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A B S T R A C T

Neurodegenerative diseases, including Alzheimer’s Disease (AD), Parkinson’s Disease (PD), Multiple Sclerosis 
(MS), and Amyotrophic Lateral Sclerosis (ALS), are characterized by progressive neuronal loss and cognitive 
impairment (CI). The: Cysteine-X-cysteine chemokine ligand 12(CXCL12)/CXC chemokine receptor type 4 
(CXCR4)/CXC chemokine receptor type 7 (CXCR7) axis has emerged as a critical molecular pathway in the 
development of CI in these disorders. This review explores the role of this axis in the pathogenesis of CI across 
these neurodegenerative diseases, synthesizing current evidence and its implications for targeted therapies. In 
AD, dysregulation of this axis contributes to amyloid-β accumulation and tau hyperphosphorylation, leading to 
synaptic dysfunction and cognitive decline. PD studies reveal that CXCL12/CXCR4 signaling influences dopa-
minergic neuron survival and microglial activation, affecting cognitive function. In MS, the axis modulates 
neuroinflammation and demyelination processes, impacting cognitive performance. ALS research indicates that 
the CXCL12/CXCR4/CXCR7 pathway is involved in motor neuron degeneration and associated cognitive deficits. 
Across these diseases, the axis influences neuroinflammation, synaptic plasticity, and neuronal survival through 
various signaling cascades, including PI3K/AKT, MAPK, and JAK/STAT pathways. Emerging evidence suggests 
that modulating this axis could provide neuroprotective effects and potentially alleviate cognitive symptoms. 
This review highlights the potential of the CXCL12/CXCR4/CXCR7 axis as a therapeutic target for addressing CI 
in neurodegenerative diseases. It also underscores the need for further research to fully elucidate its role and 
develop effective interventions, potentially leading to improved clinical management strategies for these 
devastating disorders.

1. Introduction

Neurodegenerative diseases are a group of disorders characterized by 
the progressive loss of neurons in the central nervous system (CNS), 
leading to cognitive impairment (CI) and other neurological symptoms 
(McDonald, 2017). AD, PD, ALS, and MSare among the most common 
neurodegenerative diseases (Gonzales et al., 2022). CI is a frequent 
complication of these diseases, affecting millions of individuals world-
wide. It is characterized by deficits in memory, attention, executive 
function, visuospatial functioning, abstract reasoning, and information 
processing speed, which can significantly impact an individual’s quality 

of life (Giannakopoulos et al., 2009; Lindeboom and Weinstein, 2004). 
The global elderly population is increasing, leading to a rise in 
age-related neurological diseases causing cognitive decline(Perez et al., 
2012; Sarailoo et al., 2022). The etiology of neurodegenerative diseases 
is multifaceted and involves genetic factors, environmental influences, 
and inflammatory processes. One of the molecular pathways implicated 
in the pathophysiology of cognitive impairment in neurodegenerative 
diseases is the CXCL12/CXCR4/CXCR7 axis. (Shi et al., 2020; Yan et al., 
2022). This axis contains chemokine CXCL12 and its receptors which are 
essential for chemoattractant and functioning of immune system. It is 
clear that any dysregulation of chemokine production frequently leads 
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to disease(García-Cuesta et al., 2019)(10). Under inflammatory condi-
tions, CXCL12/CXCR4/CXCR7 interaction results in several pivotal 
physiological and pathological processes, including neurogenesis, neu-
romodulation, neuroinflammation, and neuroprotection (Bonavia et al., 
2003; Engelhardt and Ransohoff, 2012; Xiang et al., 2002). 
CXCL12/CXCR4/CXCR7 signaling transduction directs the chemotaxis 
of microglia and other CNS-resident immune cells into injured sites, 
leading to neuronal loss in areas responsible for cognition and cognitive 
impairment. (Fig. 1)

Additionally, activation of these signaling pathways can promote the 
expression of transcription factors related to neurodegenerative genes, 
such as NF-κB and AP-1, which play important roles in Alzheimer’s and 
Parkinson’s diseases(Yan et al., 2022; Long et al., 2021; Guyon, 2014). 
Dysregulation of this axis has been implicated in many neurodegener-
ative diseases, including AD, PD, MS, and ALS (Shimoji et al., 2009)

This paper delves into the CXCL12/CXCR4/CXCR7 axis and its role 
in the pathophysiology of cognitive impairment in neurodegenerative 
diseases. The report will also investigate the genetic variations associ-
ated with cognitive impairment in this axis and their functional conse-
quences. Understanding the genetic basis of cognitive impairment based 
on the CXCL12/CXCR4/CXCR7 axis is essential, as it will aid in devel-
oping targeted therapeutic strategies(Zilkha-Falb et al., 2016; Zella 
et al., 2019).

