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Abstract

Diabetes mellitus (DM) and its complications continue to impose a substantial
burden on healthcare systems worldwide. Diabetic neuropathy (DN) is one of the
most common chronic microvascular and neurodegenerative complications of
DM. It is clinically characterized by allodynia, hyperalgesia, and abnormal or
absent nerve fiber sensation, which collectively contribute to poor quality of life,
sleep disturbances, depression, and increased mortality. Although several phar-
macological agents are available to alleviate DN-related symptoms, their limited
long-term efficacy and adverse side effects underscore the urgent need for novel
therapeutic approaches. This limitation may be attributed to an incomplete
understanding of the underlying mechanisms of DN. Accumulating evidence has
highlighted the contribution of glial cells including astrocytes, microglia, and
oligodendrocytes to the pathogenesis of DN. However, the specific role of astr-
ocytes remains insufficiently defined. Therefore, this review provides a compre-
hensive evaluation of current knowledge regarding astrocyte involvement in DN
mechanisms, with the goal of clarifying their contribution to disease progression
and identifying potential therapeutic targets.

Key Words: Glial activation; Astrocytes; Diabetic mellitus; Diabetic neuropathy; Neur-
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Core Tip: This paper critically reviews the role of astrocytes in the mechanism of diabetic neuropathy (DN). We discuss the
signaling pathways, protein kinases, receptors, and mediators that are involved in the pathophysiology of DN. We also
explore research that focuses on astrocyte activation as a potential treatment for DN.
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INTRODUCTION

Diabetes mellitus (DM) is a common metabolic disorder characterized by persistent hyperglycemia resulting from defects
in insulin secretion, insulin action, or both. Globally, more than 589 million adults were affected in 2025, with projections
rising to 853 million by 2050[1]. Chronic hyperglycemia contributes to both macrovascular and microvascular complic-
ations, of which diabetic neuropathy (DN) is one of the most common and disabling, affecting up to 50% of diabetic
individuals[2,3].

DN presents with symptoms such as numbness, allodynia, and hyperalgesia, leading to substantial impairment in
daily functioning and quality of life[4]. While neuronal injury has been the primary focus in DN research, growing
evidence suggests that astrocytes, key glial cells in the central nervous system (CNS), play a pivotal role in DN path-
ogenesis through mechanisms involving oxidative stress, inflammation, and disrupted neurovascular interactions|[5,6].
Current therapies primarily provide symptomatic relief and do not address the underlying glial-driven mechanisms of
DN[7]. This review highlights recent advances in understanding astrocyte involvement in DN and explores their
potential as therapeutic targets.

To compile relevant literature for this review, a comprehensive search was conducted using multiple scientific
databases, including PubMed, Scopus, Web of Science, ScienceDirect, and Google Scholar. The search covered public-
ations from 2000 to 2024, with a focus on recent developments. The search used different combinations of keywords and

voou

Boolean operators, such as “astrocytes”, “diabetic neuropathy”, “glial cells”, “neuroinflammation”, “reactive
astrogliosis”, “oxidative stress”, “blood-brain barrier”, “JAK/STAT3”, “CX36”, and “neuropathic pain”. Titles and
abstracts were screened for relevance, and full-text articles were retrieved for detailed evaluation. We focused on original
studies that were reviewed by experts, systematic reviews, and important experimental research using animal models or
human subjects related to how astrocytes are involved in DN. Reference lists of included articles were also manually

screened to identify additional relevant sources.

INTRODUCTION OF DN

Neuropathic pain is caused by abnormal neuronal responses along the pain pathway and serves under pathological pain.
It is often cardinally characterized by lancinating sensation or burning pain, as well as abnormal sensory symptoms such
as allodynia and hyperalgesia[8]. Allodynia, which refers to pain caused by a normally non-noxious stimulation, and
hyperalgesia, which is an enhanced sensitivity to pain from a typically painful stimulus, are notable symptoms observed
in individuals suffering from neuropathic pain[5].

DN is a neuropathic pain syndrome that affects individuals with diabetes, leading to various complications, ultimately
lowering their quality of life. The primary factor contributing to the pathophysiology of DN is hyperglycemia, which
contributes to inflammation and neurotoxicity[9]. In addition, hyperglycemia in patients with diabetes reportedly
activates astrocytes and microglia, leading to the release of reactive oxygen species (ROS) that serve as hallmarks of
inflammation[10]. DN refers to the painful sensation resulting from injury to the peripheral somatosensory system due to
diabetes[4]. DN is not a rare condition but a significant health issue that affects a substantial portion of diabetic
individuals, hence it is important to note the variability in DN incidence among individuals with diabetes. Data show that
one-third of them experience DN[2,3], whereas the incidence of DN among all individuals with DM ranges from 10% to
50%. It is estimated that 50% of the patients develop evidence of nerve damage after over 25 years of having DM[9]. A
recent survey conducted by Viatris, an American multinational pharmaceutical and healthcare firm, revealed that 68% of
patients in Malaysia who have DN were aware of the link between pain sensations and diabetes before being diagnosed.
Unfortunately, no recommended medication is approved worldwide that specifically blocks the pathological processes
leading to excruciating DN[7]. This high prevalence underscores the urgent need for effective treatments. Much of the
research on DN pathogenesis has focused on the role of neurons and Schwann cells. However, there is growing
recognition on the function of glial cells, especially astrocytes, as active players in neuropathic pain and neurodegen-
eration. Thus, this review critically analyzes the role of astrocytes in DN.

