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Abstract

Alzheimer’s disease (AD) is the most common cause of dementia in older adults, marked by a gradual and irreversible deterioration of
cognitive abilities, including memory and thinking skills. AD is highly heterogeneous, with variations in amyloid and tau pathology,
symptoms, proteostasis, neuroinflammation, and genetics. Dysregulated proteostasis and neuroinflammation, though usually protective,
contribute significantly to disease progression. Proteostasis refers to the network that maintains the integrity of both intracellular and
extracellular proteins, while neuroinflammation is the biological response to harmful stimuli. Proteostasis stress can activate immune
responses and cause excessive inflammation, while impaired microglia and astrocyte function can further disrupt proteostasis and worsen
disease progression. While numerous reviews on AD exist, this review focuses on the complex interplay between proteostasis and
neuroinflammation in AD and their integral roles in disease pathology. Additionally, we will explore current and promising therapeutics
targeting these processes, potential biomarkers, and the clinical trials conducted over the past 5 years, particularly those that address
neuroinflammation and proteostasis, as identified through a PubMed search.
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1. Introduction

Alzheimer’s disease (AD), the most common form of
dementia in older adults, is a degenerative brain disorder
that causes a steady and irreversible loss of memory and
cognitive abilities [1,2]. Around 6 million Americans over
65 are living with Alzheimer’s, and many younger people
are affected too. As more people live longer, that number
will likely grow, since age is the biggest risk factor [3]. Af-
ter the discovery of AD, it was found in 1984 that the amy-
loid S5 protein (Af3) is the central component of extracellu-
lar amyloid plaques in AD [4]. In the following years, A3
has been considered the driver of Alzheimer’s pathological
processes, and the “amyloid cascade hypothesis™ has be-
come a leading theory of AD pathogenesis [5,6]. However,
the repetitive failures of A 5-targeted clinical trials have cast
considerable doubt on this hypothesis and have led investi-
gators to explore other possible mechanisms [5].

Recent investigation supports that overactivated in-
flammatory responses in the brain, abnormal mitochondria,
and impaired protein turnover are connected to AD [7].
Genome-wide association studies have established a link
between AD risk genes and innate immune function, includ-
ing microglia and inflammatory signaling molecules, sug-
gesting a key role for neuroinflammation in AD [8]. Mi-
croglia are macrophage-like innate immune cells in the cen-
tral nervous system (CNS) that can respond to disease pro-
gression by altering their physiological functions and induc-
ing the activation of inflammatory pathways [9]. Microglia

exist in different subtypes and can interact with various
CNS cells, including astrocytes, oligodendrocytes, and neu-
rons [10]. Their activation and inflammatory response are
crucial for neuroprotection. However, persistent and pro-
longed microglial activation and associated neuroinflam-
mation are central pathological features of AD [11].

Neuroinflammation can have both helpful and harmful
effects. It plays a protective role by activating immune re-
sponses, where astrocytes and microglia carry out phagocy-
tosis to clear pathogens and debris. However, if this process
becomes dysregulated, it may contribute to disease progres-
sion [12]. The dual nature of neuroinflammation becomes
apparent when the negative effects of this process, caus-
ing harmful consequences for neurons in the patient’s brain,
were observed [11,13]. In each type of inflammatory reac-
tion, the moment that marks the end of its duration is very
important. It is an active process supervised by special-
ized mediators acting as regulators. Numerous studies have
demonstrated a reduced concentration of neuroinflamma-
tion suppression regulators, which may be related to amy-
loid deposits present in the brain of AD patients, driving the
inflammation process [14,15].