2. CXCL12/CXCR4/CXCR7 axis: molecular mechanisms and 
signaling pathways

2.1. CXCL12 (SDF-1): structure and function

CXCL12, also known as SDF-1, is a chemokine that plays crucial roles 
in regulating neovascularization, tissue homeostasis, stem cell growth, 
cell migration, and various developmental processes such as neuro-
genesis, B cell development, neurotransmission, progenitor cell 

differentiation, and apoptosis(Zlotnik and Yoshie, 2000; Lapidot et al., 
2005). CXCL12 is primarily expressed in regions responsible for cogni-
tive regulation in the CNS. Besides, several studies on animal models 
have proven the alteration in CXCL12/CXCR7/CXCR4 proportions in the 
neuro-inflammation conditions, triggers the activation of glial cells and 
leads early gene expression and cell proliferation in learning areas. Ul-
timately affecting the mice’s learning abilities(Yan et al., 2022; Trousse 
et al., 2019).

This cytokine can be secreted from various sites originating from 
different embryonic layers, such as astrocytes arising from ectoderm and 
CD4+ T-cells arising from mesoderm (Luo et al., 2016a; de Bock and 
Cools, 2015).

Previous studies have shown that CXCL12 and its receptors activate 
several signaling pathways in neurodegeneration processes, including 
the mitogen-activated protein kinase (MAPK) pathway, also known as 
the stress-related protein kinase pathway, which can influence neural 
loss. Other pathways include p38 MAPK (regulating synaptic plasticity), 
PKC-β (regulating intracellular Ca2+ release for neurotransmission), 
direct effects on GIRK and Ca2+ channels, and the PI3K/AKT/ERK1,2 
pathway (modulating apoptosis, normal synaptic plasticity, and neuro-
protection). These pathways, directly and indirectly, stimulate tran-
scription factors and other mediators essential for neuronal loss or 
preservation(Matsuda et al., 2019; Sugiyama et al., 2019).

2.2. CXCR4: receptor characteristics and signaling

CXCR4 is a transmembrane G-protein coupled receptor that func-
tions as a receptor for CXCL12 and plays a significant role in the 
development of the nervous system. It participates in several biological 
events, including organogenesis, hematopoiesis, and immune response. 
In neuroinflammation, the dysregulation of CXCR4 has been implicated 
in diseases such as HIV-associated disease and cancer. The release of 
CXCR4 is associated with the trafficking of monocytes into injured sites. 

Fig. 1. Neuroinflammation and cognitive impairment 
Under inflammatory processes in the brain, plaques accumulate in the synaptic cleft. CNS-resident immune cells, including neuroglia and astrocytes, become 
activated through signaling pathways and release several cytokines and chemokines, such as CXCL12. The interaction of these chemokines triggers neuronal loss and 
degeneration in areas related to learning.

R. Sarallah et al.                                                                                                                                                                                                                                Brain, Behavior, & Immunity - Health 43 (2025) 100932 

2 



Embryologically, CXCR4 is derived from the mesoderm and endoderm 
layers(Terheyden-Keighley et al., 2022). In the CNS, CXCR4 is expressed 
in glial cells, particularly astrocytes, and some neurons called neuronal 
progenitor cells (NPC). These cells can release CXCR4 in response to 
inflammation. Regions in the CNS that can produce CXCR4 include the 
cerebral cortex, globus pallidus, lateral hypothalamus, substantia nigra, 
and cerebellum(Reaux-Le Goazigo et al., 2012; Mithal et al., 2012). The 
interaction between CXCL12 and CXCR4 follows two mechanisms: 
CXCR4-mediated G-protein signaling pathway and 
independent-G-protein cascade, which recruit β-arrestin(Guyon, 2014; 
Chu et al., 2017; Dziembowska et al., 2005). In neurodegenerative dis-
eases (NDDs), CXCR4 is upregulated to adjust to nerve injury and plaque 
accumulation. The interaction of CXCR4 with its ligand modulates T-cell 
and B-cell maturation, thereby enhancing the inflammatory process. 
Previous studies have shown that CXCR4 signaling recruits microglia to 
remove degenerated neurons and related plaques or attack neuronal 
sheets(McQuade et al., 2020; Williams et al., 2014; Yamasaki et al., 
2014).

CXCR4 stimulation by its ligand has been demonstrated to regulate 
the synaptic release of glutamate, γ-aminobutyric acid (GABA), and 
dopamine in various brain structures, including the hippocampus 
(Zheng et al., 1999), frontoparietal cortex, cerebellum (Limatola et al., 
2000), substantia nigra (Banisadr et al., 2005), and dorsal raphe nucleus 
(Guyon et al., 2005, 2013). The intracellular signaling pathways 
involved in neurotransmitter release in the cognition area are known as 
ERK and PI3-K pathways(Guyon, 2014). The PI3K/Akt pathway and 
Ca2+ mobilization promote GABA and glutamate release. Additionally, 
CXCR4 activation in astrocytes via TNF-α signaling leads to the release 
of glutamate(Heinisch and Kirby, 2010; Qu et al., 2008).