Glial cells, which include astrocytes, microglia, and oligodendrocytes, are non-neuronal cells that play essential roles in
maintaining homeostasis, supporting neuronal function, and regulating immune responses in the CNS[11]. Morpholo-
gically, these cells significantly differ: Astrocytes exhibit a star-shaped architecture with numerous processes, microglia
possess small, and motile cell bodies with ramified branches; whereas oligodendrocytes display a compact morphology
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tailored for myelin production[12]. Functionally, glial cells contribute to synaptic modulation, metabolic support, blood-
brain barrier (BBB) integrity, and clearance of cellular debris. In recent years, accumulating evidence has emphasized the
active involvement of glial cells in the pathogenesis of neurodegenerative disorders, including DN, through mechanisms
such as oxidative stress, neuroinflammation, and glial reactivity[13]. This broader understanding underscores the
importance of examining glial cell-specific responses, particularly those of astrocytes, in the context of DN.

ASTROCYTES: BIOLOGY AND FUNCTION

Astrocytes are found exclusively in the CNS. They are derived from neural tube progenitor cells like other macroglia such
as oligodendrocytes and ependymal cells. Similar to oligodendrocytes and ependymal cells, astrocytes originate during
early development through the influence of specific signaling pathways, including neurogenic locus notch homolog
(Notch), bone morphogenetic protein, and sonic hedgehog. These pathways guide precursor cell migration and differen-
tiation across specific CNS regions[14]. The macroglia group of glial cells, which includes astrocytes, is distinct from the
smaller microglia. Astrocytes are the largest glial cells in CNS. They comprise more than half of the glial population and
are the most varied in terms of both shape and function. They exhibit extensive functional diversity and region-specific
specialization, now recognized as a form of glial plasticity. Emerging data underscore that astrocyte heterogeneity may
contribute to region-specific vulnerability in neurodegenerative conditions, including DN[15,16]. The term "astrocyte" is
derived from the Greek words "astro" (meaning star) and "cyte" (meaning cell), related to its structure like star shape[17].

The main characteristic of astrocytes is their branching processes that emanate from the cell body. These processes
terminate in specialized end-feet, known as the "astrocyte end-foot", which interact with capillaries, neurons, and the
extracellular matrix create cell-to-cell signaling[18]. The nucleus of the astrocytes is big, ovoid or spherical, and faintly
stained. Conventional stains make it impossible to view the processes under a microscope, while gold or silver stains
make them easily visible. Glial fibrillary acidic protein (GFAP) remains a classic marker for astrocyte identification,
although recent studies advocate combining GFAP with markers like aldehyde dehydrogenase 1 family member L1 or
S100 calcium (Ca?")-binding protein beta to distinguish astrocyte subtypes more accurately[6].

There are two astrocyte subtypes, known as protoplasmic, found in gray matter surrounding neurons and the fibrous,
located between axons in the white matter. Under a standard microscope, protoplasmic astrocytes have a distinctive star-
like appearance due to their numerous short processes with numerous branches reaching in all directions. Numerous
organelles visible under an electron microscope suggest that protoplasmic astrocytes have high metabolic rates and are
always activated. Compared to protoplasmic astrocytes, fibrous astrocytes have fewer, longer, and less branching
processes. Additionally, under an electron microscope, they have less organelles[19].

Astrocytes not only provide structural and metabolic support but also serve as active participants in CNS signaling.
Notably, astrocytes exhibit plasticity, altering morphology, protein expression, and function in response to injury, inflam-
mation, or metabolic stress. In the diabetic CNS, astrocytic plasticity can be maladaptive, contributing to neuroinflam-
mation and neuropathic pain[10].

Physiological functions of astrocytes

BBB disruption in diabetes: Traditionally, astrocytes have been recognized for their role in forming and maintaining the
BBB through their perivascular end-feet, which encase CNS capillaries and support the endothelial tight junctions
essential for selective permeability[10]. However, in the context of diabetes, chronic hyperglycemia and metabolic dysreg-
ulation severely compromise BBB integrity, transforming astrocytes from protectors into facilitators of neuropathological
processes. Diabetes-induced BBB disruption is now attributed to several interlinked mechanisms. Elevated glucose levels
promote the accumulation of advanced glycation end products (AGEs), which bind to their receptors on endothelial and
glial cells, triggering oxidative stress and inflammatory signaling cascades. These changes degrade tight junction proteins
such as occludin and claudin-5, increasing BBB permeability[10].

Additionally, insulin resistance impairs the regulatory functions of astrocytes, disrupting their ability to buffer ions
and support endothelial health. Studies show that insulin signaling in astrocytes modulates aquaporin-4 and glucose
transporter 1 expression, essential for fluid and glucose homeostasis at the BBB. In diabetic models, astrocytic dysfunction
results in perivascular edema, heightened leukocyte infiltration, and increased expression of proinflammatory cytokines
like interleukin 6 (IL-6) and tumor necrosis factor alpha (TNF-a)[6]. Astrocyte end-foot detachment from capillary walls, a
hallmark of BBB breakdown, has been observed in streptozotocin-induced diabetic rats, correlating with increased GFAP
expression and neuroinflammation[20]. These pathological changes not only compromise barrier selectivity but also
facilitate the entry of peripheral immune mediators, exacerbating neuronal damage in DN. This shift from a purely
anatomical function to a pathological role underscores the need to consider BBB disruption as a dynamic and central
feature in the progression of diabetic CNS complications.

