DE GRUYTER

Open Medicine 2025; 20: 20251248

Review Article

Yang Guo®, Yonghao Yu*

PI3K/Akt pathway and neuroinflammation in
sepsis-associated encephalopathy

https://doi.org/10.1515/med-2025-1248
received February 20, 2025; accepted June 27, 2025

Abstract

Background - Sepsis-associated encephalopathy (SAE) is
a complex neurological complication of sepsis involving acti-
vation of microglia in the central nervous system (CNS),
blood-brain barrier (BBB) dysfunction, neurotransmitter
dysfunction, impaired brain metabolism, and mitochondrial
dysfunction. Neuroinflammation is a critical component of
the pathogenesis. The phosphatidylinositol 3-kinase/protein
kinase B (PI3K/Akt) signaling pathway, as a key intracellular
signaling pathway, plays a crucial role in regulating neuro-
inflammation, maintaining the integrity of the BBB, and
promoting neuronal cell survival.

Objective — This review aims to summarize the role of the
PI3K/Akt pathway in SAE-associated neuroinflammation
and highlights potential therapeutic targets and strategies
for its management.

Methods — We systematically reviewed recent basic and
clinical studies on PI3K/Akt signaling pathway in neuro-
inflammation associated with SAE, as well as the develop-
ment of pathway-specific agonists and inhibitors.

Results — The PI3K/Akt pathway serves as a crucial intra-
cellular signaling axis involved in the regulation of neuroinflam-
matory processes. Accumulating evidence indicates that targeted
modulation of this pathway may alleviate neuroinflammation
associated with SAE and enhance neurological recovery.
Conclusion - Targeting the PI3K/Akt pathway represents
a promising therapeutic approach for SAE. Advances in the
development of specific agonists and inhibitors provide
new opportunities for clinical translation and drug dis-
covery in neuroinflammatory conditions.

# Yang Guo is the first author.

* Corresponding author: Yonghao Yu, Department of Anesthesiology,
Tianjin Medical University General Hospital, Tianjin, China,

e-mail: yyu@tmu.edu.cn

Yang Guo: Department of Anesthesiology, Tianjin Medical University
General Hospital, Tianjin, China

Keywords: sepsis-associated encephalopathy, PI3K/Akt
pathway, neuroinflammation, blood-brain barrier, cog-
nitive dysfunction

1 Introduction

Sepsis is a systemic inflammatory response syndrome
(SIRS) caused by infection, characterized by dysregulation
of the body’s immune response to infection. It is one of the
key causes of death in critically ill patients in the intensive
care unit [1]. Among these, sepsis-associated encephalo-
pathy (SAE) is one of the most common complications of
sepsis, with an incidence rate as high as 70% [2], which
significantly increases the morbidity and mortality rate
and diminishes the quality of life of the patients [34].
The pathogenesis of SAE is complex and multifactorial,
with contributing key factors including activation of micro-
glia in the central nervous system (CNS), blood-brain
barrier (BBB) dysfunction, brain edema, neurotransmitter
dysfunction, impaired brain metabolism, and mitochon-
drial dysfunction [5-8]. Additional mechanisms, such as
the accumulation of amyloid-f and tau proteins, activation
of the complement system, and direct neuronal injury, may
also contribute to the development of SAE [9]. Overall, SAE
results from the synergistic effects of multiple factors,
rather than a single cause. Among these, neuroinflamma-
tion has been shown to play a crucial role throughout the
SAE process and is closely associated with prognosis.
Neuroinflammation is an immune response activated
by microglia and astrocytes in the CNS, usually occurring
in response to CNS injury, infection, toxin stimulation,
or autoimmunity [9]. Systemic inflammation induced by
sepsis is mediated by the excessive release of proinflam-
matory cytokines — such as interleukin-1B (IL-1B), tumor
necrosis factor-a (TNF-a), and interleukin-6 (IL-6) — which
increases the permeability of the BBB, thereby facilitating
inflammatory factors to enter the brain and trigger an
inflammatory response in the CNS. The sustained inflam-
matory response disrupts the BBB and facilitates the infil-
tration of peripheral immune cells. This exacerbates CNS
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injury, leading to neuronal damage [10,11], demyelination
[12], impaired regeneration [13], and synaptic dysfunction.

Among the numerous molecular pathways implicated
in neuroinflammation, the phosphatidylinositol 3-kinase/
protein kinase B (PI3K/Akt) signaling pathway has been
extensively studied for its involvement in various physiolo-
gical processes within the CNS, including cell survival,
autophagy, neurogenesis, neuronal proliferation and differ-
entiation, synaptic plasticity, anti-apoptosis, anti-oxidative
stress, and neural repair [9,14]. Recently, several studies
have confirmed that this pathway is closely related to the
development of neurological diseases and plays an impor-
tant role in modulating various pathological changes [15-17].

Based on the roles of neuroinflammation and PI3K/Akt
pathway activation in the pathogenesis of SAE, this article
aims to elucidate their specific roles and interrelationships
in SAE development. The following sections will comprehen-
sively describe the neuroinflammation triggered by sepsis,
the underlying mechanisms of the PI3K/Akt pathway, its role
in SAE, and the potential treatment of SAE through targeting
the PI3K/Akt pathway.

2 Sepsis-induced
neuroinflammation

The presence of neuroinflammation in SAE has been clearly
demonstrated [18,19]. Autopsy studies of patients who died
from sepsis revealed significantly increased expression of
markers associated with acute neuroinflammation, sug-
gesting that neuroinflammation may play a critical role in
the progression of SAE [20]. While infection does not occur
directly in the brain, peripheral inflammatory signals can
trigger widespread neuroinflammation through both neu-
ronal and humoral pathways [21]. Neuroinflammation is
initiated by multiple biological mechanisms, including
immune responses, oxidative stress, the release of inflamma-
tory mediators, and damage to the BBB. Although neuroin-
flammation can initially have a protective effect, prolonged
or excessive inflammation can result in neural tissue damage.

Neuroinflammatory responses can be classified into
two categories: secondary inflammatory responses induced
by peripheral immune cells and primary inflammatory
responses triggered by resident immune cells. Initially,
during sepsis, pathogens or their associated toxins — such
as lipopolysaccharide (LPS) — stimulate the host immune
system, leading to an exaggerated inflammatory response
and the subsequent development of SIRS. These peripheral
inflammatory signals affect the CNS through two main
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pathways: humoral and neuronal. Through the humoral
pathway, elevated circulating pro-inflammatory factors
(TNF-a, IL-1B, and IL-6) enter the brain via the disrupted
BBB and directly activate CNS inflammation. In a septic
environment, the intense secretion of inflammatory factors
and chemokines recruits peripheral immune cells, such as
neutrophils and macrophages, to the brain, thereby exacer-
bating neuronal damage [22,23]. Neuroinflammation can
also be amplified through neurotransmission, with the
vagus nerve upregulating pro-inflammatory gene expres-
sion by transmitting signals to the nucleus tractus solitarius
of the medulla oblongata [24]. This central-peripheral
inflammation cascade amplifies the inflammatory response.
In sepsis, microglia become hyperactivated, releasing large
amounts of pro-inflammatory cytokines (TNF-q, IL-1B) and
chemokines (MCP-1). Overactivated microglia induce apop-
tosis and synaptic damage in neurons, stimulate reactive
oxygen species (ROS) production [25], and further trigger
oxidative stress and inflammatory cascades. Astrocytes are
also activated [26], and synergize with microglia to exacer-
bate the inflammatory response. This includes breaking
down matrix components in the BBB, leading to barrier
disruption, and secreting large quantities of inflammatory
factors (IL-6), which promote the spread of inflammation.
Cytokines and chemokines also disrupt the integrity of the
BBB by affecting the expression of tight junction proteins
(Claudin, Occludin) [22,23,27]. The sepsis-induced immune
response produces an abundance of pro-inflammatory fac-
tors (TNF-a, IL-1B), which bind to specific receptors and
activate apoptotic signaling pathways such as Fas and Cas-
pase [28,29]. This activation ultimately leads to neuronal and
glial cell death, causing further damage to the nervous
system. Additionally, activated inflammatory mediators
and immune cells generate ROS and reactive nitrogen spe-
cies, leading to increased oxidative damage [30,31]. These
free radicals damage cell membranes, proteins, and DNA,
which further contribute to neuronal dysfunction, apoptosis,
and long-term neurological impairment. Sepsis-induced oxi-
dative stress also disrupts mitochondrial function, compro-
mising the cellular energy supply. Mitochondrial damage
exacerbates neuronal apoptosis and creates a vicious cycle
by releasing cytokines and activating neuroinflammatory
pathways [32].