Proteostasis is the maintenance of protein balance
in the brain, a complex system crucial for cell function
and survival. It includes the ubiquitin-proteasome system
(UPS), endoplasmic reticulum (ER) and the autophagic-
lysosomal system which are responsible for the degradation
of aberrant proteins under physiological conditions [16—
19]. AD is characterized by the accumulation of aberrant
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proteins, which signals a severe disturbance in the pro-
teostasis network [17,19]. Under normal conditions, the
proteostasis network controls protein quality to prevent ag-
gregation. However, if this system is disrupted, misfolded
proteins build up, clump together, and form structured ag-
gregates [20-22]. While AD has been proven to be het-
erogeneous and has many factors that can contribute to it,
this review will be largely focused on the influence of neu-
roinflammation and aberrant proteostasis, the complex in-
terplay between both in the pathogenesis and progression
of the disease, and the recent therapeutic considerations in-
volving neuroinflammation and proteostasis in the manage-
ment and possible treatment of AD.

2. Neuroinflammation and Its Crosstalk
With Proteostasis in AD

2.1 Inflammatory System in AD

Under physiological conditions, inflammation is con-
sidered a beneficial physiological response within the brain
and spinal cord, promoting clearance of neuronal debris,
misfolded protein, and assisting in tissue repair [23]. How-
ever, when inflammation becomes prolonged and sustained,
it contributes to a variety of chronic inflammatory dis-
eases. In the central nervous system, brain-residing mi-
croglia and astrocytes are the primary sources of inflam-
mation. Therefore, inflammation has been considered as a
contributor to neurodegeneration, together with glial acti-
vation and peripheral immune infiltration, and proteosta-
sis [24,25]. Inflammation is a key part of AD patho-
physiology, with astrocytes and microglia—which release
chemokines and cytokines—being the first cells to respond
[26,27]. According to Paolicelli ef al. [28], microglia ex-
ist in a dynamic continuum of transcriptional and func-
tional states rather than simplistic binary categories such
as “resting” or “activated”. This heterogeneity is shaped
by age, brain region, sex, disease context, and environmen-
tal stimuli. The paper advocates for a refined nomencla-
ture grounded in multi-omic characterizations—integrating
transcriptomic, proteomic, epigenetic, and spatial data—to
capture the full complexity of microglial biology. It also
highlights the need for standardized reference atlases and
cross-species comparisons to clarify distinctions between
microglial states observed in health and disease, partic-
ularly neurodegenerative conditions such as Alzheimer’s
disease, where microglia may have both protective and
pathogenic roles. Similarly, Fumagalli et al. [29] uti-
lized advanced single-cell RNA sequencing and computa-
tional modeling to identify a continuum of microglial states,
termed the microglial state continuum (MSC), which re-
flects varying degrees of activation and functional special-
ization. They showed that this continuum is influenced by
brain region, developmental stage, and disease state. In
neurodegenerative contexts, particularly Alzheimer’s dis-
ease, microglia exhibit shifts towards less active or dys-

functional states, which may impair their ability to maintain
homeostasis. The study also introduces tools for annotating
microglial cell states based on gene expression profiles, of-
fering a framework for future research into microglial func-
tion and pathology.

An inflammatory response usually begins with over-
expression of interleukin (IL-1), monocyte-attracting
chemokines, = macrophage inflammatory proteins,
prostaglandins (PG), factors of coagulation, reactive
oxygen species, nitric oxide (NO), complement factors,
proteases, and pentraxins, which in turn activate other
processes and finally lead to a vicious circle that has a key
role in the accumulation of amyloid plaques and neuronal
death [27,30]. As mentioned earlier, activated microglia
trigger a cascade of signaling pathways, including the
phosphoinositide 3-kinase/protein kinase B (PI3K/Akt)
pathway, which regulates inflammation and apoptosis,
and the nuclear transcription factor kB (NF-xB) pathway,
which together result in the activation of mammalian
target of rapamycin (mTOR) prote [27,31]. The overall
action is seen as an increase in cyclooxygenase-2 (Cox-2)
and inducible nitric oxide synthase (iNOS). Microglia
release inflammatory cytokines by stimulating signaling
pathways like Cox-2, Akt/mTOR, NF-«xB, caspases, p38
mitogen-activated protein kinases (p38 MAPK), and NO
[32-34].