Nutrient supplementation: It is well known that because neurons and glial cells have a high metabolic rate, therefore the
nervous tissue needs a constant supply of nutrients. Astrocytes are the first to interact with blood macromolecules
through their participation in the BBB. An astrocyte acts as a mediator, delivering metabolites and other substances to all
other cells based on the requirements of neighboring cells. For instance, an astrocyte initially absorbs blood-derived
cholesterol, which is subsequently transferred to neighboring oligodendrocytes for the purpose of myelination. At the
same time, the membrane of astrocytes has gates and ion pumps[21]. This is because of their function in extracellularly
preserving the required ion concentrations. The development of an ion gradient that is utilized for neuron action
potentials depends on this. Astrocytes oversee and maintaining the appropriate level of extracellular potassium (K*).
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Additionally, astrocytes prevent neuronal injury by directing harmful byproducts away from the nervous tissue and via
the BBB[22].

Promote synapse formation: Astrocytes also involve helping neurons communicate with one another at every stage of
the development of the CNS. Through signaling, astrocyte processes direct growing axons to the synapse site. The same
method of action is responsible for astrocyte function in axon repair and reconnection following damage, as well as their
part in neuronal plasticity in the adult CNS. Astrocyte not only contributes to the synapse's formation but also helps it
function by recycling and absorbing neurotransmitters, controlling the metabolism of pre- and post-synapse cells, and
utilizing signaling factors to either upregulate or downregulate the synapse[23].

Regulating cerebral blood flow: Implications for pancreatic metabolic homeostasis: An astrocyte can sense the
metabolic rate of neighboring neuronal cells and employ endothelial factors, changes in Ca*" concentrations, and other
substances called gliotransmitters to instruct blood vessels to dilate or constrict. To achieve optimal efficiency, the blood
flow in various brain regions is controlled based on which regions are more active at any given time. A single cell initiates
the process, but it is intensified by specialized gap junctions between astrocytes that enable them to all activate simultan-
eously and send synchronized signals to neighboring cells[24]. This timed activation is a type of functional syncytium
that speeds up all the astrocytes' functions to being crucial for controlling blood flow in the CNS. According to recent
studies, astrocytes actively communicate with neurons and emit gliotransmitters, which are signaling molecules that
modify relationships between neurons and between neurones and glial cells. Research is ongoing to determine the full
degree of astrocyte influence on neuronal function and nervous tissue organization. For example, it is believed that the
processes of a single astrocyte interact with millions of synapses, demonstrating the astounding complexity of astrocytes

[6].

Protect the neuron during injury and toxicity: Astrocytes are crucial to the reaction that the nervous system produces in
the event of injury or toxicity. Reactive astrocytes, which are more active, are created when astrocytes are triggered. This
causes inflammation, increases BBB permeability, and releases neurotoxic chemicals that destroy damaged neurons.
Astrocytic scars are produced by astrocytes in response to a lesion in the brain or spinal cord. Particularly in cases of
acute ischemic injury, a flat, peripherally positioned nucleus gives the impression of inflated astrocytes. These cells are
known as gemistocytes. Astrocytes interact with microglia and display similar activation patterns in the case of a
pathogen invasion in the CNS. They mediate reactions and coordinate nerve tissue regeneration once the threat has been
neutralized[25].

In summary, the physiology function of astrocytes is to facilitate neuronal communication, maintain homeostasis in
neural tissue, and fortify the boundaries governing the interaction between the body and the CNS. Astrocytes are
essential for communicating between neurons, preserving homeostasis within neural tissue, and strengthening the
barriers that control how the CNS interacts with the body[16] (Figure 1).

PATHOPHYSIOLOGY OF DN

Hyperglycemia is a primary pathophysiological factor in the development of DN. Hyperglycemia can activate some
major pathways like polyol pathway[26], AGE[27], mitogen-activated protein kinase (MAPK)[28] and poly-ADP ribose
polymerase[29]. The combined impact of these cascades produces intense oxidative stress, cytokine release and neuroin-
flammation[30]. Studies have demonstrated that hyperglycemia in diabetes has activated glial cells (microglia and
astrocytes) and released ROS that cause neurotoxicity, stimulated the release of proinflammatory cytokines and
chemokines such as IL-1p, IL-6, TNF-a, prostaglandin E2, and nitric oxide (NO)[31,32], which exacerbates neuronal
damage and neuropathic pain. Nerve is made up of a cluster of nerve fibers, each of which contains many neurons.
Axons are the elongated portions of the neuron that transmit signals. Schwann cells, the supporting glial cells of the
peripheral nervous system, generate a myelin sheath by wrapping around axons to form a thick insulating layer that
speeds up nerve signal transmission. The degeneration and apoptosis of Schwann cell are prominent features of the onset
and progression of DN[33]. As previously demonstrated in animal models and human patients, significant neuron
damage, as defined by a decrease in nerve fiber density, was detected in DN sciatic nerve tissues[34,35].