3 PI3K/Akt pathway and its role in
brain tissue

The PI3K/Akt signaling pathway consists of two main com-
ponents: phosphatidylinositol 3 (PI3K) and its downstream
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serine/threonine protein kinase B (PKB, also known as
Akt). PI3K is a class of intracellular lipid kinases, classified
into types L, II, or III based on substrate specificity and
sequence homology [33,34]. Akt is a proto-oncogene pro-
duct that, upon activation, modulates a variety of down-
stream signaling molecules, including mammalian target
of rapamycin (mTOR) [35] and glycogen synthase kinase-3
(GSK-3) [36], among others.

The PI3K/Akt signaling pathway is a central intracel-
lular regulatory network involved in diverse biological pro-
cesses, including cell survival, proliferation, metabolism,
protein synthesis, immune regulation, and stress responses.
By promoting proliferation, inhibiting apoptosis, and enhan-
cing cell survival, this pathway plays a critical role in tumor-
igenesis and has emerged as a prominent target for cancer
therapy [37-39]. Akt, a key effector of the PI3K/Akt pathway,
regulates glucose and lipid metabolism, as well as cell differ-
entiation and growth [40], and holds therapeutic potential
for diabetes and metabolic disorders. The PI3K/Akt/mTOR
pathway also plays a critical role in bone and joint diseases,
such as osteoarthritis [41], and in erythroid hematopoiesis
[40], suggesting its potential as a novel therapeutic target. In
neurological disorders, the PI3K/Akt pathway regulates neu-
ronal survival, mitigates inflammation, preserves BBB integ-
rity, and exerts neuroprotective effects in conditions such as
Alzheimer’s and Parkinson’s diseases [42,43]. Thus, the PI3K/
Akt pathway holds broad clinical potential across various
diseases, including cancer, metabolic disorders, neurological
conditions, and osteoarticular diseases.

In normal brain tissues, the PI3K/Akt signaling
pathway plays a crucial role in neuronal survival, synaptic
plasticity, energy metabolism, BBB integrity, and neurode-
velopment [44]. The activation of this pathway depends on
upstream ligands such as derived brain-derived neuro-
trophic factor (BDNF) and insulin-like growth factor 1
(IGF-1), and mediates multiple regulatory effects on neu-
ronal anti-apoptosis, resistance to oxidative stress, synaptic
plasticity, and energy metabolism through downstream
targets including mTOR, GSK-3f, and cAMP response ele-
ment-binding protein 2 [45]. For example, Akt inhibits the
mitochondrial apoptotic pathway by phosphorylating pro-
apoptotic proteins such as BAD and Caspase-9, thereby
preventing premature neuronal apoptosis and contri-
buting to the maintenance of the functional integrity of
brain tissue [46]. Akt exerts antioxidant effects by acti-
vating the Nrf2 pathway and scavenging ROS [47]. It also
activates mTOR-dependent protein synthesis to support
dendritic spine formation and long-term potentiation
(LTP) [47], and promotes the membrane translocation of
the glucose transporter GLUT4 to enhance neuronal glu-
cose uptake. In addition, Akt plays a key role in stabilizing
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the intracerebral microenvironment by maintaining the
expression of endothelial tight junction proteins, such as
Zonula Cccludens-1 (ZO-1), at the BBB [48].

However, in the pathological state of SAE, the systemic
inflammatory response and oxidative stress lead to inhibi-
tion of the PI3K/Akt signaling pathway. Proinflammatory
cytokines, such as TNF-a and IL-1B, released during sepsis
indirectly suppress the activity of the PI3K catalytic subunit
p110 via activation of the nuclear factor kappa B (NF-kB)
pathway [25]. Simultaneously, excessive ROS promote the
conversion of phosphatidylinositol (3,4,5)-trisphosphate
(PIP3) to phosphatidylinositol 4,5-bisphosphate (PIP2) by
activating the lipid phosphatase PTEN, a negative regulator
of PI3K, thereby impairing Akt membrane localization and
phosphorylation [49]. Mitochondrial dysfunction further
exacerbates energy metabolism disorders and reduces the
efficiency of Akt activation [25]. Akt inactivation results in
the dephosphorylation of BAD, which in turn activates Bax/
Bak-mediated mitochondrial cytochrome c release and trig-
gers the caspase cascade, ultimately enhancing neuronal
apoptosis. Additionally, GSK-3B disinhibition leads to Tau
protein hyperphosphorylation, promoting the formation of
neurofibrillary tangles and downregulating the expression
of synapse-associated proteins such as PSD-95, contributing
to synaptic damage [50]. Decreased Akt activity in endothe-
lial cells also compromises tight junction integrity, aggra-
vating brain edema and neuroinflammation.

In summary, the PI3K/Akt pathway plays a critical role
in maintaining CNS homeostasis under normal conditions.
However, in SAE, its expression and activity are markedly
altered, resulting in the loss of its original protective func-
tions and, in some cases, contributing to disease progres-
sion. Comparing the dynamic changes of this pathway
between physiological and pathological states may help
elucidate its role in SAE pathogenesis and provide a theo-
retical foundation for targeted therapeutic interventions.
(Figure 1).

4 PI3K/Akt pathway and
neuroinflammation in SAE

As discussed previously, sepsis-induced neuroinflamma-
tion is a core pathogenic mechanism of SAE. Within the
pathophysiological framework of SAE, the PI3K/Akt
pathway plays a dual regulatory role in both CNS injury
and neuroprotection. It does so by modulating the expres-
sion of neuroinflammatory factors, regulating microglial
activation, maintaining the integrity of the BBB, and con-
trolling neuronal apoptosis. The PI3K/Akt pathway is a
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classical signaling cascade that regulates neuronal survival
and neurogenesis, making it a crucial player in the pro-
gression and potential treatment of SAE [40,51]. In the CLP
mouse model, protein expression levels of PI3K and Akt in
hippocampal tissues were significantly decreased [52-54],
whereas activation of the PI3K/Akt pathway attenuated
SAE-related damage [52-57].

4.1 Regulation of inflammatory factors

The PI3K/Akt pathway suppresses the excessive release of
pro-inflammatory cytokines during sepsis through multiple
mechanisms. First, it initiates a negative feedback regula-
tory loop that significantly reduces the overexpression and
secretion of pro-inflammatory cytokines, including TNF-q,
IL-1B, and IL-6 [58-60]. Second, the pathway upregulates
the expression of anti-inflammatory mediators, such as
IL-10, which subsequently inhibits pro-inflammatory cyto-
kine production via paracrine signaling [58]. Additionally,
the PI3K/Akt pathway inhibits the activation and nuclear
translocation of NF-«kB, further modulating inflammation
[61]. It also contributes to the regulation of the Th1/Th2 cyto-
kine balance [62], thereby attenuating the inflammatory cas-
cade. Clinical studies have confirmed that pharmacological
agents like dexmedetomidine [63] and metformin [64] can
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activate the PI3K/Akt pathway, inhibiting pro-inflammatory
cytokine release and improving sepsis-associated brain and
lung injury.

4.2 Regulation of microglia polarization

The PI3K/Akt signaling pathway plays a crucial role in reg-
ulating microglia polarization. It modulates microglial
M1/M2 polarization by influencing multiple signaling path-
ways [65], including NF-kB [66] and chemokine receptor
CXCR7 [67], which promote the transformation of microglia
to the M2 phenotype and enhance their anti-inflammatory
properties. M2-polarized microglia secrete anti-inflamma-
tory cytokines, such as IL-10 and TGF- [68], thereby redu-
cing the neuroinflammatory response. Agents like treti-
noin and curcumin have been demonstrated to inhibit
the activation of pro-inflammatory M1 microglia while pro-
moting the anti-inflammatory properties of M2 microglia,
presumably via activation of the PI3K/Akt pathway [69].
Furthermore, the PI3K/Akt pathway indirectly regulates
microglial inflammation by modulating the neuron-
derived BDNF-PI3K/AKkt signaling axis [70,71]. Akt increases
the secretion of BDNF from neurons by enhancing vesi-
cular transport, which in turn strengthens the inhibitory
effect of neurons on microglial inflammation. Compounds
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Figure 1: Differences in PI3K/Akt pathway in normal brain tissue and SAE conditions. ROS: reactive oxygen species.
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like pineoside [72] and paeoniflorin [72] regulate the BDNF-
PI3K/Akt axis, achieving a balanced regulation of microglia
M1/M2 polarization and alleviating neuroinflammatory
disorders such as SAE.

