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Alzheimer’s disease (AD) is a progressive neurodegenerative disorder and the leading
cause of dementia worldwide, characterized by cognitive decline, synaptic loss, and
neuronal degeneration. Despite extensive research, current therapeutic strategies
provide only symptomatic relief and fail to halt disease progression, highlighting the
urgent need for disease-modifying interventions. Emerging evidence identifies
neuroinflammation and synaptic dysfunction as central and interconnected drivers of
AD pathogenesis. Chronic activation of microglia and astrocytes, along with
inflammasome signaling and pro-inflammatory cytokine release, contributes to neuronal
injury and impaired synaptic plasticity. Concurrently, neurotransmitter imbalance,
dendritic spine loss, and mitochondrial dysfunction exacerbate synaptic failure and
cognitive deficits. Importantly, bidirectional crosstalk between neuroinflammatory
cascades and synaptic pathology creates a self-perpetuating cycle that accelerates
neurodegeneration.This review comprehensively discusses the molecular mechanisms
underlying neuroinflammation and synaptic dysfunction in AD, emphasizing their
synergistic role in disease progression. It further evaluates current pharmacological
approaches and their limitations, particularly the failure of single-target strategies. The
review highlights emerging multi-target therapeutic paradigms, including
immunomodulatory agents, neurotrophic support, gene therapy, and nanotechnology-
based drug delivery systems, which aim to simultaneously modulate multiple
pathogenic pathways. Additionally, advances in biomarker development and precision
medicine approaches are explored for improving early diagnosis, patient stratification,
and therapeutic monitoring.Collectively, this review emphasizes the necessity of
integrated therapeutic strategies targeting both neuroinflammation and synaptic
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integrity, offering promising avenues for the development of
effective disease-modifying treatments in Alzheimer’s
disease.

INTRODUCTION

Alzheimer’s disease (AD) is the most common
neurodegenerative disorder and the leading cause
of dementia worldwide, accounting for
approximately 60—70% of all dementia cases. Its
prevalence increases exponentially with age,
affecting nearly 5-7% of individuals over 65 years
and more than 30% of those above 85 years [1].
With global population ageing, the burden of AD
is rising at an alarming rate. According to recent
estimates, over 55 million people worldwide are
living with dementia, and this number is projected
to exceed 130 million by 2050, with Alzheimer’s
disease contributing the majority of cases. Low-
and middle-income countries are expected to
experience the fastest growth, which will further
exacerbate existing healthcare disparities [2].
Beyond its clinical impact, AD imposes a
profound socioeconomic burden on patients,
caregivers, and healthcare systems. The disease is
characterized by progressive cognitive decline,
memory loss, behavioral disturbances, and
functional impairment, ultimately leading to
complete dependence. The global economic cost
of dementia exceeds USD 1.3 trillion annually,
driven by direct medical expenses, long-term
institutional and substantial informal
caregiving costs [3]. Family caregivers often
experience significant psychological stress,
reduced productivity, and financial strain,
highlighting AD as not only a medical condition
but also a major public health and societal
challenge. Pathologically, Alzheimer’s disease is
characterized by distinct and interrelated
hallmarks, including extracellular accumulation of
amyloid-f3 (AB) intracellular
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neurofibrillary tangles composed of
hyperphosphorylated tau protein, synaptic
dysfunction, and progressive neuronal loss,

particularly in the hippocampus and cerebral
cortex [4]. These pathological changes are
accompanied by chronic neuroinflammation,
oxidative stress, dysfunction,
impaired neurotransmission, and disruption of
calcium homeostasis [5].
suggests that glial activation, blood—brain barrier
dysfunction, and impaired protein clearance
mechanisms play critical in disease
progression, indicating that AD is a multifactorial

mitochondrial

Growing evidence

roles

disorder rather than a single-pathway disease[6].
Despite decades of intensive research, effective
disease-modifying therapies for
disease remain elusive.