Proinflammatory cytokines and chemokines secreted
from microglia, astrocytes, T helper 1 cells, CD4+ cells,
and dendritic cells regulate growth, differentiation, and
cell activation. The major proinflammatory cytokines
are interleukin-1 (IL-1), interleukin-6 (IL-6), and tumor
necrosis factor o (TNF-«) [35,36]. In contrast, anti-
inflammatory cytokines, including IL-4, play a crucial role
in counteracting the neuroinflammatory response seen in
the brains of AD patients [37]. IL-4 has been shown to in-
crease microglia clearance in cell culture studies by enhanc-
ing the activity of AfS-degrading enzymes and promoting
CD36 expression [38,39]. Moreover, IL-4 impairs mono-
cyte differentiation into macrophages and reduces their
ability to uptake pathological forms of AS [40].

2.2 Oxidative and ER Stress as Bridging Mechanisms

Oxidative stress (OS) occurs when the production of
reactive oxygen and nitrogen species (ROS/RNS) exceeds
the capacity of the cell’s antioxidant defenses. OS plays
a detrimental role in the pathogenesis of AD as neurons
are particularly susceptible to OS due to their high oxygen
utilization, weak antioxidant system, and high polyunsat-
urated fatty acid content in membranes [41,42]. Studies
show that antioxidant levels in the brain decline with age,
thereby affecting the proteostasis of the brain by increas-
ing susceptibility to protein misfolding [43]. OS results
from the accumulation of oxidized and damaged macro-
molecules that are not efficiently removed and renewed.
Proteins are highly susceptible to oxidative damage that in-
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Fig. 1. Oxidative stress impairs proteostasis in AD. Increased production of amyloid peptides and phosphorylated tau (p-tau) enhances

the generation of ROS to damage intracellular proteins and increase the accumulation of amyloid plaques and neurofibrillary tangles,

leading to impaired proteostasis. AD, Alzheimer’s disease; ROS, reactive oxygen species; AP, amyloid B protein. 1, increase. Created

with https://www.biorender.com/.

evitably affects the secondary and tertiary structure, causing
an irreversible modification of protein structure and func-
tion [44,45].

Many studies have shown links between protein
homeostasis and OS. As mentioned above, during aging,
the capacity of cells to maintain homeostasis and proteosta-
sis decreases, leaving the organism susceptible to AD as
proteins are irreversibly oxidized and cannot be efficiently
degraded [46—48]. Considering these findings, the forma-
tion of toxic and large protein aggregates is a major conse-
quence of protein oxidation and poor proteostasis. Insolu-
ble aggregates can be formed as a result of covalent cross-
links among peptide chains, as in the case of AS peptides
and neurofibrillary tangles (NFTs) in AD [46,49]. Indeed,
OS enhances y-secretase and 3-secretase (BACE-1) activ-
ity and AS production in neurons, which opines a direct
relationship between amyloidogenic processing of amyloid
precursor protein (APP) and OS [50,51] (Fig. 1).

2.3 Mitochondrial Dysfunction in AD and cGAS-STING:
An Inflammatory and Proteostatic Nexus

While mitochondrial dysfunction spans metabolic, ox-
idative, and proteostatic roles, one critical consequence is
the leakage of mitochondrial DNA, which activates the
cyclic GMP-AMP synthase-stimulator of interferon genes
(cGAS-STING) pathway—Iinking mitochondrial damage
to neuroinflammation in AD. Mitochondrial dysfunction
is a key feature of AD pathology, which is character-
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ized by altered cellular metabolism [52-54]. Mitochon-
dria are present in all human body cell types (except mature
red blood cells) to perform important cell fate-determining
functions, and their abundance depends on the role of the
cell. Under physiological conditions, mitochondria are well
equipped with antioxidants like cytochrome ¢ to mop up
ROS, but during aging and in AD, these systems become
dysfunctional [55]. Specifically, studies have shown that
complex I and complex II are altered during aging and AD
[56-58]. On the other hand, protein buildup within mito-
chondria impairs the electron transport chain’s function. It
is noted that AS oligomers can enter mitochondria to dis-
rupt their functions. There are two ways by which Aj enters
mitochondria: (1) through direct transport across the outer
membrane via translocase of the outer/inner mitochondrial
membrane (TOM/TIM) complex, and (2) through enhanced
interaction with the ER facilitated by the mitochondria-
associated membranes where A3 can be generated and then
transported into the mitochondria. This can further increase
the buildup of OS [59,60].