4.3 Maintenance of BBB integrity

The PI3K/Akt pathway plays a crucial role in maintaining
the integrity of the BBB. Akt regulates the expression of
tight junction proteins, such as Claudin, Occludin, and Z0O-1,
through the activation of the PI3K/Akt pathway, thereby
preserving BBB structural integrity [73,74]. Chen et al.
[75] demonstrated in an in vitro BBB model that activation
of the PI3K/Akt pathway enhances the transcription and
translation of tight junction proteins, resulting in
decreased permeability of endothelial cell monolayers.
Wang et al. [76] found that in a murine model of sepsis
treatment with a PI3K-selective agonist significantly
increased the expression of tight junction proteins in brain
microvascular endothelial cells. Additionally, the PI3K/Akt
pathway inhibits the TNF-a- and IL-1B-induced expression
of matrix metalloproteinases, thereby reducing extracel-
lular matrix degradation and protecting the BBB structure
[77]. Zhi et al. [78] observed that selective PI3K agonist
treatment significantly reduced levels of S1008 and
neuron-specific enolase in the cerebrospinal fluid of sepsis
patients, along with other markers of BBB damage, and
improved neurocognitive function scores. Gong et al. [79]
reported that combined administration of a PI3K agonist
and an anti-inflammatory agent significantly reduced the
morbidity and mortality of patients with SAE, and the
levels of tight junction protein degradation products,
such as Occludin and Claudin-5 fragments, were notably
lower in the peripheral blood of treated patients. This sug-
gests that the combination regimen may exert neuropro-
tective effects by preserving BBB integrity.

4.4 Regulation of neuronal apoptosis

Neuronal apoptosis is a key pathological feature in sepsis-
induced neuroinflammation, with its regulatory mechanisms
linked to the PI3K/Akt pathway. First, the PI3K/Akt pathway
inhibits neuronal apoptosis by regulating several down-
stream effector molecules. Activated Akt effectively blocks
Bad-induced apoptosis by phosphorylating Bad at the
Ser136 site, preventing its binding to Bcl-2. Additionally,
the pathway upregulates the nuclear translocation of the
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antioxidant-related transcription factor Nrf2, which increases
the expression of superoxide dismutase and catalase, thereby
reducing oxidative stress-induced neuronal injury. Puerarin
has been shown to reduce neuronal apoptosis by inhibiting
oxidative stress through the PI3K/Akt/Nrf2 pathway [80].
Furthermore, the PI3K/Akt pathway promotes neural repair
and regeneration. Akt-mTOR signaling enhances myelin
sheath growth and stability during development by
driving cap-dependent translation to facilitate myelin for-
mation [81]. It has also been demonstrated that resvera-
trol can activate PI3K/Akt signaling to promote axonal
regeneration and neurological recovery. Additionally,
the PI3K/Akt pathway may play a role in regulating
synaptic plasticity by modulating the reorganization of
post-synaptic proteins, such as PSD-95 [82], and influences
synaptic transmission efficiency as well as LTP [83]. More-
over, novel PI3K agonists have shown promising neuropro-
tective effects in animal models, providing new intervention
targets for the treatment of SAE [84].

4.5 Discovery of new molecules

In recent years, several novel molecules have been identi-
fied as regulators of the PI3K/Akt pathway, with significant
effects on the development and progression of SAE. Protein
kinase N2 (PKN2), in particular, exerts a broad range of
regulatory effects on the PI3K/Akt signaling pathway
through mechanisms such as direct phosphorylation, mod-
ulation of membrane localization, and catalytic activity.
PKN2 can directly phosphorylate the p85 regulatory sub-
unit of PI3K [85], inducing a conformational change that
alters its interactions with other signaling molecules.
Furthermore, PKN2 affects the membrane localization of
PI3K, thereby modulating its enzymatic activity [85]. Wang
et al. [86] demonstrated that PKN2 overexpression acti-
vated the mTOR pathway in PC12 cells, reducing H,0,-
induced oxidative damage and apoptosis. Additionally,
PKN2 modulates Akt activity by phosphorylating its
Ser473 site [87], a key step in regulating the function of
Akt within the PI3K/Akt pathway. By phosphorylating Akt
at this critical site, PKN2 influences the activity and sub-
strate specificity of Akt, thereby affecting downstream sig-
naling processes. In addition, PKN2 may play a role in
regulating the integrity of the BBB [88]. Bai et al. [89] found
that H, alleviates septic brain injury by activating PKN2
phosphorylation, which is associated with the PI3K
pathway. While PKN2 exerts a broad range of regulatory
effects on the PI3K/Akt signaling pathway, there are cur-
rently fewer studies focusing on its role in septic
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encephalopathy. This presents an opportunity for future,
more in-depth research. PTEN, as a negative regulator of
the PI3K/Akt pathway, inhibits AKT activation by depho-
sphorylating PIP3 and converting it to PIP2 [90]. This action
helps maintain normal neuronal function and survival,
protecting against neuronal injury caused by dysregulated
signaling. Furthermore, the signaling between PTEN-
induced kinase 1 (PINK1) and the Parkin pathway is crucial
in SAE. High expression of PINK1 can activate mitochon-
drial autophagy through up-regulation of Parkin, which
reduces inflammatory responses, preventing neuroinflam-
mation and alleviating cognitive impairments in SAE mice.
In the absence of PINKI, there is a suppression of Ca**
transients in the hippocampus, leading to elevated intra-
cellular Ca®* levels, which exacerbate sepsis-induced cog-
nitive dysfunction in mice, highlighting the vital role of
PINK1 in maintaining neuronal stability [91]. Girdin can
inhibit the production of pro-inflammatory cytokines, pro-
mote neuronal survival, and prevent apoptosis by regu-
lating the activation of the PI3K/Akt pathway, thereby
alleviating neuroinflammation [92,93]. Phosphorylated Girdin
enhances the activity of intracellular anti-apoptotic factors,
such as Bcl-2 and mTOR, which reduce programmed cell
death [94]. Additionally, Girdin regulates microglial activa-
tion, as overactivation of microglia exacerbates the neuroin-
flammatory response. Rheb (Ras homolog enriched in
brain), a small GTP-binding protein, plays a key role in the
PI3K/Akt/mTOR signaling pathway by directly activating
mTOR, which is crucial for neuroprotection. In an LPS-
induced neuroinflammation model, upregulation of Rheb
was linked to astrocyte proliferation and neuronal apoptosis
[95]. The Rheb-mTOR signaling pathway contributes to neu-
roinflammation-induced astrocyte activation and neuronal
apoptosis through cell cycle activation [96]. Moreover, spe-
cific overexpression of Rheb in retinal ganglion cells signifi-
cantly reduced cell death and effectively induced axonal
regeneration [97], suggesting that Rheb promotes neural
repair, potentially alleviating sepsis-induced neuroinflam-
mation. Additionally, BAG3 is involved in regulating Akt
downstream targets like mTORCI, affecting cellular autop-
hagy processes. BAG3 forms a complex with CHIP (C-ter-
minus of Hsc70 interacting protein) [98], which facilitates
the ubiquitination and degradation of key inhibitors nega-
tively regulating PI3K/Akt signaling, such as phosphatase
and Tensin homolog deleted on chromosome 10 (PTEN),
thereby positively regulating this pathway. Bcl-2-associated
athanogene 3 (BAG3) also plays a protective role in sepsis-
induced acute kidney injury (AKI), and studies have shown
that sevelamer sodium can attenuate AKI in a rat sepsis
model through inhibition of the PI3K/Akt pathway, with
BAG3 involved in this protective mechanism. Although there
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are currently fewer studies directly examining these mole-
cules in SAE, they play critical roles in the PI3K/Akt signaling
pathway, which is integral to SAE pathogenesis. Future
research should focus on how these molecules specifically
contribute to SAE and whether they can be targeted for
effective therapeutic interventions, potentially offering
more effective treatments for patients with SAE (Figure 2).

