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Abstract

Parkinson's Disease (PD), following Alzheimer's Disease, is the second most prevalent neurological condition globally. This progressive disorder
is characterized by the loss of dopaminergic neurons in the substantia nigra, leading to motor dysfunction. Neuroinflammation, a complex
process involving astrocytes and microglia, significantly contributes to PD pathogenesis. The PI3K/AKT signaling pathway, a pivotal regulator
of cell survival and function, is dysregulated in PD. While it can exert neuroprotective effects, it can also be neurotoxic under certain conditions.
Astrocytes, the most abundant glial cells in the central nervous system (CNS), can both promote neuronal survival by releasing neurotrophic
factors and modulate synaptic activity. However, they can also contribute to neurodegeneration by releasing inflammatory mediators and
reactive oxygen species (ROS). Microglia, the resident immune cells of the CNS, play a dual role. They can phagocytose damaged neurons and
debris, but they can also release pro-inflammatory cytokines and chemokines, exacerbating neuroinflammation. Understanding the intricate
interplay between the PI3K/AKT signaling pathway, astrocytes, and microglia in PD is crucial for developing novel therapeutic strategies.

Targeting these pathways may hold promise for mitigating neuroinflammation, enhancing neuronal survival, and improving outcomes for
patients with PD.
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Introduction

Parkinson's disease (PD) is the second most common
neurodegenerative disorder after Alzheimer's disease,
characterized by the progressive loss of dopaminergic
neurons in the substantia nigra pars compacta (SNpc).
Clinically, it manifests with both motor symptoms including
resting tremors, rigidity, and postural instability and non-
motor symptoms such as autonomic, mental, sensory, and
cognitive impairments [1] and a large number of people
suffering from PD is increasing all over the world [2]. Despite
extensive research, the precise mechanisms underlying PD

pathogenesis remain elusive, limiting the development of
effective treatments [3]. Recent studies have highlighted
that neuroinflammation has emerged as a central player
in the progression of PD, driven primarily by glial cells,
particularly microglia and astrocytes. These cells exhibit a
dual role: while they can promote neuronal survival under
physiological conditions, their dysregulation contributes
to neurodegeneration by releasing pro-inflammatory
cytokines, reactive oxygen species (ROS), and other toxic
mediators. The shift of microglia and astrocytes into activated,
neurotoxic phenotypes (M1 and A1, respectively) exacerbates
inflammation and neuronal loss. Among the factors that may

J Cell Signal. 2025
Volume 6, Issue 2

83



Poursadoughian Yaran A, Balali R, Gharibzadeh S. Astrocyte and Microglial Disparities in Pi3k/Akt Signaling:
Implications for Parkinson's Disease Inflammation. J Cell Signal. 2025;6(2):83-91.

lead to changes in those cells and one of the key pathways
implicated in the regulation of glial cell activity and neuronal
survival in PD is the PI3K/AKT signaling pathway [4].

PI3K/AKT is a critical intracellular pathway that modulates
multiple cellular processes, including apoptosis, oxidative
stress, and neuroinflammation. Dysregulation of this pathway
has been linked to the progression of PD, as it can influence
both neuroprotective and neurotoxic responses in glial cells.
Notably, the activation state of microglia and astrocytes
appears to be tightly regulated by PI3K/AKT signaling, making
it a promising therapeutic target for mitigating inflammation
and promoting neuronal survival. Phosphoinositide 3-kinases
(PI3Ks) are vital for managing key processes that are central to
the inflammatory response triggered by external challenges
[5]. AKT, a serine/threonine-specific protein kinase, and its
phosphorylated form are notably reduced in the substantia
nigra pars compacta (SNpc) of PD patients. The PI3K/AKT
pathway supports the survival and growth of dopamine
neurons by inhibiting apoptosis, thus potentially mitigating
PD symptoms. Additionally, the PI3K/AKT pathway influences
oxidative stress pathways through downstream signaling
molecules. The PI3K/AKT signaling pathway also interacts
with other crucial cellular mechanisms, including the MAPK
and NF-kB pathways. These pathways work in concert to
regulate inflammation and cellular survival in PD. While the
MAPK pathway primarily responds to extracellular stress
signals, the NF-kB pathway is directly linked to the production
of pro-inflammatory cytokines, amplifying the inflammatory
response. Dysregulation of these pathways can exacerbate
neuronal death in PD.