Alzheimer’s
Currently approved
treatments, including
acetylcholinesterase  inhibitors and NMDA
receptor antagonists, provide only modest
symptomatic relief and do not halt or reverse

pharmacological

disease progression [7]. Recent therapeutic
strategies targeting amyloid-f and tau pathology
have shown limited clinical success and raised
concerns regarding safety, cost, and patient
selection. Consequently, there is a critical unmet
need for novel therapeutic approaches that address
multiple pathogenic mechanisms simultaneously,
including neuroinflammation, synaptic loss, and
neuronal survival [8]. Understanding the complex
molecular and cellular pathways underlying
Alzheimer’s disease is therefore essential for the
development of effective pharmacological
interventions [9]. This has driven increasing
interest in multi-target-directed drugs,
agents, and modulators of
inflammatory and oxidative pathways, aiming to
slow disease progression and improve quality of
life for affected individuals [10].

neuroprotective
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Figurel: Global Prevalence and Projected Economic Impact of Alzheimer’s Disease. This figure illustrates
the global prevalence and projected economic burden of Alzheimer’s disease. Worldwide cases are
estimated at 55 million in 2021 and are projected to reach 139 million by 2050, driven largely by
population aging. The economic impact includes escalating healthcare and long-term care costs,
productivity losses, and societal strain, with global annual costs expected to rise from approximately
USD 1 trillion to USD 2.8 trillion by 2050.

3. Neuroinflammatory Cascades in Alzheimer’s
Disease

Neuroinflammation is a central pathological
feature of Alzheimer’s disease (AD) and plays a
critical role in disease initiation and progression.
Persistent activation of innate immune responses
within the central nervous system contributes to
synaptic dysfunction, neuronal injury, and
cognitive decline [11]. Among the key cellular
mediators of this process are microglia and
astrocytes, whose dysregulated responses amplify
inflammatory  signaling  and  exacerbate
neurodegeneration. Microglia, the resident
immune cells of the brain, are among the earliest
responders to amyloid-f (Ap) accumulation. [12].
In AD, microglial activation is characterized by
phenotypic polarization along a spectrum ranging
from a pro-inflammatory (classically activated)
state to an anti-inflammatory or reparative
phenotype. Pro-inflammatory microglia release
neurotoxic mediators such as tumor necrosis

factor-a  (TNF-a), interleukin-1p  (IL-1P),
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interleukin-6 (IL-6), reactive oxygen species, and
nitric oxide, which promote synaptic loss and
damage. [13]. anti-
inflammatory microglial phenotypes facilitate A
clearance and secrete neurotrophic factors.
However, chronic exposure to pathological stimuli
skews microglia toward a sustained pro-
inflammatory state, impairing phagocytic capacity
and accelerating disease progression [14].
Astrocytes also play a pivotal role in shaping
neuroinflammatory responses in AD. Reactive

neuronal Conversely,

astrogliosis is marked by morphological changes,
upregulation of glial fibrillary acidic protein, and
altered metabolic and signaling functions.
Activated astrocytes interact closely with
microglia and neurons, forming complex cytokine
and chemokine networks [15]. They release pro-
inflammatory mediators, including IL-1f, IL-6,
and transforming growth factor-f, which further
propagate inflammatory signaling and disrupt
synaptic ~ homeostasis  [16].  Additionally,
astrocytic dysfunction contributes to impaired
glutamate clearance, oxidative stress, and blood—
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brain barrier disruption, thereby amplifying
neuronal vulnerability. Inflammasome activation
represents a crucial molecular link between innate
immunity and neurodegeneration in AD [17]. The
NLRP3 inflammasome is activated in response to
AP aggregates and cellular stress, leading to
caspase-1 activation and subsequent maturation of
IL-1p and IL-18. These cytokines intensify

Amyloid Plaque

microglial and astrocytic activation, creating a
self-perpetuating inflammatory loop [18].
parallel, aberrant activation of the complement
system, particularly components such as Clq and
C3, promotes synaptic pruning and neuronal loss.