Roles of astrocytes in the mechanism of DN

Prolong hyperglycemia in patients with diabetes reportedly activates astrocytes and microglia, leading to the release of
ROS that serves as hallmarks of inflammation[10]. A study has showed that hyperglycemia can induce astrocytic
activation via NF-xB signaling, promoting neuroinflammation and contributing to DN progression[36]. It has been
demonstrated that after this inflammation, astrocytes experience changes in their morphology and behavior, including
translation and transcription, to become reactive astrocytes. The process involves phosphorylation of signaling molecules
and an increase in intracellular Ca?*" flux that can completed in a minute. Certain activation stages require extended
periods to complete, taking tens of minutes for translational regulation and several hours for transcriptional regulation. It
may take tens of hours or even days for prolonged activation states, recognized as a reactive astrogliosis, to be manifest,
that crucial for maintaining neuropathic pain. Cellular hypertrophy, hyperplasia, increased GFAP expression and prolif-
eration, and in extreme cases, scar formation are the hallmarks of reactive astrogliosis, which is a finely graded
continuum of progressive cellular and molecular changes in relation to the severity of injury[37].
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Figure 1 Functional dichotomy of glial phenotypes and signaling cascades in diabetic neuropathy. The left panel shows pro-inflammatory
astrocytes, which become reactive in response to diabetic stressors. Activation is mediated by pathways such as Janus kinase/signal transducer and activator of
transcription 3 (JAK/STATS3), nuclear factor kappa B (NF-kB), Toll-like receptor 4 (TLR4), and sphingosine-1-phosphate receptor 1 (S1PR1), leading to the release of
cytokines [e.g., interleukin 1 beta (IL-1p), tumor necrosis factor alpha (TNF-a), interleukin 6 (IL-6)], chemokines [e.g., C-C motif chemokine ligand 2 (CCL2)], and
neurotoxic factors that promote central sensitization and neuropathic pain. The right panel illustrates neuroprotective astrocytes, driven by signaling through nuclear
factor erythroid 2-related factor 2 (Nrf2), transforming growth factor beta (TGF-B)/SMAD, and tyrosine receptor kinase B (TrkB.T1), which enhance the release of
neurotrophic factors [e.g., brain-derived neurotrophic factor (BDNF), glial cell line-derived neurotrophic factor (GDNF)] and antioxidants. These cells contribute to
synaptic maintenance, neuronal survival, and the resolution of inflammation.

Besides inflammatory signaling cascade, studies have demonstrated that oxidative stress in diabetic conditions induces
astrocyte apoptosis primarily through the intrinsic mitochondrial pathway, whereby mitochondrial dysfunction and
sirtuin 1 downregulation led to increased p53 acetylation, impairing astrocytic support and contributing to sensory
neuron degeneration[38,39]. These findings confirm that astrocytes not only initiate inflammatory signaling cascades but
also undergo programmed cell death in the diabetic milieu, both of which synergistically aggravate DN.

Astrogliosis and the mechanism of DN: After astrocytes became reactive astrogliosis, its lose their ability to maintain the
homeostatic concentrations of extracellular K* and glutamate, leading to neuronal hyperexcitability[40]. This occurred
through releasing many chemokines from astrocytes, which act as neuromodulators and potentiate excitatory synaptic
transmission in the spinal cord pain circuitry[41]. Astrocytes can also signal directly to neurons through physically
coupled networks mediated by gap junctions to facilitate intercellular transmission. Gap junction communication is
mediated by connexin 43 (Cx43), the predominant Cx expressed in astrocytes. DN induces the persistent upregulation of
Cx43 in astrocytes and switches the function of Cx43 from gap junction communication to paracrine modulation[41]. This
paracrine regulation leads to the increased release of glutamate, ATP, and chemokines through a paracrine mechanism
[42]. Furthermore, DN upregulates C-X-C motif chemokine ligand 13 (CXCL13) in spinal cord neurons, which can
activate astrocytes via C-C chemokine receptor type 5 (CCR5) to maintain neuropathic pain[43]. Thus, chemokines
facilitate neuropathic pain via bi-directional neuron-astrocyte interactions.

DN also induces spinal cord and cortical astrocytes to upregulate thrombospondin-4, which promotes neuropathic
pain through the formation of new synapses and rewiring of somatosensory cortical circuits[44]. Notably, a single human
astrocyte may contact more than 1 million synapses, and such complexity points to a more important role of astrocytes in
humans that bears further investigation. Compared to microglial activation, astrocyte activation in chronic pain con-
ditions is more persistent, indicating their contribution to the chronicity of pain[45].

Astrocytes and signaling pathways involved in DN: Proinflammatory cytokines, including IL-18, TNF-o0, and IL-6 as
well as gene transcription factors like signal transducer and activator of transcription 3 (STAT3) are examples of chemical
signals that regulate astrocyte activity[46]. Astrocyte activation in DN is orchestrated by a complex interplay of cytokines,
transcription factors, and signaling cascades. The key regulatory pathways include Janus kinase (JAK)/STAT3, Notch-
Oligodendrocyte transcription factor 2 (Olig2), sphingosine-1-phosphate receptor 1 (S1PR1), transforming growth factor
beta (TGF-B)/SMAD, Ras-related C3 botulinum toxin substrate 1-G1 to S phase transition 1 (GSPT1), and c-Jun N-
terminal kinase (JNK) signaling pathway. These networks modulate astrocytic phenotypic transformation, promoting
neuroinflammation and synaptic remodeling that underlie neuropathic pain.