Furthermore, reactive oxygen species (ROS) play a dual role
in the PI3K/AKT pathway. On one hand, ROS can activate PI3K,
enhancing its neuroprotective effects. On the other hand,
excessive ROS levels, commonly observed in PD, impair Akt
phosphorylation, leading to oxidative stress and neuronal
damage. Targeting ROS-mediated disruptions in PI3K/AKT
signaling could provide a novel therapeutic approach.

Disruptions in this pathway, particularly with abnormal
Parkin gene expression can lead to oxidative stressimbalances,
contributing to PD [6]. In this article, we explore the intricate
role of the PI3K/AKT signaling pathway in PD, with a
particular focus on the dual role of microglia and astrocytes.
Understanding how this pathway modulates the balance
between neuroprotection and neurotoxicity in glial cells will
provide new insights into therapeutic strategies aimed at
slowing or preventing PD progression.

Microglia

Microglia, the resident immune cells of the central nervous
system (CNS), play a dual role in neuroinflammation and
neuronal survival. They are also known as "guardians" and
capable of phagocytosis, chemotaxis,and cytokine production.

These cells can be both beneficial and detrimental, depending
on the circumstances. Understanding how microglia switch
between these states is key to developing new treatments
for brain diseases. Under normal conditions, they remain
in a resting state, clearing cellular debris and maintaining
homeostasis. However, in Parkinson's disease (PD), microglia
become activated in response to pathological stimuli, such
as the accumulation of a-synuclein protein [7]. Activated
microglia undergo significant morphological changes,
becoming larger with shorter processes and expressing new
surface receptors. They engulf cellular debris and release
inflammatory factors, which can either reduce or exacerbate
inflammation [8]. These cells play a key role in the central
nervous system (CNS) and are involved in neurodegenerative
disorders like PD [9].

In the CNS, this activation leads to two distinct phenotypes:
M1 and M2. The M1 phenotype is pro-inflammatory,
responding as the first line of defense, while the M2
phenotype is anti-inflammatory, helping to repair and restore
neurons by expressing anti-inflammatory molecules [10].
Elevated levels of inflammatory substances like TNF-a, IL-1(3,
and IL-6 in Parkinson's patients indicate a significant role for
inflammation in the disease. The activation of microglia is
associated with increased cytokine levels and occurs early
in Parkinson's disease, a process known as microgliosis. M1
microglia contribute to neuron death by releasing toxic
substances, while M2 microglia help repair damage by
releasing anti-inflammatory substances[11]. Theaccumulation
of a-synuclein protein activates microglia, which attempt to
eliminate these toxic proteins, but this process can increase
inflammation and damage nerve cells [12]. Microglia act as
immune mediators in response to inflammatory molecules,
initiating the inflammation pathway. They are capable of
morphological changes, preserving neurons by cleaning
pathogens in their physiological state or stimulating pro-
inflammatory responses with their pathogenic phenotype
[13]. Uncontrolled microglial activation during infection or
brain damage releases neurotoxic molecules, leading to
neuron death [14].

The PI3K/AKT signaling pathway is a critical regulator of
microglial activation. Activation of Akt biases microglia toward
the M2 phenotype, suppressing inflammation and enhancing
neuroprotection. Conversely, reduced PI3K/AKT activity
correlates with a shift toward the neurotoxic M1 phenotype,
amplifying inflammation and neuronal damage.

Additionally, several receptors, including TLRs, CD14, TAM
(Tyro3, Axl, and Mer) receptors, and TREM-2, are involved
in microglial phagocytosis [15]. TLR4 plays a role in the
phagocytosis of a-synuclein, and alterations in TLR4 signaling
can modulate inflammatory responses and ROS production,
contributing to neurodegeneration. In contrast, TREM-
2 activation enhances microglial phagocytosis, reducing
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inflammation and clearing a-synuclein aggregates, thus
exhibiting neuroprotective effects.

