indirect effects on the pathogenesis
of AD.

Evidence has increasingly shown that the PR also plays an important role in the central ner-
vous system [82,83], especially in neural processes related to memory and cognition [84,85]. PRs are
widely distributed in the hippocampus, cerebral cortex, and other areas closely linked to cognitive func-
tions [86]. Studies have shown that the PR is involved in regulating neuronal function and synaptic
plasticity [50,87,88] —processes that are closely related to learning and memory. During the pathological
progression of AD, the abnormal expression or dysfunction of PRs may lead to abnormal neuronal and
synaptic functions, thereby affecting cognitive function.

PGRMCI is a member of the PR family. As research on PGRMCI continues to deepen, studies have
increasingly found that PGRMCI plays an indispensable role in the nervous system. Studies have shown
that this may be related to neuronal survival and synaptic plasticity [89,90], by regulating PGRMCI and its
downstream signaling pathways, it affects the apoptosis of rat hippocampal nerve cells, thereby influencing
the cognitive function of rats [89]. In terms of PR receptor agonists, the PR agonist Nestorone has shown
promising results in neurodegenerative disease models. For example, in Wobbler mutant mice, 10-day treat-
ment with Nestorone significantly improved motor neuron vacuolization, restored the expression of choline
acetyltransferase and glutamine synthetase, and reduced the proliferation of GFAP-positive astrocytes and
Ibal-positive microglia [91]. Additionally, Nestorone downregulated the mRNA levels of CD11b, TNFa,
iNOS, and NF«B, while upregulating the inhibitory factor IxBa, thereby suppressing neuroinflammation
and providing neuroprotection [92]. Reports have shown that progesterone has been shown to attenuate
Ap25-35-induced neuronal toxicity by activating the Ras signaling pathway via PGRMCI [93] in in vitro
experiments. The preliminary research findings of our research group indicate that the inhibition of PGRMC1
exacerbates neonatal hypoxic-ischemic cerebral damage in male mice [14]. Moreover, PGRMCI has been
found to penetrate the survival of human brain microvascular endothelial cells in AD [94]. Studies have
shown that PGRMCI may have a neuroprotective effect and help reduce stress damage to neurons [95].
PGRMCl is also involved in the regulation of synaptic plasticity [93]. Furthermore, damage to neurons and
synapses is one of the pathological features of AD [96]. An increasing amount of evidence has found that the
abnormal expression or dysfunction of PGRMCI may be related to the pathogenesis of AD.

Currently, little is known about the role of PGRMC2 in the nervous system. Previous studies by
our research group have shown that PGRMC2 is expressed in neuronal cells, microglia, astrocytes, and
endothelial cells in the nervous systems of mice. The application of PGRMC2 agonists can exert a certain
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neuroprotective effect on mice with middle cerebral artery occlusion and promote the stability of the
inflammatory balance in the brain [10]. These functions may impact neuronal health in AD contexts. Future
studies should further explore the neurobiological role of PGRMC2 to help comprehensively understand the
potential role of PGRMC2 in Alzheimer’s disease.

In summary, the progesterone receptor family plays a multi-level role in Alzheimer’s disease involves
complex regulatory networks from the molecular level to the overall level. The abnormal expression or
dysfunction of the progesterone receptor family may directly or indirectly affect neuronal survival, synaptic
plasticity, inflammatory response, and other biological processes related to AD pathogenesis. Therefore,
a comprehensive study of the role of the progesterone receptor family in AD will help us gain a more
comprehensive understanding of the role of this family in the context of neurological health and disease.
More in-depth experimental and clinical studies are needed in the future to reveal the specific role of the
progesterone receptor family in AD.

7 Conclusion

Members of the progesterone receptor family, especially the classic PR, PGRMC1, PGRMC2, have
gradually emerged with multifunctional roles in the nervous system, such as cell survival, apoptosis, and
synaptic plasticity [97], which are closely related to the occurrence and development of neurological diseases
such as AD. Previous research on PGRMCI has identified its effects on neuronal protection and synaptic
plasticity [93,95,97], strongly suggesting that PR may be a potential target for AD treatment. Although the
function of PGRMC2 in the nervous system has not yet been fully elucidated, previous studies by our research
group have found that PGRMC2 has a neuroprotective effect and promotes the stability of inflammatory
balance in the brain [10], which is a preliminary indicator pointing the way for future research.
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