In

Collectively, these interconnected inflammatory
cascades underscore neuroinflammation as a key
therapeutic target in Alzheimer’s disease [19].
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Diagram 2: Mechanistic Pathway of Amyloid-f—Induced Microglial Activation and Cytokine Release.
This schematic depicts the mechanistic pathway of amyloid-pf—induced microglial activation and

inflammatory signaling in Alzheimer’s disease. Amyloid-p oligomers promote oxidative stress and
mitochondrial dysfunction, leading to activation of pattern recognition receptors and the NLRP3

inflammasome. Subsequent release of pro-inflammatory cytokines, including IL-1p, IL-6, and TNF-a,

amplifies microglial and astrocytic activation. These neuroinflammatory cascades exacerbate neuronal
injury, synaptic dysfunction, and progressive neurodegeneration.

4. Synaptic Pathophysiology
Decline

in Cognitive

Synaptic dysfunction is a primary correlate of
cognitive decline in neurodegenerative disorders,
particularly Alzheimer’s disease, and precedes
overt neuronal loss. Alterations
signaling, structure,

in synaptic
and energy homeostasis
collectively impair neuronal communication and
plasticity, ultimately disrupting learning and
memory processes [20].  Neurotransmitter
imbalance is a hallmark of synaptic
pathophysiology in cognitive decline. The
cholinergic system, essential for attention and
memory, is profoundly
degeneration of basal

impaired due to
forebrain cholinergic
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neurons and reduced acetylcholine synthesis. This
deficit underlies the limited symptomatic efficacy
of acetylcholinesterase inhibitors used in current
therapy [21]. In parallel, dysregulation of
glutamatergic leads to
excessive activation of N-methyl-D-aspartate
(NMDA) receptors, resulting in excitotoxicity.
Sustained  glutamate  signaling  increases

neurotransmission

intracellular calcium influx, activating calcium-
dependent enzymes that damage cytoskeletal
proteins, membranes, and DNA [22].
Concurrently, inhibitory y-aminobutyric acid
(GABA) signaling is often reduced, further
shifting the excitatory—inhibitory balance toward
neuronal hyperexcitability and synaptic failure.
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Structural synaptic alterations also contribute

significantly to cognitive impairment [23].
Dendritic spine loss is one of the -earliest
pathological changes observed in
neurodegenerative  conditions and  closely
correlates with cognitive deficits. Soluble
amyloid-B oligomers disrupt synaptic adhesion
molecules and interfere with long-term

potentiation, leading to spine retraction and
synaptic weakening [24]. Moreover, aberrant
synaptic pruning, mediated in part by activated
microglia and complement proteins such as Clq
and C3, results in excessive elimination of
functional synapses. This maladaptive pruning
compromises neural network connectivity and
accelerates cognitive decline [25]. Mitochondrial
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dysfunction and oxidative stress further exacerbate
synaptic pathology. Synapses have high energy
demands, and impaired mitochondrial dynamics,
reduced ATP production, and defective calcium
buffering compromise synaptic transmission and
plasticity [26]. Accumulation of reactive oxygen
species lipid peroxidation,
oxidation, and mitochondrial DNA damage,
creating a vicious cycle of energy failure and
oxidative injury [27]. Together, neurotransmitter
imbalance, synaptic structural degeneration, and
mitochondrial dysfunction form an interconnected
pathological triad driving synaptic failure and

induces protein

cognitive decline, highlighting synapses as critical
targets for therapeutic intervention [28].
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Diagram 3: Pathways Linking Mitochondrial Dysfunction to Synaptic Loss in Alzheimer’s Disease. This

figure illustrates pathways linking mitochondrial dysfunction to synaptic loss in Alzheimer’s disease.
Amyloid-p oligomers and tau pathology induce mitochondrial impairment, leading to oxidative stress,
reduced ATP production, and energy deficiency. Excessive reactive oxygen species cause lipid, protein,
and DNA damage, while calcium overload and glutamate-mediated excitotoxicity disrupt synaptic
signaling. These events impair postsynaptic receptor function, reduce synaptic plasticity, and promote
progressive synaptic degeneration underlying cognitive decline.