Collectively, the modulation of the PI3K/AKT pathway holds
significant potential in shifting microglial phenotypes from
M1 to M2, mitigating neuroinflammation, and enhancing
dopaminergic neuron survival in PD [16].

Astrocyte

Astrocytes, the most abundant glial cells in the central
nervous system (CNS) are a group of brain cells which due to
their star-like shape, can connect to 90% of CNS cells. These
cells regulate homeostasis and play an important role in
maintaining the neurophysiological function of the CNS due
to their multifaceted capabilities [17]. Based on their activation
states, astrocytes are classified into two categories, neurotoxic
(A1) and neuroprotective (A2) [18]. The "A1" neurotoxic
astrocyte subtype is induced by microglial cytokine secretion,
displaying a specific transcriptional pattern while being
unable to support synapse integrity. Markers of A1 reactivity
have been found in astrocytes in post-mortem samples from
patients with neurodegenerative diseases such as AD, PD, HD,
ALS, and MS, suggesting that neurotoxic astrocytes are present
across a wide range of conditions [19]. A group of microglia
thatrelease TNF-aand IL-Ta activates the A1 form of astrocytes,
leading to neurotoxicity, loss of synaptogenesis, and neuronal
death. This type of astrocyte can upregulate inflammatory
markers like ROS, IL-1B, and TNF-a. In Parkinson's disease,
there is an increase in A1 astrocytes within the substantia
nigra, contributing to the degeneration of dopaminergic
neurons. In contrast, A2 astrocytes enhance the expression
of multiple neuroprotective factors that facilitate synaptic
repair, neuronal growth, and survival. However, in Parkinson's
disease, the function of A2 astrocytes is often compromised,
contributing to disease progression [20].

Astrocytes and microglia form a dynamic duo in the central
nervous system, collaborating to maintain brain health and
respond to injury [13]. Microglia and astrocytes interact
bidirectional, influencing each other's phenotypes through
cytokine and chemokine signaling. Understanding the
intricate relationship between astrocytes and microglia is
crucial for developing effective therapeutic strategies for
neurodegenerative diseases [21]. Microglia can directly
influence astrocytes, as astrocytes express cytokine
and chemokine receptors, allowing them to respond to
inflammatory factors released by microglia. A1 astrocytes,
which contribute to neurodegeneration, are highly dependent
on microglial activation. Mitochondrial dysfunction in
microglia cantriggerastrocyte activation and the development
of the A1 phenotype. GLP-1 receptor signaling in microglia
can modulate both microglial and astrocyte activation [22].
The interactions between astrocytes and microglia are
bidirectional, with astrocytes also influencing microglial

states. Peripheral immune cells, such as CD8* T cells, can also
contribute to neurodegenerative diseases and interact with
astrocytes [23].

As a result, The PI3K/AKT signaling pathway is a key regulator
of astrocyte function. Activation of this pathway promotes
the A2 phenotype, enhancing neuroprotection by reducing
inflammatory responses and supporting neuronal repair.
Conversely, reduced PI3K/AKT activity biases astrocytes
toward the A1 phenotype, amplifying neurotoxicity and
inflammation.

Astrocytes also interact dynamically with microglia to
modulate neuroinflammation. Microglial activation can drive
A1 astrocyte formation, while astrocytes, in turn, influence
microglial states through cytokine and chemokine signaling.
These bidirectional interactions, when dysregulated,
perpetuate neuroinflammation and neuronal loss in PD.
Targeting the PI3K/AKT pathway to shift astrocytes toward the
A2 phenotype presents a promising therapeutic approach to
mitigate neurodegeneration and enhance neuronal survival
in PD.