5 Therapeutic potential of PI3K/Akt
pathway modulators

IGF-1 attenuates the inflammatory response and amelio-
rates SAE by activating the PI3K/Akt pathway. Treatment
with recombinant human IGF-1 significantly reduced
serum levels of IL-1B, TNF-a, and IL-6 in patients with
SAE, while also improving the Glasgow Coma Score
(GCS), strengthening BBB integrity, reducing neuroinflam-
mation, and enhancing cognitive function [99,100]. BDNF
activates the PI3K/Akt signaling pathway through the TrkB
receptor, upregulates the expression of the anti-apoptotic
protein Bcl-2, and promotes the expression of synaptic
plasticity-associated proteins (PSD95) [101,102]. BDNF has
been shown to significantly ameliorate memory deficits
in a mouse model of sepsis and reduce the expression of
pro-inflammatory cytokines in the CNS. Several studies
have shown that various naturally active compounds exert
neuroprotective effects by modulating the PI3K/Akt sig-
naling pathway. Curcumin significantly increased the level
of phosphorylated Akt in neurons (the p-Akt/Akt ratio
increased 2.1-fold), promoting the nuclear translocation
of Nrf2 and enhancing cellular resistance to oxidative
stress [103]. Resveratrol significantly reduced the volume
of cerebral infarcts and neurological damage scores in cer-
ebral ischemia/reperfusion rats, significantly lowering
levels of myeloperoxidase, TNF-a, and upregulating p-Akt
expression. The use of Akt inhibitors blocked the effects of
resveratrol. Resveratrol was also shown to reduce neu-
ronal apoptosis, as evidenced by an increase in the Bcl-2/
Bax ratio and a decrease in the number of TUNEL-positive
apoptotic cells [104]. Additionally, quercetin and rhodiola
rosea glycosides synergistically activate PI3K/Akt down-
stream targets, significantly reducing pro-inflammatory
factors and improving cognitive function [105,106]. Olea-
nolic acid [107] and dihydromyricetin (DHM) [108] inhibit
oxidative stress through activation of the PI3K/Akt
pathway, thereby exerting neuroprotective effects. Based
on their role in other neuroinflammatory diseases, these
natural compounds may have important therapeutic
potential in SAE. In cases of overactivated PI3K/Akt
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signaling, the PI3K-selective inhibitor LY294002 exerts a
bidirectional modulatory effect, reducing inflammatory
responses and neurotoxicity [104,109]. However, the tar-
gets of PI3K inhibitors need to be carefully selected to avoid
inhibiting neuroprotective effects.

Several PI3K inhibitors have been developed for tumor
therapy, such as PI-103, BKM120, and GDC-0941 [110,111].
These inhibitors block tumor cell proliferation and sur-
vival by targeting key nodes of the PI3K/Akt pathway,
including PI3K, Akt, and mTOR. Some PI3K inhibitors
have been approved for the treatment of specific hemato-
logic malignancies. For example, Linperlisib, the first
highly selective PI3K$ inhibitor marketed in China, has
been approved for the treatment of relapsed and/or refrac-
tory follicular lymphoma (FL), demonstrating significant
clinical efficacy and good tolerability [112]. In addition,
Duvelisib [113], a dual PI3K8 and PI3Ky inhibitor, has also
been approved by the FDA for the treatment of adult
patients with relapsed/refractory chronic lymphocytic

sepsis

IL-6

PAMPs IFN-y

Cytokines -1

Bacterial DNA TNF-
a

Disrupture BBB

Neuroinflammation

PI3K/Akt pathway and neuroinflammation in SAE == 7

leukemia (CLL), small lymphocytic lymphoma (SLL), and
FL who have received at least two prior therapies.
Although these drugs have shown effectiveness in treating
specific types of hematologic malignancies, their potential
application in neuroinflammatory and neurological disor-
ders requires further research and exploration. Although
most compounds targeting the PI3K/Akt pathway — such as
estrogen [114], resveratrol, curcumin [115], GDC-0941, duve-
lisib, and leniolisib [112] - have already entered clinical
trials for other diseases (oncology, metabolic disorders,
and neurodegenerative diseases), their clinical application
in sepsis, especially SAE, remains largely unexplored or is
still in its infancy. This suggests that, in the future, com-
pounds with established clinical safety profiles could be
prioritized for translational research in SAE, particularly
through the use of animal models to verify their target
specificity and neuroprotective efficacy (Table 1).
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Figure 2: Inflammatory signaling regulates SAE through the PI3K/Akt pathway. PAMPs: pathogen-associated molecular patterns; DAMPS: damage-
associated molecular patterns; LTA: lipoteichoic acid; NTS: nucleus tractus solitarius; BBB: blood-brain barrier.
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6 Conclusion

Neuroinflammation is a key contributor to the pathogen-
esis of SAE, leading to CNS injury and adversely affecting
cognitive function and patient survival. The underlying
mechanisms primarily involve the activation of microglia
and astrocytes, the release of pro-inflammatory cytokines
and chemokines, disruption of the BBB structure,
increased oxidative stress, and mitochondrial dysfunction.
Among the numerous signaling pathways implicated in
SAE, the PI3K/Akt pathway has emerged as a central reg-
ulator. This pathway plays a pivotal role in modulating
neuroinflammatory responses, preserving BBB integrity,
and promoting neuronal survival. Several studies have
demonstrated that activation of the PI3K/Akt pathway by
specific compounds can attenuate inflammation and neu-
ronal damage, thereby alleviating SAE-related symptoms.
However, the majority of these findings remain at the pre-
clinical stage, and no PI3K/Akt-targeted agents have yet
demonstrated clinical efficacy in SAE treatment.

As mentioned above, the PI3K/Akt signaling pathway
plays a key role in regulating neuroinflammation, apop-
tosis, and BBB function, and holds great promise for clin-
ical application. Activation of this pathway can reduce
brain tissue damage and improve cognitive function,
making it applicable to a variety of neurological diseases,
including SAE. In addition, the PI3K/Akt pathway is closely
related to immune system homeostasis. Moderate activa-
tion of this pathway can inhibit excessive immune
responses and reduce systemic inflammation, which is par-
ticularly important in SAE, a condition characterized by a
pathological “inflammatory storm.” Currently, several
drugs targeting this pathway have entered clinical trials
for oncology and metabolic diseases and have demonstrated
favorable safety profiles. As a potential therapeutic target,
the PI3K/Akt pathway is expected to offer a novel interven-
tion strategy for diseases such as SAE in the future.

Despite these advances, several critical knowledge
gaps remain. The PI3K family comprises multiple isoforms
— PI3Ka, PI3Ky, and PI3KS - each with distinct cellular
distribution and functions. For example, PI3Ky, as a central
driver of microglial inflammatory responses, promotes M1-
type polarization through the activation of chemokine
receptors (the CXCL12-CXCR4 axis), thereby inducing
NLRP3 inflammasome activation and the infiltration of
peripheral immune cells into the brain [118]. PI3Ka, on
the one hand, maintains neuronal metabolism and anti-
apoptotic functions via the Akt/mTOR pathway [119]; on
the other hand, its overactivation may exacerbate mito-
chondrial autophagy disorders due to oxidative stress

PI3K/Akt pathway and neuroinflammation in SAE == 9

[120]. Current research on the roles of these isoforms in
SAE is limited, fragmented, and lacks systematic compar-
ison and precise localization. Moreover, most studies have
been conducted in acute animal models or in vitro systems,
and their clinical relevance and translational potential
remain to be validated. Notably, the PI3K/Akt pathway is
intricately linked with multiple other signaling cascades —
including MAPK, JAK/STAT, NF-kB, mTOR, and NLRP3 —
which can induce diverse, and sometimes opposing, biolo-
gical outcomes. This complexity makes it challenging to
predict the net effect of pathway activation or inhibition
in the inflammatory milieu of SAE.

Future studies should aim to delineate the cell-type-
specific and stage-specific roles of individual PI3K isoforms
during SAE progression and evaluate their potential as
therapeutic targets in terms of efficacy and safety.
Additionally, integrating single-cell transcriptomics and
multi-omics approaches may provide insights into the
dynamic crosstalk between the PI3K/Akt pathway and
other signaling networks. On this basis, the development
of selective, brain-targeted PI3K modulators, and the inves-
tigation of combination therapies — such as anti-inflamma-
tory agents paired with BBB-protective compounds — may
accelerate the translation of preclinical findings into clini-
cally viable interventions for SAE.

Acknowledgments: We sincerely thank Dr. Beibei Dong,
Dr. Yuanyuan Bai, and Dr. Xiuhu An for their meticulous
guidance and valuable suggestions during the preparation
of this review. We also appreciate the support and assistance
provided by our team members in data collection and dis-
cussions. Additionally, we acknowledge the Department of
Anesthesiology at Tianjin Medical University General
Hospital for providing excellent research conditions and sup-
port for this study.

Funding information: Authors state no funding involved.

Author contributions: Both authors contributed to the con-
ception, design, writing, and revision of the manuscript.
Yang Guo was responsible for the conceptualization, litera-
ture review, drafting, and preparation of the initial manu-
script. Yonghao Yu provided guidance on the study design,
critically revised the manuscript, and oversaw the finaliza-
tion process. The corresponding author had full access to
all study data and took responsibility for the decision to
submit the manuscript for publication. Both authors have
read and approved the final version of the manuscript.

Conflict of interest: Authors state no conflict of interest.



10 — Yang Guo and Yonghao Yu

Data availability statement: This review article does not
contain any new experimental data. All data referenced
are derived from previously published studies.