5. Crosstalk Between Neuroinflammation and
Synaptic Dysfunction

Neuroinflammation and synaptic dysfunction are
tightly interconnected processes that
synergistically drive neurodegeneration and
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cognitive decline in Alzheimer’s disease and
related disorders [29]. Rather than acting as
independent  pathological events, these
mechanisms engage in dynamic crosstalk
mediated by shared molecular signals, leading to
progressive neuronal and network failure [30].
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Several molecular mediators operate at the
intersection of inflammation and synaptic
integrity. Pro-inflammatory cytokines such as
tumor necrosis factor-o (TNF-a), interleukin-1
(IL-1B), and interleukin-6 (IL-6), released by
activated microglia and astrocytes, directly
modulate synaptic transmission and plasticity [31].
TNF-a alters the trafficking of AMPA and NMDA
receptors, enhancing excitatory signaling and
promoting excitotoxicity, while IL-1p disrupts
long-term potentiation and memory consolidation.
Complement proteins, particularly Clq and C3,
represent another critical link, as their
upregulation in inflammatory states tags synapses
for microglial-mediated elimination, leading to
pathological synaptic pruning [32]. Additionally,

inflammasome activation amplifies cytokine
release, further destabilizing synaptic
homeostasis.  Bidirectional feedback loops
reinforce the relationship between

neuroinflammation and synaptic dysfunction [33].
Synaptic damage and neuronal stress release
danger-associated molecular patterns, including
ATP, HMGBI, and misfolded protein aggregates,
which activate pattern recognition receptors on
glial cells and perpetuate inflammatory responses

[34]. In turn, sustained neuroinflammation
exacerbates  synaptic loss by impairing
neurotransmitter balance, disrupting calcium

homeostasis, and inducing oxidative stress. This
self-propagating cycle progressively weakens
neuronal connectivity and accelerates
neurodegeneration [35]. The convergence of
inflammatory and synaptic pathways underscores
the complexity of neurodegenerative disease
progression.  Targeting  shared  molecular
mediators and interrupting these maladaptive
feedback loops may offer therapeutic advantages
over single-target strategies. Consequently,
integrated pharmacological approaches that
simultaneously modulate neuroinflammation and

‘\@S’E’,\} INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES
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preserve synaptic function represent a promising
direction for disease-modifying interventions [36].

6. Current Therapeutic Approaches and

Limitations

Current  pharmacological management  of
Alzheimer’s disease (AD) is largely focused on
symptomatic relief rather than modification of the
underlying disease process [37]. The most widely
prescribed agents include acetylcholinesterase
inhibitors—such as donepezil, rivastigmine, and
galantaminewhich aim to enhance cholinergic
neurotransmission by preventing acetylcholine
breakdown. These drugs provide modest and
temporary improvements in cognition, behavior,
and activities of daily living, particularly in mild
to moderate stages of the disease [38]. Memantine,
an N-methyl-D-aspartate (NMDA) receptor
antagonist, is used in moderate to severe AD to
reduce glutamate-mediated excitotoxicity and
improve  functional
symptomatic benefits are limited, and treatment

outcomes.  However,
efficacy often diminishes as neurodegeneration
progresses [39]. Despite extensive research
efforts, disease-modifying therapies (DMTs) for
AD have faced significant challenges. Most DMTs
have primarily targeted amyloid-f (AP)
accumulation through inhibition of its production,
aggregation, or enhancement of its clearance [40].
Although monoclonal antibodies against AP have
demonstrated reductions in amyloid burden, their
clinical benefits remain inconsistent, and concerns
persist regarding safety, cost, and accessibility
[41]. Adverse effects such as amyloid-related
imaging abnormalities, including cerebral edema
and microhemorrhages, have further limited
widespread  clinical  adoption.  Similarly,
therapeutic strategies targeting tau pathology have
yet to show robust clinical efficacy [42]. A major
limitation of existing disease-modifying strategies
is their narrow focus on single pathological targets,
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despite the of AD.
Neuroinflammation, synaptic dysfunction,
oxidative stress, and mitochondrial impairment
often remain unaddressed [43]. Additionally, late-
stage intervention, suboptimal patient
stratification, and inadequate biomarkers for early
diagnosis contribute to therapeutic failure [44].
Collectively, these shortcomings highlight the
urgent need for multi-target and mechanism-based
therapeutic approaches capable of intervening
earlier in the disease course and addressing the
complex pathophysiology of Alzheimer’s disease
[45].