PI3K/AKT Signaling Pathway

Phosphoinositide 3-kinases (PI3K) are a family of signal
transducers and intracellular enzymes crucial for many
cellular processes [2]. In mammalian cells, there are eight
PI3Ks that are categorized into three classes (Class I, Class Il
and Class Ill) based on their substrate specificity, structure,
and regulation. PI3Ks phosphorylate inositol phospholipids at
the 3-position on the inositol ring, producing vital signaling
molecules like  phosphatidylinositol-3,4,5-trisphosphate
(PIP3), phosphatidylinositol-3,4-bisphosphate (PIP2), and
phosphatidylinositol-3-phosphate (PIP) [4]. These signaling
molecules regulate various cellular functions, including cell
growth, apoptosis, autophagy, synaptic plasticity, and signal
transduction [24]. Class | PI3Ks, are heterodimers consisting of a
catalytic subunit (p110) and aregulatory subunit (p85).The p85
subunit's SH2 domain binds to phosphorylated tyrosinesin the
cytoplasmic domain of RTKs, which are located in the plasma
membrane. Upon activation by extracellular signals such as
hormones or growth factors, these receptors activate Ras, a
protein that subsequently activates PI3K. PI3K then catalyzes
the conversion of phosphatidylinositol 4,5-bisphosphate
(PIP2) into phosphatidylinositol 3,4,5-trisphosphate (PIP3),
which acts as a docking site for the serine/threonine kinase
Akt (Protein Kinase B) [25]. Akt becomes activated following
phosphorylation at specific sites (T308 and S473) and then
phosphorylates numerous downstream target proteins,
influencing various cellular responses. Class Il PI3Ks are high-
molecular-weight monomers, including three types: PI3K-
C2q, PI3K-C2[, and PI3K-C2y. Class Ill PI3Ks, known as vacuolar
protein sorting 34 (Vps34), are distinct from the other classes
and are involved in different cellular processes [26].
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As a central player in the PI3K signaling cascade, Protein
kinase B (PKB), more commonly referred to as Akt, is a serine/
threonine kinase operating within the cell and coordinates
a multitude of cellular processes. Its three isoforms named
Akt1, Akt2, and Akt3 are recruited to the cell membrane
via a pleckstrin homology (PH) domain and activated by
phosphoinositide-dependent kinase 1 (PDK1). Once activated,
Akt phosphorylates a diverse array of downstream effectors,
including FOXO, mTOR, and GSK3p, to regulate cell growth,
survival, and metabolism. PI3K and Akt form the central
components of the PI3K/Akt signaling pathway, integral to the
pathogenesis and progression of PD [27]. Upon PI3K activation,
a second messenger called PIP3 is produced at the plasma
membrane, interacting with intracellular Akt, leading to its
activation through phosphorylation. This pathway responds
to a range of signals, including growth factor receptor
tyrosine kinases (RTKs) and G-protein coupled receptor
(GPCR) signaling and promotes neuronal survival, enhances
neurogenesis, and inhibits apoptosis triggered by neurotoxins

in PD models through its influence on various proteins [28].
In addition, it plays a pivotal role in many cellular functions,
including cell proliferation, adhesion, migration, invasion, and
metabolism. PTEN (Phosphatase and Tensin Homolog) and
SHIP (Inositol Polyphosphate-5-Phosphatase) act as negative
regulators of the PI3K/AKT pathway by converting PIP3 back
to PIP2, thereby reducing PI3K/AKT signaling and decreasing
cell growth and survival (Figure 1) [29]. These regulatory
mechanisms ensure that the pathway is tightly controlled,
maintaining cellular homeostasis and preventing excessive
or aberrant cell proliferation, which could lead to diseases like
cancer [30].