References

[

[2

(3]

(4]

[5]

(6]

71

(8]

[

(0]

m

(2]

(3]

[14]

(3]

Rhodes A, Evans LE, Alhazzani W, Levy MM, Antonelli M, Ferrer R,
et al. Surviving sepsis campaign: international guidelines for
management of sepsis and septic shock: 2016. Intensive Care
Med. 2017;43(3):304-77. doi: 10.1007/500134-017-4683-6.
Czempik PF, Pluta MP, Krzych tJ. Sepsis-associated brain
dysfunction: a review of current literature. Int ] Environ Res Public
Health. 2020;17(16):5852. doi: 10.3390/ijerph17165852.

Pan S, Lv Z, Wang R, Shu H, Yuan S, Yu Y, et al. Sepsis-induced
brain dysfunction: pathogenesis, diagnosis, and treatment. Oxid
Med Cell Longev. 2022;2022:1328729. doi: 10.1155/2022/1328729.
PuY, Zhao L, Xi Y, Xia Y, Qian Y. The protective effects of
mirtazapine against lipopolysaccharide (Ips)-induced brain
vascular hyperpermeability. Bioengineered. 2022;13(2):3680-93.
doi: 10.1080/21655979.2021.2024962.

Zhou Y, Bai L, Tang W, Yang W, Sun L. Research progress in the
pathogenesis of sepsis-associated encephalopathy. Heliyon.
2024;10(12):e33458.

Hong Y, Chen P, Gao J, Lin Y, Chen L, Shang X. Sepsis-associated
encephalopathy: from pathophysiology to clinical management.
Int Immunopharmacol. 2023;124(Pt A):110800. doi: 10.1016/j.
intimp.2023.110800.

Wang X, Wen X, Yuan S, Zhang J. Gut-brain axis in the
pathogenesis of sepsis-associated encephalopathy. Neurobiol
Dis. 2024;195:106499. doi: 10.1016/j.nbd.2024.106499.

Xin'Y, Tian M, Deng S, LiJ, Yang M, Gao }, et al. The key drivers of
brain injury by systemic inflammatory responses after sepsis:
microglia and neuroinflammation. Mol Neurobiol.
2023;60(3):1369-90.

Long LH, Cao WY, Xu Y, Xiang YY. Research progress on the role of
microglia in sepsis-associated encephalopathy. Sheng Li Xue Bao.
2024;76(2):289-300.

Chen Y, Qin C, Huang J, Tang X, Liu C, Huang K, et al. The role of
astrocytes in oxidative stress of central nervous system: a mixed
blessing. Cell Proliferation. 2020;53(3):12781.

Yang QQ, Zhou JW. Neuroinflammation in the central nervous
system: symphony of glial cells. Glia. 2019;67(6):1017-35. doi: 10.
1002/glia.23571.

Leitner GR, Wenzel TJ, Marshall N, Gates EJ, Klegeris A. Targeting
toll-like receptor 4 to modulate neuroinflammation in central
nervous system disorders. Expert Opin Ther Targets.
2019;23(10):865-82. doi: 10.1080/14728222.2019.1676416.

Yong HYF, Rawiji KS, Ghorbani S, Xue M, Yong VW. The benefits of
neuroinflammation for the repair of the injured central nervous
system. Cell Mol Immunol. 2019;16(6):540-6.

Matsuda S, Ikeda Y, Murakami M, Nakagawa Y, Tsuji A, Kitagishi Y.
Roles of PI3K/AKT/GSK3 pathway involved in psychiatric illnesses.
Diseases. 2019;7(1):22.

Ji'Y, Wang D, Zhang B, Lu H. Bergenin ameliorates MPTP-induced
Parkinson’s disease by activating PI3K/AKT signaling pathway.

J Alzheimers Dis. 2019;72(3):823-33. doi: 10.3233/jad-190870.

(6]

07

[18]

)

[20]

[21]

[22]

[23]

[24]

[23]

[26]

[27]

[28]

[29]

[30]

31

B2]

[33]

DE GRUYTER

Abdel Rasheed NO, Ibrahim WW. Telmisartan neuroprotective
effects in 3-nitropropionic acid huntington’s disease model

in rats: cross talk between PPAR-y and PI3K/AKT/GSK-3f
pathway. Life Sci. 2022;297:120480. doi: 10.1016/j.1fs.2022.
120480.

Yoon JH, Lee N, Youn K, Jo MR, Kim HR, Lee DS, et al. Dieckol
ameliorates aP production via PI3K/AKT/GSK-3[ regulated app
processing in sweapp n2a cell. Mar Drugs. 2021;19(3):152.

Yin XY, Tang XH, Wang SX, Zhao YC, Jia M, Yang JJ, et al. Hmgb1
mediates synaptic loss and cognitive impairment in an animal
model of sepsis-associated encephalopathy.

J Neuroinflammation. 2023;20(1):69.

Zhang Y, Chen S, Tian W, Zhu H, Li W, Dai W, et al. Emerging
trends and hot spots in sepsis-associated encephalopathy
research from 2001 to 2021: a bibliometric analysis. Front Med
(Lausanne). 2022;9:817351.

Singer BH, Dickson RP, Denstaedt SJ, Newstead MW, Kim K,
Falkowski NR, et al. Bacterial dissemination to the brain in sepsis.
Am ] Respir Crit Care Med. 2018;197(6):747-56.

Ren C, Yao RQ, Zhang H, Feng YW, Yao YM. Sepsis-associated
encephalopathy: a vicious cycle of immunosuppression.

J Neuroinflammation. 2020;17(1):14.

Huang X, Hussain B, Chang J. Peripheral inflammation and
blood-brain barrier disruption: effects and mechanisms. CNS
Neurosci Ther. 2021;27(1):36-47.

Galea I. The blood-brain barrier in systemic infection and
inflammation. Cell Mol Immunol. 2021;18(11):2489-501.
Namgung U, Kim K], Jo BG, Park JM. Vagus nerve stimulation
modulates hippocampal inflammation caused by continuous
stress in rats. ] Neuroinflammation. 2022;19(1):33.

Moraes CA, Zaverucha-do-Valle C, Fleurance R, Sharshar T,
Bozza FA, d’Avila JC. Neuroinflammation in sepsis: molecular
pathways of microglia activation. Pharmaceuticals. 2021;14(5):416.
Danielski LG, Giustina AD, Gava FF, Barichello T, Petronilho F. The
many faces of astrocytes in the septic brain. Mol Neurobiol.
2022;59(12):7229-35. doi: 10.1007/512035-022-03027-7.

Rempe RG, Hartz AMS, Bauer B. Matrix metalloproteinases in the
brain and blood-brain barrier: versatile breakers and makers.

J Cereb Blood Flow Metab. 2016;36(9):1481-507.

Greene C, Connolly R, Brennan D, Laffan A, O'Keeffe E,
Zaporojan L, et al. Blood-brain barrier disruption and sustained
systemic inflammation in individuals with long covid-associated
cognitive impairment. Nat Neurosci. 2024;27(3):421-32.

Han Y, Qiu L, Wu H, Song Z, Ke P, Wu X. Focus on the cgas-sting
signaling pathway in sepsis and its inflammatory regulatory
effects. ] Inflamm Res. 2024;17:3629-39.

Olufunmilayo EO, Gerke-Duncan MB, Holsinger RMD. Oxidative
stress and antioxidants in neurodegenerative disorders.
Antioxidants. 2023;12(2):517.

Geloso MC, Zupo L, Corvino V. Crosstalk between peripheral
inflammation and brain: focus on the responses of microglia and
astrocytes to peripheral challenge. Neurochem Int.
2024;180:105872. doi: 10.1016/j.neuint.2024.105872.

Zhang}, Chen S, Hu X, Huang L, Loh P, Yuan X, et al. The role of the
peripheral system dysfunction in the pathogenesis of sepsis-
associated encephalopathy. Front Microbiol. 2024;15:1337994.
Sharma A, Mehan S. Targeting PI3K-AKT/mTOR signaling in the
prevention of autism. Neurochem Int. 2021;147:105067. doi: 10.
1016/j.neuint.2021.105067.


https://doi.org/10.1007/s00134-017-4683-6
https://doi.org/10.3390/ijerph17165852
https://doi.org/10.1155/2022/1328729
https://doi.org/10.1080/21655979.2021.2024962
https://doi.org/10.1016/j.intimp.2023.110800
https://doi.org/10.1016/j.intimp.2023.110800
https://doi.org/10.1016/j.nbd.2024.106499
https://doi.org/10.1002/glia.23571
https://doi.org/10.1002/glia.23571
https://doi.org/10.1080/14728222.2019.1676416
https://doi.org/10.3233/jad-190870
https://doi.org/10.1016/j.lfs.2022.&QJ;120480
https://doi.org/10.1016/j.lfs.2022.&QJ;120480
https://doi.org/10.1007/s12035-022-03027-7
https://doi.org/10.1016/j.neuint.2024.105872
https://doi.org/10.1016/j.neuint.2021.105067
https://doi.org/10.1016/j.neuint.2021.105067

DE GRUYTER

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

Cianciulli A, Porro C, Calvello R, Trotta T, Lofrumento DD,
Panaro MA. Microglia mediated neuroinflammation: focus on
PI3K modulation. Biomolecules. 2020;10(1):137.