multifactorial nature

7. Emerging Therapeutic Paradigms — 1,200-
1,500 words

The growing recognition of Alzheimer’s disease
(AD) as a multifactorial disorder has shifted
therapeutic research toward innovative strategies
that target multiple pathogenic mechanisms
[46]. Emerging therapeutic
paradigms aim not only to slow neurodegeneration

simultaneously

but also to restore synaptic function and modify
disease progression more effectively than
conventional approaches [47]. Anti-inflammatory
and immunomodulatory agents have gained
increasing attention due to the central role of
chronic neuroinflammation in AD pathology.
Strategies targeting microglial activation, cytokine
signaling, and inflammasome pathways are under
active  investigation [48].  Small-molecule
inhibitors of the NLRP3 inflammasome,
monoclonal antibodies against pro-inflammatory
cytokines, and modulators of microglial
phenotypic  polarization aim to suppress
detrimental  inflammatory responses  while
preserving neuroprotective immune functions
[49]. Additionally, checkpoint
modulation and adaptive immune regulation are

immune

being explored to rebalance central and peripheral
immune interactions. Synaptic repair and

U
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neurotrophic support represent another promising
therapeutic intervention  [50].
Approaches enhancing neurotrophic signaling,
including brain-derived neurotrophic factor
(BDNF) and nerve growth factor (NGF) pathways,
seek to promote synaptic plasticity, neuronal
survival, and cognitive resilience [51]. Small
molecules, peptides, and gene-based delivery of
neurotrophic

avenue for

factors  have  demonstrated
encouraging preclinical results by improving
synaptic integrity and memory performance [52].
Pharmacological agents targeting synaptic
receptors and scaffolding proteins are also being
developed to stabilize synaptic connections and
counteract synapse loss. Gene therapy and
editing technologies offer
transformative potential by directly correcting
disease-associated  genetic and  molecular
abnormalities [53]. Viral vector-mediated gene
delivery and CRISPR-based genome editing are

being investigated to modulate amyloid precursor

molecular

protein processing, tau phosphorylation, and
neuroinflammatory signaling pathways. Although
still in early stages, these approaches provide
opportunities for long-term and potentially
disease-modifying effects [54]. Nanotechnology-
based drug delivery systems are increasingly
utilized to blood-brain  barrier
limitations and enhance therapeutic precision [55].
Nanocarriers such as liposomes,

overcome

polymeric
nanoparticles, and exosomes enable targeted
delivery, improved bioavailability, and reduced
systemic toxicity. Collectively, these emerging
paradigms highlight a shift toward integrated,
precision-based therapies for Alzheimer’s disease
[56].

8. Translational and Clinical Perspectives

Translational research in Alzheimer’s disease
(AD) increasingly focuses on  bridging
mechanistic insights with clinical application to
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enable earlier diagnosis, improved patient
selection, and more effective therapeutic
interventions. [57]. Central to this effort is the
identification and validation of reliable biomarkers
that reflect neuroinflammation and synaptic
integrity, two key drivers of disease progression.
Biomarkers provide
valuable tools for monitoring disease activity and
therapeutic response. [58]. Positron emission
tomography (PET) ligands targeting translocator
protein (TSPO) allow in vivo visualization of
microglial activation, while emerging tracers aim
to distinguish detrimental versus protective glial
phenotypes. [59]. Cerebrospinal fluid (CSF) and
blood-based biomarkers, including cytokines such
as interleukin-6, tumor necrosis factor-a, and
inflammasome-related components,
invasive means of assessing inflammatory status.
[60]. Advances in ultrasensitive assays have
enabled detection of peripheral inflammatory

markers that correlate with central

of neuroinflammation

offer less

immune
activity, facilitating longitudinal monitoring and
large-scale screening. Markers of synaptic health
are increasingly recognized as strong correlates of
cognitive decline. [61]. CSF levels of synaptic
proteins such as synaptosomal-associated protein
25 (SNAP-25), neurogranin, and synaptotagmin
reflect synaptic degeneration and dysfunction.
Neuroimaging techniques, including functional
MRI and synaptic vesicle glycoprotein 2A (SV2A)
PET imaging, provide insights into synaptic
density and network connectivity. [62]. These
biomarkers enhance the ability to track disease
progression and evaluate synapse-targeted
therapies in clinical trials. Patient stratification and
precision medicine approaches are essential for
translating emerging therapies into clinical
[63]. Heterogeneity in  genetic
background, inflammatory profiles, and disease
stage contributes to variable treatment responses.
Stratifying patients based on biomarker signatures,
genetic risk factors such as APOE genotype, and