In 2011, Tsuda et al[47], showed that the JAK/STAT3 signaling pathway regulates astrocyte proliferation in neu-
ropathic pain. Astrocyte proliferation was inhibited during astrocyte restriction and STAT3 activation when the JAK
inhibitors AG490 and JAK inhibitor I were administered into the spine of the spinal nerve injury (SNI) rat model. In 2021,
Liu et al[48] showed that the microRNA 135-5p (miR-135-5p) mimics intervention not only significantly reduced the
activation levels of JAK2 and STATS3, but also decreased the expression of GFAP, IL-1f, and TNF-a in the bone cancer
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pain rat model. Furthermore, histological staining showed that miR-135-5p can directly suppress the activity of JAK2 and
its associated upstream and downstream molecules in astrocytes. Functional in vitro studies further confirmed that miR-
135-5p may inhibit the JAK2/STAT3 signaling pathway in a rat model of bone cancer pain[48]. These findings show that
by regulating the JAK-STAT3 signaling pathway, astrocyte activation plays a significant role in the development and
course of neuropathic pain.

Olig2 is a crucial transcription factor for astrocyte proliferation and development. In 2008, Chen et al[49] discovered
that reactive astrocyte proliferation decreased when Olig2 was ablated, indicating that Olig?2 is essential for reactive
astrocyte proliferation. Whereas Notch molecules may help reactive astrocytes proliferate and become functionally
specialized by controlling the nuclear cytoplasmic translocation of Olig?2, as evidenced by a BrdU labeling experiment[50].
Proliferative reactive astrocytes were significantly reduced in mice with selective Notch 1 knockout in GFAP-positive
reactive astrocytes[51]. By suppressing the mRNA expression of Olig2, a marker of astrocyte activation, the mechanical
and thermal hyperalgesia brought on by chronic constriction injury (CCI) in the rat model was successfully reduced[52].
The results indicate that astrocyte activation and the development of neuropathic pain are significantly influenced by the
Notch/Olig2 signaling pathway.

In 2019, Chen et al[53] discovered that sphingosine-1-phosphate, which is generated in the spinal dorsal horn of CCI
and SNI rat model, causes neuropathic pain by specifically activating SIPR1 present in astrocytes. The neuropathic pain
symptoms in CCI and SNI rat models were attenuated after treatment with astrocyte-specific SIPR1 knockout and IL-10,
is a cellular factor responsible for neuroprotection and combating inflammatory infections[53]. It is believed that the
primary cellular substrates for SIPR1 activity are astrocytes. Therefore, astrocytes have been important for the mechanism
of neuropathic pain through S1PR1, and this signaling pathway may be a novel therapeutic target for neuropathic pain.

TGEF-B is one of the growth factors involved in body processes such as regulating growth, illness, and wound healing.
Following CNS injury, TGF-B is rapidly activated, triggering activation of the SMAD family of transcription factors in
astrocytes[46]. In 2010, Ranaivo et al[54] successfully activated the SMAD pathway downstream of the TGF-B receptor.
The knockdown of repulsive guidance molecule a (RGMa) has been shown to eliminate TGF-p1-induced astrocyte prolif-
eration and activation[54]. It has also been demonstrated that RGMa can enhance TGF-p1/SMAD2/3 signal transduction
by simultaneously binding to SMAD2/3 and activin receptor-like kinase 5, thereby forming a composite complex[55].
These findings suggest that the TGF/SMAD signaling pathway could serve as a key target for modulating astrocyte acti-
vation and holds potential for the development of neuropathic pain therapies.

As a member of the Ras homolog gene family, the small GTP-binding protein RhoA is abundantly expressed in
astrocytes, and through its downstream effector Rho-associated kinase (ROCK), regulates myosin and actin dynamics to
control cytoskeletal organization[56]. Following injury, the expression of RhoA and Rac family small GTPase 1 (Racl) in
the glial scar region is markedly upregulated[57]. Experimental evidence indicates that activation of the RhoA/ROCK
pathway, along with its upstream and downstream effectors, contributes to both the initiation and maintenance of
neuropathic pain[58]. Inhibition of ROCK induces rapid and reversible astral realignment in cultured astrocytes and
enhances their migratory capacity. In one study, Racl knockdown or knockout astrocytes exhibited significantly delayed
cell cycle progression, reduced migration, and decreased expression of GSPT1. Moreover, these cells showed diminished
GSPT1 expression and responsiveness to lipopolysaccharide stimulation, suggesting that GSPT1 functions as a
downstream target of Rac1[59]. Therefore, the Rac1-GSPT1 axis, represents a novel signaling pathway involved in
astrocyte activation after CNS injury. However, the direct role of GSPT1 in mediating neuropathic pain remains to be
elucidated.

Recent studies have expanded this paradigm. A study demonstrated that mitochondrial dysfunction and altered
fission/fusion dynamics in reactive astrocytes can contribute to redox imbalance and bioenergetic failure in diabetic
models, ultimately exacerbating neuronal injury and pain signaling. Mitochondrial fission factor and dynamin-related
protein 1 were identified as upstream regulators of astrocytic stress responses, highlighting the metabolic vulnerability of
glia in DN[60]. Furthermore, a recent study revealed that glial-derived exosomes are active mediators of neuron-glia
communication in diabetes. These exosomes, enriched with proinflammatory miRNAs and metabolic enzymes, promote
neuronal hyperexcitability and sustain neuropathic pain circuits. Inhibition of exosome release from astrocytes reduced
mechanical allodynia and decreased spinal cord levels of IL-6 and C-C motif chemokine ligand 2 (CCL2), underscoring
the importance of extracellular vesicle-mediated signaling in DN pathophysiology[61]. Together, these pathways and
mechanisms underscore the multifaceted contribution of astrocytes to DN, bridging intracellular signaling with
intercellular communication and metabolic homeostasis. Targeting these signaling axes offers promising therapeutic
avenues to mitigate glial-driven neuroinflammation and neuronal sensitization in DN. Figure 2 illustrates the specific
molecular and signaling mechanisms of astrocytes involved in the pathogenesis and progression of DN.