Peng Y, Wang Y, Zhou C, Mei W, Zeng C. PI3K/AKT/mTOR pathway
and its role in cancer therapeutics: are we making headway?
Front Oncol. 2022;12:819128.

Guerau-de-Arellano M, Piedra-Quintero ZL, Tsichlis PN. AKT
isoforms in the immune system. Front Immunol. 2022;13:990874.
Jiang N, Dai Q, Su X, FuJ, Feng X, Peng J. Role of PI3K/AKT pathway
in cancer: the framework of malignant behavior. Mol Biol Rep.
2020;47(6):4587-629.

Miricescu D, Totan A, Stanescu II S, Badoiu SC, Stefani C,
Greabu M. PI3K/AKT/mTOR signaling pathway in breast cancer:
from molecular landscape to clinical aspects. Int ] Mol Sci.
2020;22(1):173.

Rascio F, Spadaccino F, Rocchetti MT, Castellano G, Stallone G,
Netti GS, et al. The pathogenic role of PI3K/AKT pathway in cancer
onset and drug resistance: an updated review. Cancers.
2021;13(16):3949.

Jafari M, Ghadami E, Dadkhah T, Akhavan-Niaki H. PI3K/AKT
signaling pathway: erythropoiesis and beyond. ] Cell Physiol.
2019;234(3):2373-85. doi: 10.1002/jcp.27262.

Sun K, Luo J, Guo J, Yao X, Jing X, Guo F. The Pi3k/AKT/mTOR
signaling pathway in osteoarthritis: a narrative review.
Osteoarthritis Cartilage. 2020;28(4):400-9. doi: 10.1016/j.joca.
2020.02.027.

Zhao B, Yin Q, Fei Y, ZhuJ, Qiu Y, Fang W, et al. Research progress
of mechanisms for tight junction damage on blood-brain barrier
inflammation. Arch Physiol Biochem. 2022;128(6):1579-90. doi:
10.1080/13813455.2020.1784952.

Zou P, Yang F, Ding Y, Zhang D, Liu Y, Zhang J, et al.
Lipopolysaccharide downregulates the expression of zo-1 protein
through the akt pathway. BMC Infect Dis. 2022;22(1):774.

Zheng T, Jiang T, Ma H, Zhu Y, Wang M. Targeting PI3K/AKT in
cerebral ischemia reperfusion injury alleviation: from signaling
networks to targeted therapy. Mol Neurobiol.
2024;61(10):7930-49. doi: 10.1007/512035-024-04039-1.

Liu T, Li X, Zhou X, Chen W, Wen A, Liu M, et al. Pi3k/akt signaling
and neuroprotection in ischemic stroke: molecular mechanisms
and therapeutic perspectives. Neural Regener Res.
2025;20(10):2758-75.

He X, Li Y, Deng B, Lin A, Zhang G, Ma M, et al. The PI3K/AKT
signalling pathway in inflammation, cell death and glial scar
formation after traumatic spinal cord injury: mechanisms and
therapeutic opportunities. Cell Proliferation. 2022;55(9):e13275.
Aliyari M, Ghoflchi S, Hashemy SI, Hashemi SF, Reihani A,
Hosseini H. The PI3K/AKT pathway: a target for curcumin’s
therapeutic effects. ] Diabetes Metab Disord. 2025;24(1):52.

Lee DC, Choi H, Oh JM, Lee J, Lee J, Lee HY, et al. Urban particulate
matter regulates tight junction proteins by inducing oxidative
stress via the AKT signal pathway in human nasal epithelial cells.
Toxicol Lett. 2020;333:33-41. doi: 10.1016/j.toxlet.2020.07.017.
Zhao S, Chen F, Yin Q, Wang D, Han W, Zhang Y. Reactive oxygen
species interact with NLRP3 inflammasomes and are involved in
the inflammation of sepsis: from mechanism to treatment of
progression. Front Physiol. 2020;11:571810.

Rekha A, Afzal M, Babu MA, Menon SV, Nathiya D, Supriya S, et al.
Gsk-3p dysregulation in aging: implications for Tau pathology
and Alzheimer’s disease progression. Mol Cell Neurosci.
2025;133:104005. doi: 10.1016/j.mcn.2025.104005.

1]

[52]

[53]

[54]

[53]

[56]

[57]

[58]

[59]

[60]

(61

[62]

[63]

[64]

[65]

PI3K/Akt pathway and neuroinflammation in SAE = 11

Liu Q, Telezhkin V, Jiang W, Gu Y, Wang Y, Hong W, et al. Electric
field stimulation boosts neuronal differentiation of neural stem
cells for spinal cord injury treatment via pi3k/akt/gsk-3p/pB-
catenin activation. Cell Biosci. 2023;13(1):4.

Zhang Z, Wang L, Li F, Qian X, Hong Z, Wu L, et al. Therapeutic
effects of human umbilical cord mesenchymal stem cell on
sepsis-associated encephalopathy in mice by regulating pi3k/akt
pathway. ] Integr Neurosci. 2022;21(1):38. doi: 10.31083/j.
jin2101038.

Yang M, He Y, Xin Y, Jiang J, Tian M, Tan J, et al. Identification of
biomarkers and therapeutic targets related to sepsis-associated
encephalopathy in rats by quantitative proteomics. BMC
Genomics. 2023;24(1):4.

Lin SP, Zhu L, Shi H, Ye S, Li Q, Yin X, et al. Puerarin prevents
sepsis-associated encephalopathy by regulating the akt1 pathway
in microglia. Phytomedicine. 2023;121:155119. doi: 10.1016/j.
phymed.2023.155119.

Gu M, Mei XL, Zhao YN. Sepsis and cerebral dysfunction: BBB
damage, neuroinflammation, oxidative stress, apoptosis and
autophagy as key mediators and the potential therapeutic
approaches. Neurotox Res. 2021;39(2):489-503. doi: 10.1007/
512640-020-00270-5.

Yin L, Chen X, Ji H, Gao S. Dexmedetomidine protects against
sepsis-associated encephalopathy through HSP90/AKT signaling.
Mol Med Rep. 2019;20(5):4731-40. doi: 10.3892/mmr.2019.10718.
Kawakami M, Hattori M, Ohashi W, Fujimori T, Hattori K,
Takebe M, et al. Role of g protein-coupled receptor kinase 2 in
oxidative and nitrosative stress-related neurohistopathological
changes in a mouse model of sepsis-associated encephalopathy. ]
Neurochem. 2018;145(6):474-88. doi: 10.1111/jnc.14329.

Pan T, Sun S, Chen Y, Tian R, Chen E, Tan R, et al. Immune effects
of PI3K/AKT/HIF-1a-regulated glycolysis in polymorphonuclear
neutrophils during sepsis. Crit Care. 2022;26(1):29.

Wan P, Tan X, Xiang Y, Tong H, Yu M. PI3K/AKT and cd40l
signaling regulate platelet activation and endothelial cell damage
in sepsis. Inflammation. 2018;41(5):1815-24. doi: 10.1007/s10753-
018-0824-5.

Zhang L, Li B, Li W, Jiang J, Chen W, Yang H, et al. Mir-107
attenuates sepsis-induced myocardial injury by targeting pten
and activating the PI3K/AKT signaling pathway. Cell Tissues
Organs. 2023;212(6):523-34. doi: 10.1159/000525476.

Sun LJ, Qiao W, Xiao YJ, Cui L, Wang X, Ren WD. Naringin mitigates
myocardial strain and the inflammatory response in sepsis-
induced myocardial dysfunction through regulation of PI3K/AKT/
NF-kB pathway. Int Inmunopharmacol. 2019;75:105782. doi: 10.
1016/j.intimp.2019.105782.

Hassan D, Menges CW, Testa JR, Bellacosa A. AKT kinases as
therapeutic targets. ) Exp Clin Cancer Res. 2024;43(1):313.

Wang N, Wang M. Dexmedetomidine suppresses sevoflurane
anesthesia-induced neuroinflammation through activation of the
PI3K/AKT/mTOR pathway. BMC Anesthesiol. 2019;19(1):134.

Tang G, Yang H, Chen J, Shi M, Ge L, Ge X, et al. Metformin
ameliorates sepsis-induced brain injury by inhibiting apoptosis,
oxidative stress and neuroinflammation via the PI3K/AKT
signaling pathway. Oncotarget. 2017;8(58):97977-89.