2.3. CXCR7: atypical chemokine receptor and its role

CXCR7 is an atypical chemokine receptor 3 (ACKR3), also known as a 
decay receptor due to its properties in ligand degradation. Its ligands are 
CXCL12 and CXCL11 (I-TAC). Monocytes, natural killer cells (NK), a 
limited population of CD4+ T cells, astrocytes, microglia cells, cerebral 
blood vessels, oligodendrocyte progenitors, neurons, and Schwann cells 
can express CXCR7 on their membranes(Shimizu et al., 2011; 
Sánchez-Alcañiz et al., 2011; Banisadr et al., 2016). Disease-associated 
microglia (DAMs) have a significant role in neurodegeneration and 
neuronal loss by releasing chemokines, phagocytosis, and inducing 
disease-related gene expression(Muzio et al., 2021; Lauro and Limatola, 
2020). DAMs have lysosomal and lipid metabolism properties, which 
help in the removal of foreign particles with their phagolysosome. This 
leads to the hypothesis that CXCR7 production originates from micro-
glial cells(Muzio et al., 2021; Lauro and Limatola, 2020; Subhramanyam 
et al., 2019).

In the adult brain, CXCR7 expression is limited only to abnormal 
conditions(Sánchez-Alcañiz et al., 2011). The trigger for its expression 
can be any injury that disrupts homeostasis in the brain, such as hypoxia 
or aberrant plaque accumulation. Binding of CXCR7 to CXCL12 can 
promote ligand endocytosis, disrupt the lysosome, and recruit apoptotic 
signaling cascades. By this means, it can regulate the CXCL12 gradient 
concentration(Sánchez-Martín et al., 2013). Furthermore, it can regu-
late CXCR4-mediated G protein signaling events by heterodimerization 
(Levoye et al., 2009; Santagata et al., 2021).

2.4. Interplay of CXCL12/CXCR4/CXCR7 signaling in the CNS

The interplay between CXCL12, CXCR4, and CXCR7 in the CNS is 
complex and multifaceted. CXCR7 is responsible for sequestering 
CXCL12 and regulating local chemokine availability to ensure respon-
siveness of the CXCL12/CXCR4 pathway in interneurons. CXCR7 con-
trols neuronal migration by regulating chemokine signaling and is a 
β-arrestin-biased receptor that potentiates cell migration and recruits 
β-arrestin exclusively through MAPK and GRK2(García-Cuesta et al., 

2019; Sánchez-Martín et al., 2013). CXCR7 signaling is independent of 
the G-protein coupling pathway and signals through β-arrestin recruit-
ment. CXCL12 can activate several signaling pathways through CXCR7, 
including the PI3K/Akt, MAPK, and JAK/STAT3 pathways. CXCR7 can 
also induce intracellular pathways, such as Akt, MAPK, and JAK/STAT3, 
through β-arrestin or in heterodimers with CXCR4(Zabel et al., 2009). 
CXCR7-mediated signaling can activate ERK1/2, Akt, and p38 in cortical 
astrocytes and Schwann cells(Si et al., 2022).

The association of CXCR4 and CXCR7 causes impaired CXCR4- 
promoted G protein subunit Gi activation and signaling and promotes 
activation of alternative downstream β-arrestin-dependent signal 
transduction pathways(Trousse et al., 2019; Huynh et al., 2020). All the 
signaling transduction regarding CXCL12/CXCR7 activates microglial 
cells for phagocytosis of external particles. Since CXCR7 binds to 
CXCL12, it internalizes CXCL12 simultaneously, promoting lysosomes 
for degradation. Following recent research, CXCR7 adjusts CXCL12 
concentration and solitary prevents chemotaxis. As a result, at a low 
concentration of CXCL12 intracellularly, chemotaxis decreases(Levoye 
et al., 2009). In the absence of CXCR7, chemotaxis mediated by 
CXCR4/CXCL12 is maintained, even though migration may occur 
erroneously to improper sites due to an unbalanced CXCL12 gradient 
(Dziembowska et al., 2005; Levoye et al., 2009; Zabel et al., 2009; 
Carbajal et al., 2011).

Abnormal expression of the CXCL12-CXCR4-CXCR7 axis can lead to 
unfavorable inflammatory results, including cognitive impairment in 
neurodegenerative diseases, like Alzheimer’s (AD). Modulating the axis 
can alleviate the severity of neurodegenerative disease outcomes(Chu 
et al., 2017; Cheng et al., 2017). (Fig. 2).