Astrocytes and intracellular kinases, receptors, and proinflammatory cytokines in DN: Apart from the signaling
pathway, astrocytes also exhibit pathological changes and contribute to DN through intracellular kinases, channels,
receptors, and transcription factors. The regulation of diabetic neuropathic pain is strongly influenced by the MAPK
family, which comprises p38, extracellular signal-regulated kinase (ERK), and JNKJ[62]. Notably, phosphorylated ERK
levels have been found to increase in spinal astrocytes during the late phase of pain induced by complete Freund’s
adjuvant[63]. A study reported that the mitogen-activated ERK kinase inhibitor U0126 suppresses astrocyte activation
and reduces the production of proinflammatory cytokines, including IL-1p and IL-6[64].

Toll-like receptor 4 (TLR4) is abundantly expressed in astrocytes. The presence of TLRs enables astrocytes to release
inflammatory mediators closely associated with neuropathic pain, including IL-6, monocyte chemoattractant protein-1
(MCP-1), and NOJ[65]. Experimental studies in TLR2 knockout mice have demonstrated that TLR2 expression is critical
for the development of neuropathic pain. Collectively, these findings indicate that both TLR2 and TLR4 contribute to the
initiation, progression, and maintenance of pain following nerve injury[66].
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Figure 2 Specific molecular and signaling mechanisms of astrocytes involved in the pathogenesis and progression of diabetic
neuropathy. Under diabetic conditions, hyperglycemia activates astrocytes leading to increased reactive oxygen species (ROS) and nuclear factor kappa B (NF-kB)
signaling. This cascade triggers the release of inflammatory cytokines, calcium influx, and mitogen-activated protein kinase (MAPK) activation, culminating in
neuroinflammation and astrogliosis. The accumulation of advanced glycation end products (AGEs) and pro-inflammatory cytokines such as interleukin 1 beta (IL-1p)
exacerbate peripheral nerve damage, creating a feedback loop that perpetuates astrocyte reactivity and neuronal dysfunction.

In addition to TLRs, tyrosine receptor kinase B (TrkB) in its truncated isomeric form has also been linked to the pat-
hophysiology of neuropathic pain[67]. Alternative splicing of TrkB results in the TrkB.T1 isomeric form Trkb.t1, the sole
isoform expressed in astrocytes[68]. Trkb.t1 is expressed in several experimental models of pain[69]. The neuropathic
pain model system showed relief from heat hyperalgesia and aberrant pain perception in Trkb.t1-specific knockout mice
[70].

IL-1p is a well-known cytokine that causes inflammation. After peripheral nerve injuries, astrocytes in the spinal cord
have been shown to have increased IL-1B. There is growing evidence that IL-1B plays a role in sensitivity to pain[71]. The
administration of IL-1B receptor antagonists intrathecally reduces neuropathic and inflammatory pain. Moreover, mice
lacking the IL-1p type I receptor, or those administered an IL-1B antagonist, exhibited a marked reduction in neuropathic
pain. Conversely, intrathecal injection of IL-1B induced pronounced pain hypersensitivity[72].

MCP-1, also recognized as CCL2, is mostly produced by astrocytes. It has also been discovered that peripheral nerve
injury causes a notable rise in JNK-dependent CCL2 in spinal astrocytes, which directly modulates spinal neurons to
cause neuropathic pain. a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid and N-methyl D-aspartate (NMDA)-
induced spinal dorsal horn neuron inward currents can be quickly increased by CCL2. This suggests increased synaptic
glutamate transmission, which is significantly linked to a considerable decrease in nociceptive feeling and an increase in
central sensitization[62]. To further assist the development of pain, CCL2 may also promote the differentiation and
division of the spinal microglia[73].

Proteases that are expressed in astrocytes, including tissue-type plasminogen activators and matrix metalloproteinases
(MMPs), have been shown to be important in the development of astrocyte-driven neuropathic pain[62]. The deve-
lopment of neuropathic pain at various stages following nerve damage has been linked to distinct MMPs. MMP-2
contributes to the maintenance of neuropathic pain in its later stages by promoting IL-1p cleavage and astrocyte acti-
vation, whereas MMP-9 drives the early development of neuropathic pain by mediating initial IL-1p cleavage and
microglial activation[74].

A rat model of the spinal nerve ligation has recently shown a strong correlation between astrocyte activation and brain-
derived neurotrophic factor (BDNF), which binds to TrkB. Several experimental studies have shown that the BDNF
inhibitor ANA-12 can suppress astrocyte activation in the dorsal horn of the spinal cord, thereby reducing or even
preventing the development of mechanical nociceptive hypersensitivity. Astrocyte activation has been associated with
increased levels of proinflammatory cytokines and BDNF[75]. Fluorocitrate also reportedly reverses mechanical pain
hypersensitivity by inhibiting astrocyte activation and subsequently reducing BDNF levels. These effects are mediated by
the binding of BDNF to TrkB.T1, the sole TrkB receptor subtype expressed on astrocytes[76]. Furthermore, astrocyte-
derived BDNF has been found to enhance NMDA receptor expression in excitatory neurons and diminish inhibitory
neuronal activity by inducing depolarizing shifts in the gamma aminobutyric acid (GABA) reversal potential and
reducing presynaptic GABA conductance. Collectively, these actions increase synaptic activity in excitatory neurons,
thereby facilitating the onset and progression of neuropathic pain[77].