Role of PI3K/AKT Signaling Pathway in PD
Inflammation

InneurodegenerativediseasessuchasPD, neuroinflammation
is the initial defensive response of the brain to pathogenic

To regulate:
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Figure 1. Schematic representation of the PI3K/AKT signaling pathway. The pathway is initiated by receptor tyrosine kinases (RTKs) or
G-protein-coupled receptors (GPCRs) in response to hormones or growth factors, leading to the activation of PI3K and subsequent production
of PIP3. Activation of AKT through phosphorylation at T308 and S473 mediates downstream effects, regulating key cellular processes such as
growth, survival, and metabolism. Negative regulators of the pathway, including PTEN and SHIP, are also depicted.
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agents and plays a key role in disease progression. While
acute inflammation is beneficial for tissue repair, chronic
inflammation can exacerbate neuronal damage [19]. In PD,
persistent inflammation leads to neuronal damage, synaptic
dysfunction, and ultimately apoptosis [31]. Activated
microglia and astrocytes release pro-inflammatory cytokines,
including tumor necrosis factor a (TNF-a), interleukin-1 8 (IL-
1), and interleukin-6 (IL-6), which bind to specific receptors
(TLR4) receptors and trigger inflammatory responses. This
inflammation, in turn, promotes neuronal death and synaptic
dysfunction, both hallmark features of PD [32]. To mitigate the
detrimental effects of inflammation, it is necessary to target
the underlying PI3K/AKT signaling pathway. Studies have
shown that the PI3K/AKT signaling pathway serves as a crucial
mediator in regulating neuroinflammation and neuronal
survival in PD. Modulating PI3K/AKT signaling pathway can
inhibit the expression of pro-inflammatory factors (TNF q, IL-
1B, IL-6), TLR4 and thereby attenuating neuroinflammation
[26]. In addition, when the Akt protein is activated, it acts as
a signaling molecule that induces the translocation of FOXO1
from the nucleus to the cytoplasm. FOXO1 is a transcription
factor that plays a crucial role in upregulating inflammatory
genes. However, upon activation of Akt, FOXOT1 is sequestered
in the cytoplasm, preventing it from promoting transcription
of inflammatory genes [33]. One of the key target genes of
FOXO1 is TLR4. Downregulation of TLR4 leads to decreased
production of inflammatory mediators, resulting in reduced
inflammation [27].

Apoptosis

In addition to inflammation, apoptosis is an essential and
critical mechanism and a type of programmed cell death that
occurs to maintain cellular homeostasis in a normal tissue and
defend cells from injury. Furthermore, apoptosis serves to
maintain homeostasis by eliminating abnormal cells through
immune responses, especially when cells are damaged or
infected. Conversely, uncontrolled apoptosis can give rise to
neurodegenerative diseases like PD [34].

The PI3K/AKT pathway plays a protective role by inhibiting
apoptosis. Neurotrophic factors such as NGF and IGF-1 activate
PI3K/AKT, leading to the suppression of apoptotic proteins
like caspase-3 and Bax. This inhibition prevents the formation
of Bax-mediated channels on the mitochondrial membrane,
blocking the release of cytochrome c and promoting neuronal
survival. Also, experimental studies have highlighted the
critical role of the PI3K/AKT pathway in regulating apoptosis
in Parkinson's disease (PD). Activation of PI3K/AKT signaling
promotes the phosphorylation of pro-apoptotic factors
like BAD, thereby inhibiting their activity. Concurrently, this
pathway upregulates anti-apoptotic proteins such as Bcl-
2 and Bcl-xL, enhancing neuronal survival. Furthermore,
downstream mediators like caspase-9 and caspase-3, which
play central roles in the apoptotic cascade, are directly
regulated by PI3K/AKT signaling.

For instance, research has shown that activation of the PI3K/
AKT pathway through pharmacological agents can suppress
caspase-9 activity, reducing apoptosis in dopaminergic
neurons. This mechanism is evident in models of PD where
compounds such as tetrahydroxy-stilbene glucoside (TSG)
mitigate neuronal loss by enhancing the Bcl-2/BAD ratio and
inhibiting caspase activation [35].

By modulating both inflammation and apoptosis, the PI3K/
AKT signaling pathway provides a promising therapeutic
target in PD. For instance, experimental studies have shown
that salidroside exerts neuroprotective effects in MPTP-
induced mouse models of PD by activating the PI3K/AKT/
GSK3pB signaling pathway, thereby preventing the loss of
dopaminergic neurons [36].