Li L, Jiang W, Yu B, Liang H, Mao S, Hu X, et al. Quercetin improves
cerebral ischemia/reperfusion injury by promoting microglia/
macrophages m2 polarization via regulating PI3K/AKT/NF-kb
signaling pathway. Biomed Pharmacother. 2023;168:115653. doi:
10.1016/j.biopha.2023.115653.


https://doi.org/10.1002/jcp.27262
https://doi.org/10.1016/j.joca.2020.02.027
https://doi.org/10.1016/j.joca.2020.02.027
https://doi.org/10.1080/13813455.2020.1784952
https://doi.org/10.1007/s12035-024-04039-1
https://doi.org/10.1016/j.toxlet.2020.07.017
https://doi.org/10.1016/j.mcn.2025.104005
https://doi.org/10.31083/j.jin2101038
https://doi.org/10.31083/j.jin2101038
https://doi.org/10.1016/j.phymed.2023.155119
https://doi.org/10.1016/j.phymed.2023.155119
https://doi.org/10.1007/s12640-020-00270-5
https://doi.org/10.1007/s12640-020-00270-5
https://doi.org/10.3892/mmr.2019.10718
https://doi.org/10.1111/jnc.14329
https://doi.org/10.1007/s10753-018-0824-5
https://doi.org/10.1007/s10753-018-0824-5
https://doi.org/10.1159/000525476
https://doi.org/10.1016/j.intimp.2019.105782
https://doi.org/10.1016/j.intimp.2019.105782
https://doi.org/10.1016/j.biopha.2023.115653

12 — Yang Guo and Yonghao Yu

[66]

[67]

[68]

[69]

[70]

/1]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

Tian Y, Liu B, Li Y, Zhang Y, Shao J, Wu P, et al. Activation of rara
receptor attenuates neuroinflammation after sah via promoting
m1-to-m2 phenotypic polarization of microglia and regulating
MAFB/MSR1/PI3K-AKT/NF-kb pathway. Front Immunol.
2022;13:839796.

Li T, Liu T, Chen X, Li L, Feng M, Zhang Y, et al. Microglia induce
the transformation of a1/a2 reactive astrocytes via the CXCR7/
PI3K/AKT pathway in chronic post-surgical pain.

J Neuroinflammation. 2020;17(1):211.

Chu E, Mychasiuk R, Hibbs ML, Semple BD. Dysregulated
phosphoinositide 3-kinase signaling in microglia: shaping chronic
neuroinflammation. ] Neuroinflammation. 2021;18(1):276.

Yu 'Y, Shen Q, Lai Y, Park SY, Ou X, Lin D, et al. Anti-inflammatory
effects of curcumin in microglial cells. Front Pharmacol. 2018;9:386.
Liu B, Zhang Y, Yang Z, Liu M, Zhang C, Zhao Y, et al. Q-3 dpa
protected neurons from neuroinflammation by balancing
microglia m1/m2 polarizations through inhibiting Nf-kb/mapk
p38 signaling and activating neuron-BDNF-PI3K/AKT pathways.
Mar Drugs. 2021;19(11):587.

Saw G, Krishna K, Gupta N, Soong TW, Mallilankaraman K,
Sajikumar S, et al. Epigenetic regulation of microglial
phosphatidylinositol 3-kinase pathway involved in long-term
potentiation and synaptic plasticity in rats. Glia.
2020;68(3):656-69.

Lu R, Zhang L, Wang H, Li M, Feng W, Zheng X. Echinacoside
exerts antidepressant-like effects through enhancing BDNF-CREB
pathway and inhibiting neuroinflammation via regulating
microglia m1/m2 polarization and jak1/stat3 pathway. Front
Pharmacol. 2022;13:993483.

Ye ZY, Xing HY, Wang B, Liu M, Lv PY. DI-3-n-butylphthalide
protects the blood-brain barrier against ischemia/hypoxia injury
via upregulation of tight junction proteins. Chin Med J.
2019;132(11):1344-53.

Zhao X, Zeng H, Lei L, Tong X, Yang L, Yang Y, et al. Tight junctions
and their regulation by non-coding rnas. Int ] Biol Sci.
2021;17(3):712-27.

Chen J, Zhang X, Liu X, Zhang C, Shang W, Xue J, et al. Ginsenoside
rgl promotes cerebral angiogenesis via the PI3K/AKT/mTOR
signaling pathway in ischemic mice. Eur ] Pharmacol.
2019;856:172418. doi: 10.1016/j.ejphar.2019.172418.

Wang HJ, Ran HF, Yin Y, Xu XG, Jiang BX, Yu SQ, et al. Catalpol
improves impaired neurovascular unit in ischemic stroke rats via
enhancing VEGF-PI3K/AKT and VEGF-MEK1/2/ERK1/2 signaling.
Acta Pharmacol Sin. 2022;43(7):1670-85.

Nan W, He Y, Wang S, Zhang Y. Molecular mechanism of ve-
cadherin in regulating endothelial cell behaviour during
angiogenesis. Front Physiol. 2023;14:1234104.

Zhi M, Huang J, Jin X. Clinical value of serum neuron-specific
enolase in sepsis-associated encephalopathy: A systematic review
and meta-analysis. Syst Rev. 2024;13(1):191.

Gong Z, Lao D, Wu Y, Li T, Lv S, Mo X, et al. Inhibiting PI3K/AKT-
signaling pathway improves neurobehavior changes in anti-
nmdar encephalitis mice by ameliorating blood-brain barrier
disruption and neuronal damage. Cell Mol Neurobiol.
2023;43(7):3623-37.

Zhang Q, Yao M, Qi J, Song R, Wang L, Li}, et al. Puerarin inhibited
oxidative stress and alleviated cerebral ischemia-reperfusion
injury through PI3K/AKT/NRF2 signaling pathway. Front
Pharmacol. 2023;14:1134380.

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

DE GRUYTER

Fedder-Semmes KN, Appel B. The AKT-mTOR pathway drives
myelin sheath growth by regulating cap-dependent translation.
J Neurosci. 2021;41(41):8532-44.

Yoshii A, Constantine-Paton M. Postsynaptic localization of psd-95
is requlated by all three pathways downstream of trkb signaling.
Front Synaptic Neurosci. 2014;6:6.

Udoh UG, Bruno JR, Osborn PO, Pratt KG. Serotonin strengthens a
developing glutamatergic synapse through a pi3k-dependent
mechanism. ] Neurosci. 2024;44(6):e1260232023.

Gong GQ, Bilanges B, Allsop B, Masson GR, Roberton V, Askwith T,
et al. A small-molecule pi3ka activator for cardioprotection and
neuroregeneration. Nature. 2023;618(7963):159-68.

Wallroth A, Koch PA, Marat AL, Krause E, Haucke V. Protein kinase
n controls a lysosomal lipid switch to facilitate nutrient signalling
via mtorc1. Nat Cell Biol. 2019;21(9):1093-101. doi: 10.1038/s41556-
019-0377-3.

Wang L, Zhang L. Protein kinase N, reduces hydrogen peroxide-
induced damage and apoptosis in pc12 cells by antioxidative
stress and activation of the mtor pathway. Evid Based
Complement Alternat Med. 2022;2022:2483669.

Baffi TR, Lordén G, Wozniak JM, Feichtner A, Yeung W, Kornev AP,
et al. Mtorc2 controls the activity of PKC and AKT by phosphorylating
a conserved tor interaction motif. Sci Signal. 2021;14(678):eabe4509.
Gao Q, Hernandes MS. Sepsis-associated encephalopathy and
blood-brain barrier dysfunction. Inflammation. 2021;44(6):2143-50.
Bai Y, Li L, Dong B, Ma W, Chen H, Yu Y. Phosphorylation-
mediated pi3k-art signalling pathway as a therapeutic
mechanism in the hydrogen-induced alleviation of brain injury in
septic mice. | Cell Mol Med. 2022;26(22):5713-27.

Liu A, Zhu Y, Chen W, Merlino G, Yu Y. Pten dual lipid- and protein-
phosphatase function in tumor progression. Cancers (Basel).
2022;14(15):3666.

LiC, YuT, Li W, Gong L, ShiJ, Liu H, et al. Pink1 deficiency with Ca
(2+) changes in the hippocampus exacerbates septic
encephalopathy in mice. Chem Biol Interact. 2023;374:110413. doi:
10.1016/j.cbi.2023.110413.

Liu L, Zhang J, Han Y, Liu D. The mechanism of girdin in
degenerative brain disease caused by high glucose stimulation.
Front Endocrinol (Lausanne). 2022;13:892897.

Enomoto A, Ping J. Takahashi MGirdin, a novel actin-binding
protein, and its family of proteins possess versatile functions in
the akt and wnt signaling pathways. Ann N Y Acad Sci.
2006;1086:169-84. doi: 10.1196/annals.1377.016.