3. CXCL12/CXCR4/CXCR7 axis in neurodegenerative diseases 
and cognitive impairment

3.1. Alzheimer’s disease (AD)

3.1.1. Pathophysiology of AD and cognitive impairment
AD is an age-related, chronic, progressive disease and the most 

common example of dementia with cognitive impairment features. The 
gradual disease progression impairs executive daily routines(Braak 
et al., 1999). The pathophysiology of AD is characterized by excessive 
and abnormal amyloid β (Aβ) peptide production from Amyloid Pre-
cursor Protein (APP) and aggregation as plaques in the synaptic cleft, 
promoting primary neurodegeneration in AD(Kelley and Petersen, 2007; 
Tiwari et al., 2019). As the disease progresses, Aβ oligomerization and 
over-phosphorylation of cellular stabilizer or tau protein via kinase ac-
tivity make senile plaques and promote alteration of signaling trans-
duction, which consequently leads to local inflammatory response and 
subsequent neuronal death in synapses and involved neurons (Tiwari 
et al., 2019; Nelson et al., 2012). Some kinase activities involved in 
forming neural fibrillary tangles (hyperphosphorylated tau protein) are 
known as glycogen synthase kinase 3 (GSK3), extracellular Aβ-activated 
cyclin-dependent kinase 5 (Cdk5), protein kinase C (PKC), and protein 
kinase A (PKA) (Gao et al., 2018). Initially, the accumulation of Aβ oc-
curs in temporal and basal neocortex regions. As the disease progresses, 
it spreads to the hippocampus and cerebral cortex, leading to cognitive 
impairment throughout the disease progression(Chen and Yan, 2010; 
Wilson et al., 2012).

3.1.2. CXCL12/CXCR4/CXCR7 axis in AD progression
Following senile plaque accumulation in neurons and synaptic space, 

chemokines derived from secondary immune responses are released 
from neuroglia, microglia, and other neuronal cells(Rangaraju et al., 
2018). Notably, microglia are activated earlier than astrocytes 
(Rothhammer et al., 2018). Chemokines (CXCL12, CXCR4, CXCR7) 
trafficking with activating signaling pathways (JAK/STAT, NF-κB) re-
sults in neuronal loss and synaptic dysregulation in cognitive sites, 
which leads to cognitive impairment(Bonavia et al., 2003; Deczkowska 
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et al., 2018; Ding et al., 2015).
CXCL12’s function in the hippocampus and cortex suggests that it is a 

protective cytokine that regulates memory and learning ability via the 
excitability effect of glutamate release from glia in normal conditions 
(Parachikova and Cotman, 2007; Li et al., 2012). However, in AD, 
reduced CXCL12/CXCR4 interaction is associated with learning 
impairment (Trousse et al., 2019; Wang et al., 2022). Moreover, 

previous studies have shown a notable reduction in CXCL12 signaling 
can lead cognitive impairment in transgenic AD mouse models(Yan 
et al., 2022; Lüke et al., 2018). The interaction between CXCL12/CXCR7 
decreases CXCL12 levels in the hippocampus, leading to ineffective 
plaque eradication, more neuronal loss, and cognitive decline(Trousse 
et al., 2019; Wang et al., 2016).

Fig. 2. CXCL12/CXCR4/CXCR7 signaling cascades and their cellular effects 
CXCL12 functions by binding to its receptors, CXCR4 and CXCR7. The activation of CXCR4 triggers various signaling pathways including; PI3K/Akt, MAPK, and JAK/ 
STAT3 pathways, whereas CXCR7-mediated signaling can operates independently of the G-protein coupling pathway and instead relies on the recruitment of 
β-arrestin. it can also activate a MAP kinase pathway via β-arrestin in certain contexts.

Fig. 3. Stem cell roles and functions in neuroinflammation and regeneration 
Neural stem cells naturally stimulate the formation of neural progenitor cells, ultimately resulting in nerve reconstruction. When a nerve sustains an injury or 
experiences inflammation, pro-inflammatory agents such as: Vascular endothelial growth factor (VEGF), Nitric oxide (NO), Reactive oxygen species (ROS), and 
Insulin-like Growth Factor 1 (IGF-1) are released from adjacent blood vessels and tissues. These pro-inflammatory agents encourage angiogenesis, leading to 
enhanced secretion of CXCL12 from surrounding microglial and endothelial cells. As a result, the interaction between CXCL12 and its receptors activates signaling 
pathways that promote both cell proliferation and migration.
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3.1.3. Therapeutic implications and potential interventions
The main target in AD therapeutic strategies is reducing senile pla-

ques and stimulating NPCto replace lost neurons. For eradicating pla-
ques, phagocytic microglial activation via CXCL12/CXCR7 signaling is 
essential(Luo et al., 2016b). It is important to use Mesenchymal Stem 
Cells (MSC) to induce neuronal regeneration, but it may bring the risk of 
abnormal proliferation of other cells and lead to cancers. Thus, targeting 
immune therapy would result in beneficial outcomes(Lapidot et al., 
2005; Ying et al., 2023). (Fig. 3).