(1) CX36 expression in neurovascular units: Additionally, astrocytes create a network of gap junctions. Among other
connexins, the primary structural elements of gap junctions include Cx26, Cx29, Cx30, Cx32, and Cx36. Astrocytes are the
only cells that express Cx30 and Cx43[78]. In addition to controlling gap junction function, astrocyte connexins function
as semi-channels that allow chemicals like ATP to be transferred and released from inside to outside of cells[79]. This
regulates synaptic transmission and, by directly interacting with damaged neurons, causes pain[80]. Although CX43 is
the dominant astrocytic connexin, recent studies have uncovered functionally relevant expression of CX36 in astrocytes,
particularly within the neurovascular unit during metabolic stress. In diabetic conditions, hyperglycemia and oxidative
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Figure 3 Connexin 36 oligomerization and astrocyte-neuron coupling in diabetic neuropathy. Under physiological conditions, connexin 36 (CX36)
forms hexameric hemichannels that align to create gap junctions, enabling synchronized glial-neuronal signaling. Diabetic stressors alter CX36 expression and
function, leading to disrupted intercellular communication and central sensitization. EL: Extracellular loop; ROS: Reactive oxygen species; TM: Transmembrane
domain.

stress upregulate proinflammatory mediators such as IL-1B and TNF-a, which modulate connexin expression. CX36
expression is altered in diabetic spinal cord tissues, with disrupted localization and reduced coupling efficiency.
Moreover, inflammatory signals may impair connexin turnover or phosphorylation, altering their trafficking and
assembly. Studies suggest that impaired CX36-mediated gap junctions under hyperglycemic stress diminish homeostatic
glial support and contribute to maladaptive network activity in DN. (2) Functional consequences for glial-neuronal
coupling: CX36 forms hexameric connexons that dock with counterparts on adjacent cells to form intercellular channels,
enabling astrocytes to propagate calcium waves, buffer extracellular potassium, and release ATP and glutamate. In
healthy tissue, this synchronization ensures neural-glial metabolic coordination. However, in DN, impaired CX36
function leads to desynchronized glial activity, glutamate excitotoxicity, and increased neuronal hyperexcitability, which
are hallmarks of central sensitization.

Experimental models have shown that CX36 dysfunction results in elevated ATP and glutamate release, which activate
purinergic and NMDA receptors on dorsal horn neurons, amplifying nociceptive signaling. Additionally, CX36-mediated
coupling regulates the astrocytic response to mechanical and inflammatory stimuli. Disruption of this network due to
altered phosphorylation (e.g., by calcium/calmodulin-dependent protein kinase II or protein kinase A) or oxidative
modification reduces junctional conductance and impairs glial buffering capacity[81].

In diabetic states, the resulting glial uncoupling and ion dysregulation not only potentiate pain signaling but also
compromise BBB stability and increase cytokine leakage, further exacerbating neuroinflammation. Together, these
findings underscore the pathological role of CX36 dysregulation in DN and highlight it as a potential therapeutic target

Figure 3).

( Ibn suanary, the following three activation states are generally thought to be how astrocytes involves to regulate DN:
(1) Alterations in glial signaling pathways, including alterations in the expression of transcription factors and the
phosphorylation level of MAPK; (2) Alterations in receptor and channel protein expression, including the downregu-
lation of glutamate transporters and the upregulation of gap junction proteins and inflammatory factor receptors; and (3)
Ongoing production and release of various glia-derived factors, including cytokines, chemokines, and proteinases.

THERAPEUTIC TARGETING OF ASTROCYTES IN DN

Astrocytes are increasingly recognized as critical players in the pathogenesis of DN, prompting interest in targeting these
glial cells for therapeutic intervention. Pharmacological agents such as minocycline and fluocinolone have been shown to
modulate astrocytic activity by attenuating neuroinflammation and glial reactivity, thereby offering potential neuropro-
tective benefits in DN models[82,83]. In parallel, natural compounds like curcumin and resveratrol exhibit astroprotective
properties, largely attributed to their antioxidant and anti-inflammatory effects, possibly through the activation of the
nuclear factor erythroid 2-related factor 2 (Nrf2) pathway and inhibition of NF-xB signaling[84,85]. These pathways,
including JAK/STAT, NF-xB, and Nrf2, have emerged as central regulators of astrocyte function and are key therapeutic
targets in the context of DN[47]. Beyond small molecules, experimental gene therapy and RNA-based approaches, such as
small interfering RNA and antisense oligonucleotides are being investigated to modulate astrocyte-specific gene
expression and functional responses[86]. However, current therapies face limitations, including poor astrocyte specificity,
insufficient BBB permeability, and inadequate long-term efficacy, which hamper their translational potential[87]. One
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Table 1 Research targeted astrocyte and its signaling pathway, protein kinases, receptors, and channels for diabetic neuropathy