HuJT, Li Y, Yu B, Gao GJ, Zhou T, Li S. Girdin/giv is upregulated by
cyclic tension, propagates mechanical signal transduction, and is
required for the cellular proliferation and migration of mg-63
cells. Biochem Biophys Res Commun. 2015;464(2):493-9. doi: 10.
1016/j.bbrc.2015.06.165.

Cao M, Tan X, Jin W, Zheng H, Xu W, Rui Y, et al. Upregulation of
ras homolog enriched in the brain (rheb) in lipopolysaccharide-
induced neuroinflammation. Neurochem Int. 2013;62(4):406-17.
doi: 10.1016/j.neuint.2013.01.025.

Deng L, ChenL, Zhao L, Xu Y, Peng X, Wang X, et al. Ubiquitination
of rheb governs growth factor-induced mtorc1 activation. Cell
Res. 2019;29(2):136-50.

Jiang J, Zhang L, Zou J, Liu J, Yang J, Jiang Q, et al. Phosphorylated
s6k1 and 4e-bp1 play different roles in constitutively active rheb-
mediated retinal ganglion cell survival and axon regeneration
after optic nerve injury. Neural Regener Res. 2023;18(11):2526-34.


https://doi.org/10.1016/j.ejphar.2019.172418
https://doi.org/10.1038/s41556-019-0377-3
https://doi.org/10.1038/s41556-019-0377-3
https://doi.org/10.1016/j.cbi.2023.110413
https://doi.org/10.1196/annals.1377.016
https://doi.org/10.1016/j.bbrc.2015.06.165
https://doi.org/10.1016/j.bbrc.2015.06.165
https://doi.org/10.1016/j.neuint.2013.01.025

DE GRUYTER

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

Brenner CM, Choudhary M, McCormick MG, Cheung D,
Landesberg GP, Wang JF, et al. Bag3: nature’s quintessential
multi-functional protein functions as a ubiquitous intra-cellular
glue. Cells. 2023;12(6):937.

Ashare A, Nymon AB, Doerschug KC, Morrison JM, Monick MM,
Hunninghake GW. Insulin-like growth factor-1 improves survival
in sepsis via enhanced hepatic bacterial clearance. Am J Respir
Crit Care Med. 2008;178(2):149-57.

Xu L, Zhang W, Sun R, Liu J, Hong J, Li Q, et al. Igf-1 may
predict the severity and outcome of patients with sepsis and be
associated with microrna-1 level changes. Exp Ther Med.
2017;14(1):797-804.

Jin W. Regulation of BDNF-TRKB signaling and potential
therapeutic strategies for parkinson’s disease. ] Clin Med.
2020;9(1):257.

Hua Z, Gu X, Dong Y, Tan F, Liu Z, Thiele CJ, et al. PI3K and MAPK
pathways mediate the BDNF/TRKB-increased metastasis in
neuroblastoma. Tumour Biol. 2016;37(12):16227-36.

Hou D, Liao H, Hao S, Liu R, Huang H, Duan C. Curcumin
simultaneously improves mitochondrial dynamics and myocardial
cell bioenergy after sepsis via the sirtl-drp1/pgc-1a pathway.
Heliyon. 2024;10(7):e28501.

Owijfard M, Rahimian Z, Karimi F, Borhani-Haghighi A, Mallahzadeh A.
A comprehensive review on the neuroprotective potential of
resveratrol in ischemic stroke. Heliyon. 2024;10(14):e34121.

Sun P, Yang Y, Yang L, Qian Y, Liang M, Chen H, et al. Quercetin
protects blood-brain barrier integrity via the PI3K/AKT/ERK
signaling pathway in a mouse model of meningitis induced by
glaesserella parasuis. Biomolecules. 2024;14(6):696.

Zhang B, Wang Y, Li H, Xiong R, Zhao Z, Chu X, et al.
Neuroprotective effects of salidroside through PI3K/AKT pathway
activation in Alzheimer’s disease models. Drug Des Dev Ther.
2016;10:1335-43.

Sharma R, Mehan S, Khan Z, Das Gupta G, Narula AS. Therapeutic
potential of oleanolic acid in modulation of pi3k/akt/mtor/stat-3/
gsk-3p signaling pathways and neuroprotection against
methylmercury-induced neurodegeneration. Neurochem Int.
2024;180:105876. doi: 10.1016/j.neuint.2024.105876.

Ren ZX, Zhao YF, Cao T, Zhen XC. Dihydromyricetin protects
neurons in an mptp-induced model of Parkinson’s disease by
suppressing glycogen synthase kinase-3 beta activity. Acta
Pharmacol Sin. 2016;37(10):1315-24.

Xiao CL, Yin WC, Zhong YC, Luo JQ, Liu LL, Liu WY, et al. The role of
PI3K/AKT signalling pathway in spinal cord injury. Biomed

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[17]

[118]

[119]

[120]

PI3K/Akt pathway and neuroinflammation in SAE == 13

Pharmacother. 2022;156:113881. doi: 10.1016/j.biopha.2022.
113881.

Khezri MR, Jafari R, Yousefi K, Zolbanin NM. The PI3K/AKT
signaling pathway in cancer: molecular mechanisms and possible
therapeutic interventions. Exp Mol Pathol. 2022;127:104787. doi:
10.1016/j.yexmp.2022.104787.

HeY, Sun MM, Zhang GG, Yang J, Chen KS, Xu WW, et al. Targeting
PI3K/AKT signal transduction for cancer therapy. Signal Transduct
Target Ther. 2021;6(1):425.

Bird ST, Tian F, Flowers N, Przepiorka D, Wang R, Jung TH, et al.
Idelalisib for treatment of relapsed follicular lymphoma and
chronic lymphocytic leukemia: a comparison of treatment
outcomes in clinical trial participants vs medicare beneficiaries.
JAMA Oncol. 2020;6(2):248-54.

Blair HA. Duvelisib: first global approval. Drugs.
2018;78(17):1847-53. doi: 10.1007/s40265-018-1013-4.

Rusquec P, Blonz C, Frenel JS, Campone M. Targeting the PI3K/
AKT/mTOR pathway in estrogen-receptor positive her2 negative
advanced breast cancer. Ther Adv Med Oncol.
2020;12:1758835920940939.

Hedayati N, Safari MH, Milasi YE, Kahkesh S, Farahani N,
Khoshnazar SM, et al. Modulation of the PI3K/AKT signaling
pathway by resveratrol in cancer: molecular mechanisms and
therapeutic opportunity. Discover Oncol. 2025;16(1):669.

Bai Y, Mi W, Meng X, Dong B, Jiang Y, Lu Y, et al. Hydrogen
alleviated cognitive impairment and blood—brain barrier damage
in sepsis-associated encephalopathy by regulating abc efflux
transporters in a ppara-dependent manner. BMC Neurosci.
2023;24(1):37.

Chen JY. Research progress on the mechanisms of resveratrol in
the prevention and treatment of cerebral ischemia-reperfusion
injury. Adv Clin Med. 2024;14(3):228-33.

Wright B, King S, Suphioglu C. The importance of
phosphoinositide 3-kinase in neuroinflammation. Int ] Mol Sci.
2024;25(21):11638.

Fakhri S, Iranpanah A, Gravandi MM, Moradi SZ, Ranjbari M,
Majnooni MB, et al. Natural products attenuate PI3K/AKT/mTOR
signaling pathway: a promising strategy in regulating
neurodegeneration. Phytomedicine. 2021;91:153664. doi: 10.1016/
j.phymed.2021.153664.

Wiegman CH, Li F, Ryffel B, Togbe D, Chung KF. Oxidative stress in
ozone-induced chronic lung inflammation and emphysema: a
facet of chronic obstructive pulmonary disease. Front Immunol.
2020;11:1957.


https://doi.org/10.1016/j.neuint.2024.105876
https://doi.org/10.1016/j.biopha.2022.113881
https://doi.org/10.1016/j.biopha.2022.113881
https://doi.org/10.1016/j.yexmp.2022.104787
https://doi.org/10.1007/s40265-018-1013-4
https://doi.org/10.1016/j.phymed.2021.153664
https://doi.org/10.1016/j.phymed.2021.153664

	1 Introduction
	2 Sepsis-induced neuroinflammation
	3 PI3K/Akt pathway and its role in brain tissue
	4 PI3K/Akt pathway and neuroinflammation in SAE
	4.1 Regulation of inflammatory factors
	4.2 Regulation of microglia polarization
	4.3 Maintenance of BBB integrity
	4.4 Regulation of neuronal apoptosis
	4.5 Discovery of new molecules

	5 Therapeutic potential of PI3K/Akt pathway modulators
	6 Conclusion
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