Activating microglia has a beneficial effect on eradicating amyloid 
plaques. Therefore, amplifying the CXCR4/CXCL12 signal transduction 
by CXCR7 inhibition could be helpful(Trousse et al., 2019; Wang et al., 
2022).). Notably, gene manipulation can regulate this axis signaling.

3.1.4. Genetic and epigenetic factors
In the formation of Aβ plaques, certain genes such as ApoE, LPL, 

TREM-2, and TYObp are overexpressed, resulting in the activation of 
microglia like DAM(McQuade et al., 2020; McQuade and Blurton-Jones, 
2019; Liang et al., 2021). ApoE regulates cholesterol metabolism in 
astrocytes. As previously known, astrocytes are the main source of 
cholesterol storage in CNS cells, which supply lipids for other glia. Be-
sides, cholesterol and further lipid metabolism significantly transform 
signals among neurons in various regards. Mutation in ApoE and other 
AD-related genes disturbs this process(Kim et al., 2009; Koistinaho et al., 
2004). Down-regulated genes through AD are named P2ry-12, CX3Crl, 
CST3, and CSFLr(McQuade et al., 2020; Wu and Eisel, 2023).

3.2. Parkinson’s disease (PD)

3.2.1. PD-associated cognitive decline
PD is a well-known progressive neurodegenerative disorder, 

involving more than 1% of the 65-year-old and older population(Willis 
et al., 2022). Cognitive dysfunction is one of the significant symptoms of 
PD affecting up to 80% of this population. Cognition impairment 
significantly manifests PD progress from subjective, mild cognitive 
impairment to dementia. Patients with dementia in PD have deficits in at 
least two cognitive domains such as executive function, memory, or 
attention(Aarsland et al., 2021). The risk of developing dementia in PD 
is reported to be 2/5–6 times higher than in people without PD of similar 
age (Perez et al., 2012; Aarsland et al., 2001).

The hallmark of PD is the progressive degradation of inhibitory 
dopaminergic neurons, which project to the nigrostriatal pathway. 
Dopaminergic neuron degeneration is caused by depositing misfolded 
neuroprotein called α-synuclein intracellularly and in mitochondria, 
called Lewy bodies (LB)(Qiao et al., 2012). LB accumulates in various 
brain regions, including the pars compacta of substantia nigra (SNpc), 
cortex, hippocampus, and other dopaminergic system areas(Sasikumar 
and Strafella, 2020).

3.2.2. Role of CXCL12/CXCR4/CXCR7 in PD pathogenesis
In PD, CXCL12 is secreted via microglia under TLR4 (Toll-like Re-

ceptor 4)/IκB-α/NF-κB signaling transduction, which initiates an im-
mune response. α-synuclein accumulation triggers microglial activation. 
TLR4 signaling is enhanced by α-synuclein encounter, and it has an 
essential role in CXCL12 secretion by microglia in PD(Daniele et al., 
2015). Once CXCL12 binds CXCR4, further microglia and other immune 
cell chemotaxis migration starts by upstreaming FAK (focal adhesion 
kinase)/Src/Rac1 signaling. Li et al. studies show that the migration and 
accumulation of immune cells are directed by FAK/Src/Rac1 signal 
transduction with modulating related-gene expression (Shimoji et al., 
2009; Li et al., 2019).

Furthermore, CXCL12 has a pivotal role in regulating dopamine (DA) 
neurons. This means that when it is in low concentration, it supports 
dopamine production and release and acts as a neuroprotective agent. At 
the same time, an excessive gradient promotes neuron destruction by 
preventing dopamine release(Sánchez-Martín et al., 2013).

On the other hand, CXCL12/CXCR7 interaction can have neuro-
protective effects in PD patients, including removing pathologic plaques 
within dopaminergic neurons, cytokines and other immune agents 
trafficking from the brain and blood, and aggregating in the hippo-
campus and cognition-related areas(Aarsland et al., 2021).

3.2.3. Therapeutic strategies targeting the axis
Blocking the CXCL12/CXCR4 axis would be a beneficial therapeutic 

target for CI-PD-related alleviation. CXCR4 antagonist (AMD3100), 
TLR4 inhibitor (TAK242), NSC23766 (inhibitor of Rac1), and NF-κB 
inhibitor (PDTC) are claimed as agents that would be beneficial in PD 
treatment via preventing CXCL12/CXCR4 signaling pathway recruit-
ment(Li et al., 2019). Meanwhile, based on Kalatskaya et al. studies, 
AMD3100 may be an allosteric ligand for CXCR7; thus, it can recruit 
CXCL12/CXCR7 activation(Wang et al., 2018).

3.2.4. Genetic considerations in PD
Single Nucleotide Polymorphisms (SNP) in the human leukocyte 

antigen (HLA-DRA) gene has a crucial role in microglia activation and 
following chemokine release (Joers et al., 2017). Other mutations in 
genes involved in α-synuclein formation are named: (SNCA), ATP13A2, 
GBA, FBX07, VPS35, PLA2G6, DNAJC6, SYNJ1, UCHL1, parkin (PRKN), 
LRRK2, PINK1(Srinivasan et al., 2021).