treatment
Mediator/cells, receptor ~ Molecular
Name of treatment Target treatment Target cells o p . Ref.
regulated via activation mechanisms
MK-801 Protein kinase-MAPKs Microglia, neuron  NMDA receptor Protein kinases Daulhac et al[91],
2006
PARP inhibitor, 1,5- Enzyme- poly (ADP- Microglia, neuron, Isoprostane, 8-hydroxy-2'- Enzymes Lupachyk et al[92],
isoquinolinediol ribose) polymerase (PPAR) astrocytes deoxyguanosine excretion, 4- 2011
hydroxynonenal adduct
accumulation
MK-801 Receptor-NMDA receptor ~ Neuron, astrocytes ERK1/2, NMDA receptor, Receptor-related Dauch et al[93],
nNOS, iNOS mechanisms 2012
U0126 Extracellular signal- Neuron, astrocytes p-ERK, Ibal, GFAP, NeuN Protein kinases Xu et al[94], 2014
regulated protein kinase
levetiracetam Channels-calcium channel ~ Microglia, CD;;b and GFAP expression  Ion channels Reda et al[95], 2016
astrocytes
Lycopene Gap junction- Connexin43  Astrocytes GFAP and TNF-a expression  Gap junctions Zhang et al[96],
2016
Dexmedetomidine Receptor-02 adrenergic Astrocytes, Ibal, GFAP, IL-1p, TNF-o, Receptor-related Lu et al[97], 2017
agonist microglial glutamate mechanisms
Mesenchymal Cytokines-IL-1f, and TNF-  Astrocytes, Ibal, GFAP, catalase, Cytokines signaling ~ Evangelista et al
stem/stromal cells o microglia glutathione peroxidase, [98], 2018
superoxide dismutase, Nrf2,
MDA, IL-1, TNF-a
Duloxetine Receptor-Serotonin Astrocytes, CD11, GFAP, sciatic mRNA Receptor-related Tawfik et al[99],
noradrenaline reuptake microglia expression of NGF mechanisms 2018
inhibitor
Dexmedetomidine Signaling pathway-Wnt Astrocytes TNF-q, IL-1B, GFAP, Wnt 10a ~ Signaling pathways  Zhong et al[100],
10a/p-Catenin and B-catenin 2018
Ammoxetine Receptor-Serotonin and Astrocytes, Ibal, GFAP, MAPKs, NF-xf3, Receptor-related Zhang et al[101],
norepinephrine reuptake microglia IL-1B, TNF-a, IL-6 mechanisms 2018
inhibitors
Hydrogen sulfide donor ~ Cytokines-proinflam- Astrocytes, Ibal, GFAP, neuron, IL-1B, IL-  Cytokines signaling ~ Shayea et al[102],
GYY4137 matory mediators microglia 6, TNF-a 2020
Curcumin Protein kinases-c-Jun N- Astrocytes, p-JNK expression Protein kinases Park et al[103],
terminal kinase neurons 2021
Fluorocitrate Selective inhibitor of Astrocytes GFAP expression Selective inhibitors Liu et al[104], 2022
astrocyte activation
Semaglutide GLP-1 receptor agonists Astrocytes, HbAlc, AGEs, Ibal, GFAP, GLP-1 receptor Lee et al[105], 2024
microglia IL-1B, IL-6, TNF-a agonists

AGEs: Advanced glycation end products; GFAP: Glial fibrillary acidic protein; HbAlc: Glycated hemoglobin; IL-1B: Interleukin 1 beta; IL-6: Interleukin 6;
TNF-a: Tumor necrosis factor alpha; iNOS: Inducible nitric oxide synthase; nNOS: Neuronal nitric oxide synthase; NF-xf: Nuclear factor kappa p; NMDA:
N-methyl D-aspartate; ERK: Extracellular signal-regulated kinase; Ibal: Ionized calcium-binding adaptor molecule 1; NeuN: Neuronal nuclei; CD11b:
Cluster of differentiation 11b; Nrf2: Nuclear factor erythroid 2-related factor 2; MDA: Malondialdehyde; NGF: Nerve growth factor; MAPKs: Mitogen-
activated protein kinases; JNK: C-Jun N-terminal kinase.

critical gap in knowledge is the absence of astrocyte-specific biomarkers in DN, which hinders accurate assessment and
targeted intervention[88]. Moreover, there is a need for refined animal models that better mimic astrocyte-targeted
pathology in DN, as current models often fail to capture the complexity of human disease. The heterogeneity of ast-
rocytes, which varies regionally within the CNS may contribute to differential vulnerability to neuropathic damage, yet
this remains underexplored[89]. Finally, the interplay among astrocytes, microglia, and neurons represents a dynamic
regulatory axis in DN, emphasizing the importance of glial-neuronal crosstalk in disease progression and the potential for
combinatorial therapeutic strategies[90]. Table 1 Lists the studies that targeted astrocyte activation and the signaling
pathway, protein kinase, receptors and mediators involved in the mechanism of DN.
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CONCLUSION

Astrocytes have emerged as central yet historically underappreciated contributors to the pathogenesis of DN.
Traditionally overshadowed by neurons and microglia in neurodegenerative research, astrocytes are now recognized for
their active involvement in neuroinflammation, oxidative stress, and neuronal support failure in DN. Despite growing
evidence, current therapies largely overlook astrocytic mechanisms, underscoring a critical gap in both basic research and
clinical translation. However, significant challenges remain, including a lack of astrocyte-specific biomarkers, insufficient
animal models that accurately replicate astrocytic involvement in DN, and limited understanding of astrocyte hetero-
geneity and glia-neuron-microglia crosstalk. Addressing these limitations through focused research will be essential for
the development of effective, astrocyte-targeted therapies. Advocacy for this shift in perspective is crucial to uncovering
new mechanisms and therapeutic opportunities in DN.
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