SUCCEsS.
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clinical phenotypes enables the development of
tailored therapeutic strategies. [64]. Integrating
multi-modal biomarkers with artificial
intelligence—driven analytics may further refine
precision medicine approaches, ultimately
improving clinical outcomes and accelerating the
development of disease-modifying therapies for
Alzheimer’s disease. [65].

9. Future Directions

Future therapeutic strategies for Alzheimer’s
disease (AD) must evolve beyond single-target
approaches to address the and
interconnected pathological processes driving

complex

disease progression. [66]. Multi-target therapeutic
strategies are increasingly recognized as a rational
and necessary direction, given the simultaneous
involvement of neuroinflammation, synaptic
dysfunction, mitochondrial impairment, oxidative
stress, and protein misfolding. [67]. Multi-target-
directed ligands, drug combinations, and
pleiotropic agents aim to modulate several disease-
relevant  pathways  concurrently, thereby
enhancing therapeutic efficacy and reducing the
likelihood of compensatory mechanisms that
undermine treatment [68].
Pharmacological agents capable of simultaneously
suppressing  neuroinflammation,  preserving
synaptic integrity, and supporting neuronal
survival may offer superior disease-modifying
potential, particularly when administered during

SucCcCcss.

early or prodromal stages of AD. [69]. The
integration of multi-omics technologies represents
another transformative avenue for advancing AD
research and therapy. Genomics, transcriptomics,
proteomics, metabolomics, and epigenomics
provide comprehensive insights into disease-
associated molecular alterations across different
biological levels. [70]. Integrative analysis of these
datasets can uncover novel therapeutic targets,
identify disease subtypes, and reveal pathway
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interactions that are not evident from single-layer
analyses. Such systems-level understanding is
essential for deciphering disease heterogeneity and
tailoring  personalized interventions. [71].
Artificial intelligence (Al) and machine learning—
driven drug discovery is poised to accelerate the
translation of multi-omics data into clinically
actionable therapies. [72]. Al-based algorithms
can predict drug—target interactions, optimize lead
compounds, and identify repurposing
opportunities by analyzing vast and complex
datasets. Moreover, Al-assisted modeling of
disease progression and treatment response may
guide rational clinical trial design and patient
[73]. Together, multi-target
combined with multi-omics

stratification.
pharmacology
integration and Al-driven discovery heralds a new
era of precision, efficiency, and innovation in the
development of effective therapies for
Alzheimer’s disease. [74].

CONCLUSION

Alzheimer’s disease (AD) is a multifactorial
neurodegenerative disorder driven by the intricate
interplay  between neuroinflammation and
synaptic dysfunction. This review emphasizes that
chronic glial activation, pro-inflammatory
cytokine release, and inflammasome signaling
contribute  to  neuronal damage, while
mitochondrial  dysfunction, neurotransmitter
imbalance, and dendritic spine loss accelerate
synaptic failure and cognitive decline. The
bidirectional crosstalk between these processes
creates a self-perpetuating cycle that worsens
disease progression.

Current therapies provide only symptomatic relief
and fail to address underlying pathogenic
mechanisms,  while  single-target  disease-
modifying approaches have shown limited
success. Emerging multi-target  strategies,
including  immunomodulation,  neurotrophic
support, gene therapy, and nanotechnology-based

\"’u INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

delivery systems, offer promising alternatives by

addressing multiple disease pathways
simultaneously.

Advances in biomarkers and precision medicine
further enhance early diagnosis and personalized
approaches.  Overall, integrated
therapeutic strategies targeting both
neuroinflammation and synaptic integrity are
essential for developing effective
modifying treatments and improving outcomes in

Alzheimer’s disease.

treatment
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