3.3. Multiple Sclerosis (MS)

3.3.1. Cognitive impairment in MS
MS is primarily considered a non-traumatic inflammation-related 

demyelinating, autoimmune disease affecting the CNS(Comabella and 
Khoury, 2012; Dobson and Giovannoni, 2019). Cognitive problems are 
common symptoms of MS that tend to worsen as the disease progresses. 
They can occur at different stages, affecting the quality of life and 
bringing socio-economic burden to patients and their caregivers(Brochet 
and Ruet, 2019; Butler et al., 2022). The prevalence of cognitive 
impairment in MS varies from 45 to 65% of individuals(Chiaravalloti 
and DeLuca, 2008). Individuals with relapsing-remitting MS are more 
prone to cognitive decline than those with clinically isolated syndrome. 
Cognitive impairment in MS is implicated by reducing information 
processing speed, visuospatial memory decline, and verbal fluency 
(Butler et al., 2022).

The primary triggers of MS are external factors such as experiencing 
long-term anxiety and stress, gender, age between 20s and 40s, Vitamin 
D deficiency, and environmental stress like prior infection with viruses 
such as EBV(García-Cuesta et al., 2019; Dobson and Giovannoni, 2019). 
Following the inflammatory response, proinflammatory cytokines and 
chemokines are released, attacking the myelin sheaths of white and gray 
matter neurons(Rocca et al., 2015). Primary destruction occurs via 
neutrophils and other neuro-inflammatory domains, leading to demye-
linated plaque, often at the node of Ranvier. In comparison, 
macrophage-derived microglia are quiescent at disease onset. The dis-
tribution of macrophage-derived T-cells correlates with the disease 
severity(Yamasaki et al., 2014; Ajami et al., 2011).

3.3.2. CXCL12/CXCR4/CXCR7 axis in MS progression
Through areas with demyelinating plaque, additional chemokines 

are released by neuroglia to balance altering hemostatic conditions. 
Under normal conditions, CXCL12 is found in endothelial cells at the 
luminal surface of BBB and in a few astrocytes. Astrocytes and BBB 
endothelial cells in the lesion areas of MS express higher levels of 
CXCL12. IFN-γ and then CXCL12 releasing activate microglia and 
monocytes. CXCL12 could be an appropriate prognostic and diagnostic 
biomarker found in CSF of MS patients(Yamasaki et al., 2014; Khor-
ramdelazad et al., 2016).

The increased levels of CXCL12 in MS plaques may contribute to 
neuronal damage and axonal loss via activating downstream signaling 
pathways like MAPK, p38 MAPK, PI3K, JAK/STAT, etc. (Zhang et al., 
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2009). Several studies showed that redistribution of CXCL12 at BBB is 
significant in determining the severity of demyelination lesions in MS. 
The distribution of CXCL12 in active plaques of MS patients shifts from 
the outer surface to the inner surface of BBB. This change allows other 
immune cells including CXCR4 to enter CNS, leading to the progression 
of MS plaques(McCandless et al., 2008).

In experimental autoimmune encephalomyelitis (EAE), ACKR3 
(CXCR7) expression in the brain is detected throughout brain vascula-
ture, indicating that ACKR3 likely plays important roles in angiogenesis 
and maintenance of BBB. Furthermore, elevation of CXCR7 expression 
on the endothelial barrier and interaction with CXCL12 suggest that it 
has a crucial role in trafficking leukocytes in CNS and inducing activated 
microglia(García-Cuesta et al., 2019; Bao et al., 2016).

3.3.3. Therapeutic approaches and remyelination
Basic and primary management of MS should accompany anti- 

inflammatory medications (Corticosteroids) that suppress HSC-derived 
inflammation responses. Novel therapeutic strategies have been groun-
ded on the chronicity and severity of the disease. In the acute phase of 
MS, remyelination is halted because of an extreme amount of inflam-
mation agents, while normal OPCs exist within the active plaque. Hence, 
CXCL12/CXCR4 signaling has proliferative and migratory properties, 
restoring CXCL12 at the endothelial barrier recruits OPC in plaques for 
remyelination(Goldenberg, 2012).

By reducing the activation of CXCL12/CXCR4 through the use of a 
CXCL12 antibody or CXCR4 antagonists, it is possible to reconstruct 
normal CXCL12 polarity at the blood-brain barrier (BBB), which is the 
first step in preventing the worsening of inflammation in active MS. 
Whereas in the advanced stage, using CXCR7 antagonist (CCX711) can 
halt the inhibitory effect of CXCR7 on CXCL12/CXCR4-induced OPC 
proliferation remyelination(Chu et al., 2017; Cruz-Orengo et al., 
2011).). According to some studies, synthetic ligands for CXCR7, 
including VU11207 and VUF11403, have high affinity with CXCR7 as 
their receptor and elicit β-arrestin pathway individually, then a surface 
expression of CXCR7 markedly downgrade(Wang et al., 2018; Wijtmans 
et al., 2012).