Additionally, studies have demonstrated that inhibition
of the PI3K/AKT pathway induces apoptosis through p38
activation in cultured cerebellar granule neurons, suggesting
arole in neuronal degeneration relevant to PD [37].

These findings substantiate the involvement of the PI3K/AKT
pathway in PD pathogenesis and support its potential as a
therapeutic target. Strategies aimed at enhancing Akt activity
could reduce neuroinflammation, protect dopaminergic
neurons, and slow disease progression [38].

Key Players in PI3K/AKT Signaling Pathway in PD

In the context of PD, where dopaminergic neurons
progressively degenerate, the PI3K/AKT pathway becomes
a vital focus [39]. Astrocytes, along with microglia, through
their interaction with neurons and other glial cells, actively
modulate this pathway. They can either support neuronal
survival by enhancing PI3K/AKT activity or contribute
to neurodegeneration when their regulation becomes
dysregulated. Microglia, the resident immune cells of the
central nervous system, also play a dual role, responding
to neuroinflammation and affecting PI3K/AKT signaling.
Together, astrocytes and microglia regulate key aspects of
neuroprotection and neurotoxicity in PD [22].

Astrocyte Elevated Gene-1 (AEG-1), a gene present in
astrocytes, plays a crucial role in neuronal survival and
function. Overexpression of AEG-1 has been linked to various
neurological conditions, including PD, and can contribute
to cancer development. In PD, elevated AEG-1 levels can
lead to neuronal death by inducing apoptosis, a process
of programmed cell death. However, AEG-1 can also have
neuroprotective effects by promoting astrocyte migration,
which can shield neurons from further damage [40].

AEG-1's protective role is mediated through its activation
of the PI3K/AKT signaling pathway. This pathway is essential
for neuronal survival, and its dysregulation due to decreased
AEG-1 levels can contribute to the progression of PD. The
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decreased expression of AEG-1, as previously discussed,
contributes to neuronal loss. However, upregulation of AEG-
1 alone is insufficient for neuroprotection. Also, there are
different kinds of pathways which can increase the activity of
the PI3K/AKT signaling pathway, thereby preventing oxidative
stress and neuronal damage [41]. In summary, AEG-1 and
the PI3K/AKT pathway are interdependent, and maintaining
adequate levels of AEG-1 is crucial for neuronal survival and
preventing the progression of PD. The cited study indicates a
direct correlation between AEG-1 expression and the PI3K/AKT
signaling pathway. However, AEG-1 is not solely responsible
for regulating this pathway in PD; multiple other mechanisms
are likely at play [42].

Meanwhile, microglia are also key players in PI3K/AKT
signaling pathway. Microglia act as a double-edged sword,
capable of both inducing neurodegeneration by activating
neuroinflammatory pathways and promoting neuroprotection
through the reduction of inflammation [43]. As previously
mentioned, microglia exhibit two primary phenotypes: M1
and M2. The activation of microglia, as well as the activity
of each phenotype, is closely linked to PI3K/AKT signaling
pathway and tightly regulated by it. Under the influence
of this signaling pathway, microglia differentiate into the
corresponding phenotype. Specifically, the M1 phenotype is
activated by a decrease in signaling pathway activity, whereas
the M2 phenotype is activated by an increase in signaling

pathway activity [44]. Findings have indicated that The PI3K/
Akt signaling pathway has been identified as a critical regulator
of microglial function, often promoting neuroprotective
outcomes. PI3K/AKT signaling pathway often biases microglia
towards the M2 phenotype due to the anti-inflammatory
effects of Akt modulators and this result in induces anti-
inflammatory phenotypes. Furthermore, activated microglia
can increase the production of pro-inflammatory factors
through PI3K/AKT signaling pathway. Conversely, microglial
activation itself, can stimulate this signaling pathway and
leading to neuroinflammation (Figure 2) [45].