The activation of tumor necrosis factor receptor-2 (TNFR2) and the 
presence of CXCR4 on the membrane of OPC are necessary for remye-
lination in CNS. TNFR2 activation induces the expression of CXCL12 in 
demyelinated lesions, particularly in astrocytes, through autocrine 
signaling. This promotes OPC proliferation and differentiation. Target-
ing this pathway could be a beneficial treatment strategy for addressing 
remyelination failure in MS(Patel et al., 2012).

3.3.4. Genetic factors influencing MS and axis function
Several studies show that, in MS patients, TNFR gene mutation in-

duces increasing IFN-γ, activating microglia type1 and following 
proinflammatory cytokine production(Wheeler et al., 2006). Other gene 
mutations related to MS include TYK2, ZMIZ-1, CYO27B-1, and 
HLA-DRB-1 (Dobson and Giovannoni, 2019).

3.4. Amyotrophic Lateral Sclerosis (ALS)

3.4.1. Cognitive aspects of ALS
ALS is a progressive and irreversible disease that eventually induces 

upper and lower motor neuron loss and muscle atrophy. Histologic 
studies show ubiquitinated inclusions in the cytoplasm of motor neurons 
and astrocytes, Bunina bodies (TDP-43), and eosinophilic inclusions in 
the cytoplasm of motor neurons(Goutman et al., 2022). TDP-43 is a 
protein that has a significant role in RNA regulation. Also, it is involved 
in forming stress granules (SGs), which are cytoplasmic components that 
regulate energy for other parts involving cellular stress response 
(Neumann et al., 2006; Brettschneider et al., 2012). Cognitive impair-
ment in ALS overlaps with Frontal Lobe Dementia (FLD) pathologically 
and clinically(Hortobágyi and Cairns, 2018). In ALS, CI is a common 
symptom associated with the deterioration of the frontal lobe in the late 

stage of the disease(Brettschneider et al., 2012). Previous studies found 
a progression of cognitive and behavioral impairment in more than 
one-third of patients with early-stage ALS by activating microglia and 
accumulating TDP-43 in motor cortex neurons and prefrontal areas of 
white matter(Ghaderi et al., 2023; Turner et al., 2004). Along with 
cognitive deficits in ALS, reduced attention and verbal fluency are more 
notable.

3.4.2. CXCL12/CXCR4/CXCR7 involvement in ALS pathology
CXCL12 and CXCR4 get upregulated from normal neurons. CXCR7 is 

expressed in reactive astrocytes and microglia in the late stages of the 
disease. The overall CXCL12/CXCR4/CXCR7 axis performance in the 
spinal cord is involved in various processes such as inflammation, 
oligodendroglia and astrocyte signaling, and neuronal and axonal 
preservation in sporadic ALS(Andrés-Benito et al., 2020).

CXCL12 and its binding to CXCR4 and CXCR7 receptors is known as a 
candidate biomarker in sporadic ALS(Lin et al., 2023).

CXCL12 is also involved in forming stress granules, which are cyto-
plasmic structures that form in response to cellular stress and are 
involved in mRNA storage and translation regulation(Andrés-Benito 
et al., 2020). CXCL12 is associated with motor neurons and ALS and a 
few glial cells in the anterior horn in sporadic ALS. However, the exact 
role of CXCL12/CXCR4/CXCR7 in ALS pathogenesis is still not fully 
understood, and further research is needed to elucidate its mechanisms 
in the disease(Luo et al., 2007).

3.4.3. Potential therapeutic interventions
In ALS, diminished microglial activities would be therapeutic targets. 

Hence, the CXCR4 antagonist (AMD3100) blocks microglial activities, 
maintains BBB integrity, and prevents neuronal loss and delayed onset 
and progression. Parenthetically, downstream of CXCR7 and CXCL12 
signaling can alleviate the disease symptoms in the late-stage(McQuade 
et al., 2020; Wang et al., 2018).

3.4.4. Genetic implications in ALS
TDP-43 genes (TARDBP gene) mutation and other gene alterations 

associated with the C-terminal domain participate in ALS and related 
cognitive loss(Suk and Rousseaux, 2020).

4. Comparative analysis, future directions, and conclusion

The CXCL12/CXCR4/CXCR7 axis emerges as a critical player in 
cognitive impairment across various neurodegenerative diseases, 
including Alzheimer’s, Parkinson’s, Multiple Sclerosis, and ALS. While 
the specific mechanisms vary, several common themes underscore the 
axis’s importance in these disorders.

Neuroinflammation stands out as a key process regulated by this axis 
across all four diseases. In AD and PD, the axis mediates microglial 
activation and chemotaxis(Rangaraju et al., 2018; Daniele et al., 2015), 
while in MS, it contributes to inflammatory responses and demyelin-
ation (Rocca et al., 2015). This commonality suggests that modulating 
the axis could have broad anti-inflammatory effects beneficial in mul-
tiple neurodegenerative contexts.

The axis also significantly influences neuronal survival, albeit 
through disease-specific mechanisms. In AD, it affects amyloid-β accu-
mulation and tau hyperphosphorylation(Gao et al., 2018; Walker, 
2020), while in PD, it regulates dopaminergic neuron survival 
(Sánchez-Martín et al., 2013). In ALS, the axis is involved in motor 
neuron degeneration(Chiò et al., 2019). These findings highlight the 
axis’s potential as a neuroprotective target across different neurode-
generative pathologies. Synaptic function, crucial for cognitive pro-
cesses, is another area where the CXCL12/CXCR4/CXCR7 axis plays a 
vital role. This is particularly evident in AD and PD studies(Parachikova 
and Cotman, 2007; Zheng et al., 1999; Limatola et al., 2000; Banisadr 
et al., 2005; Guyon et al., 2005; Li et al., 2012), suggesting that targeting 
the axis could help maintain cognitive function in these diseases. In MS 
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and ALS, the axis’s role in BBB integrity adds another layer to its 
importance, influencing disease progression and cognitive outcomes 
(McCandless et al., 2008; Bao et al., 2016). This aspect opens up po-
tential therapeutic avenues focused on maintaining BBB function.

The identification of axis components, particularly CXCL12, as po-
tential biomarkers across these diseases(Khorramdelazad et al., 2016; 
Karin, 2010) further underscores its significance and suggests its utility 
in diagnosis and treatment monitoring. These commonalities have led to 
several shared therapeutic strategies. CXCR4 antagonists have shown 
promise across multiple diseases(Li et al., 2019; Wang et al., 2018), 
while modulation of microglial activity through this axis is a common 
approach, particularly in AD and PD (Luo et al., 2016b; Li et al., 2019). 
In MS, strategies targeting this axis aim to promote remyelination 
(Goldenberg, 2012; Cruz-Orengo et al., 2011), while across all diseases, 
therapies often aim to provide neuroprotective effects (Lapidot et al., 
2005; Sánchez-Martín et al., 2013; Ying et al., 2023). Looking to the 
future, several exciting research directions emerge. The genetic com-
ponents identified in each disease(McQuade et al., 2020; McQuade and 
Blurton-Jones, 2019; Srinivasan et al., 2021) open up possibilities for 
personalized medicine approaches. Investigating combined therapies 
that target the CXCL12/CXCR4/CXCR7 axis alongside other treatment 
modalities could yield more effective interventions. Longitudinal studies 
are needed to understand the long-term effects of modulating this axis, 
particularly on cognitive outcomes. Integration of neuroimaging studies 
with molecular research on this axis could provide new insights into 
disease progression and treatment efficacy. The potential for targeted 
therapies is significant. Selective CXCR4 or CXCR7 modulators could 
fine-tune the axis’s activity, while therapies aimed at restoring normal 
CXCL12 gradients, particularly in MS, show promise(McCandless et al., 
2008). Combination therapies targeting both the axis and 
disease-specific pathologies (e.g., amyloid-β in AD or α-synuclein in PD) 
represent another exciting avenue. However, several challenges remain. 
The complexity of the axis, with its intricate interplay between CXCL12, 
CXCR4, and CXCR7, makes it challenging to predict the full effects of 
interventions. The heterogeneity of these diseases complicates the 
development of universally effective treatments. Translating findings 
from animal models to human patients remains a significant hurdle, and 
the long-term safety of modulating this axis, which plays roles beyond 
the CNS, requires careful evaluation. In conclusion, the 
CXCL12/CXCR4/CXCR7 axis represents a promising target for address-
ing cognitive impairment in neurodegenerative diseases. Its involve-
ment in neuroinflammation, synaptic function, and neuronal survival 
across multiple disorders underscores its potential as a therapeutic 
target. However, the complexity of these signaling pathways necessi-
tates careful consideration in developing interventions. As our under-
standing of this axis grows, we may uncover new ways to diagnose, treat, 
and possibly prevent cognitive impairment in neurodegenerative dis-
eases. Future research should focus on elucidating specific mechanisms 
in each disease, developing targeted therapies, exploring the axis as a 
potential biomarker, and investigating combination therapies. These 
efforts could significantly improve the lives of millions affected by these 
devastating conditions worldwide, offering hope for more effective 
management of cognitive decline in neurodegenerative diseases.
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IFN-γ Interferon gamma
IGF-1 Insulin-like Growth Factor 1
JAK/STAT Janus kinase/signal transducers and activators of 
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