Conclusion

This review underscores the crucial role of the PI3K/
AKT signaling pathway in regulating neuroinflammation,
apoptosis, and neuronal survival in Parkinson's disease
(PD). The intricate interplay between astrocytes and
microglia, modulated by PI3k/AKT determines whether
these glial cells promote neuroprotection or contribute
to neurodegeneration. The study suggests that glial cells,
including astrocytes and microglia, can influence neuronal
survival or contribute to neurodegeneration depending on
their activation states. While A2 astrocytes and M2 microglia
exert neuroprotective effects, A1 astrocytes and M1 microglia
exacerbate neuroinflammation and neuronal death, further
implicating PI3K/AKT as a potential therapeutic target.

Microglia

I Phenotypes
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M1 M2

l l

Neuroinflammation Neuroprotective

outcomes.
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PI3K/AKT signaling pathway

Downstream effect
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+ +

Al A2

l l
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Figure 2. Schematic representation of the PI3K/AKT signaling pathway and its downstream effects on glial cells. The pathway influences
microglial phenotypes (M1 and M2) and astrocytic phenotypes (A1 and A2), leading to either neuroinflammatory or neuroprotective
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Targeting the PI3K/AKT pathway to shift glial phenotypes
from neurotoxic (AT and M1) to neuroprotective (A2 and M2)
offers a promising strategy for mitigating PD progression.
Additionally, the study highlights the role of Astrocyte
Elevated Gene-1 (AEG-1) in enhancing neuronal survival
through the PI3K/AKT pathway. However, upregulating AEG-1
alone may not be sufficient to prevent PD progression. Given
the dual role of astrocytes and microglia in PI3K/AKT signaling,
a promising therapeutic approach could involve targeting the
shift between glial phenotypes. Future research should explore
agents that can promote the conversion of A1 astrocytes to A2
and M1 microglia to M2 by specifically modulating the PI3K/
AKT pathway. While significant progress has been made in
understanding the PI3K/AKT signaling pathway and its role in
Parkinson's disease (PD), several gaps in knowledge remain.
For instance, the precise molecular mechanisms governing
the crosstalk between PI3K/AKT and other pathways, such as
MAPK and NF-kB, require further exploration. Investigating
how these interactions influence glial cell phenotypes could
uncover novel targets for therapeutic intervention.

Additionally, the development of selective PI3K/AKT
modulators that can specifically target dopaminergic
neurons or glial cells without affecting systemic functions
remains a major challenge. Preclinical studies using advanced
models, such as organoids or single-cell sequencing, could
provide deeper insights into cell-specific effects of pathway
modulation.

Future research should also focus on combining PI3K/AKT

modulators with therapies targeting other pathological
processes, such as protein aggregation or mitochondrial
dysfunction, to create more comprehensive treatment
strategies. These combined approaches may offer enhanced
neuroprotection and improved clinical outcomes for PD
patients.

Additionally, investigating AEG-1's role in facilitating these
transitions could provide valuable insights into the balance
between neuroprotection and neurotoxicity.

In light of its critical role in regulating neuroinflammation
and apoptosis, the PI3K/AKT pathway offers multiple
therapeutic opportunities. For instance, GSK-3f3 inhibitors
have shown promise in reducing tau hyperphosphorylation
and enhancing neuronal survival. Similarly, mTOR activators
can promote autophagy, aiding in the clearance of misfolded
proteins like a-synuclein, a hallmark of Parkinson's disease.
These approaches not only mitigate neuronal damage but
also address the underlying mechanisms driving disease
progression.

Future studies should investigate the synergistic effects
of combining PI3K/AKT modulators with other therapeutic
agents, such as anti-inflammatory drugs or antioxidants, to
achieve more comprehensive neuroprotection. Additionally,

exploring the role of PI3K/AKT crosstalk with pathways like
MAPK and NF-kB may uncover novel strategies to fine-tune
neuroinflammatory and neuroprotective responses.

Further research should focus on localized therapeutic
strategies that specifically target dopaminergic regions
in the substantia nigra to maximize neuroprotection
while minimizing systemic effects. Such approaches hold
promise for developing innovative therapies that modulate
neuroinflammation and glial cell states in PD.
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