The cGAS-STING pathway functions as a DNA de-
tector in the cytosol to identify damage-associated molecu-
lar patterns (DAMPs), and to trigger the inflammatory reac-
tions through STING. Mitochondrial dysfunction has been
recognized as a key contributor of AD, and when their dam-
ages occur, mitochondrial DNA (mtDNA) is released into
the cytosol, where the leaked mtDNA serves as a damage-
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associated molecular pattern (DAMP) to activate the cGAS-
STING pathway, resulting in neuroinflammation [61-63].

The cGAS is a ~522 amino acid-long protein that
contains two domains, a basic domain [61,64]. In mam-
malian cells, the activation of cGAS and its downstream
STING pathway leads to the generation of type I interfer-
ons (IFNs) and pro-inflammatory cytokines (Fig. 2). The
cGAS-STING signaling pathway has recently been recog-
nized as a key mechanism in triggering innate immune re-
sponses to double-stranded DNA. Research indicates that
this pathway is activated in many neurodegenerative dis-
eases [05]. Given that reduced proteasome activity is often
seen in neurodegenerative diseases, one study showed that
dysfunction of the 26S proteasome can activate the cGAS-
STING pathway, ultimately causing neuronal death by trig-
gering necroptosis [66]. However, mounting evidence in-
dicates that autophagy also plays an important role in regu-
lating cGAS—STING signaling to maintain immune home-
ostasis [67,68], indicating that impaired protein degradation
and the accumulation of misfolded proteins may function
as a generalized inducer of the pathway likely through en-
hanced OS and mitochondrial damage (Fig. 2). It is noted
that marked activation of cGAS-STING occurs in the hip-
pocampus of AD mice, which is associated with the ex-
pression of IL-6, deposition of A/ plaques, and neuroin-
flammation [69]. These AD-related effects appear to rely
on mtDNA, as neither AS nor the mitochondrial-targeted
AS-precursor protein intracellular domain induces notable
cellular damage in the absence of mtDNA [53], suggesting
asignificant role of mtDNA in AD-associated neuroinflam-
mation.

3. Impaired Proteostasis in AD

Mammalian cells contain many distinct proteins that
vary from cell to cell depending on the type, function, and
status of the cell at various times [70,71]. Proteostasis, or
protein homeostasis, refers to maintaining a proper balance
between protein production and breakdown, ensuring pro-
teins are correctly synthesized, folded, and cleared when
damaged or no longer needed. Proteostasis is essential in
maintaining human cells’ healthy, as 33-35% of newly syn-
thesized proteins are prone to misfolding under physiolog-
ical conditions. Hence, it becomes crucial during aging
as the activity of proteostasis machinery is reduced, caus-
ing aggregation and accumulation of damaged/aberrant pro-
teins [72,73].

Maintenance of protein homeostasis is important for
cell function, fitness, and survival. As such, cellular in-
tegrity relies on proteolytic systems that not only main-
tain the proper concentration of regulatory and structural
proteins but also scavenge damaged and misfolded pro-
teins [3,74]. The two main protein degradation systems are
the evolutionarily conserved UPS, which is responsible for
the degradation of both functional and dysfunctional short-
lived proteins coupled with poly-ubiquitin molecules, and
the autophagy-lysosomal system that degrades long-lived
proteins, large aggregates of proteins, cellular components,
and organelles [75,76]. Proteostasis can be modified by
pathogens, aging, environmental changes, cellular stress,
and a host of other factors [77,78].

3.1 Ubiquitin-Proteasome System (UPS)

The UPS consists of the ubiquitin conjugation system
and the proteasome, working together to degrade intracel-
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lular proteins. Ubiquitination or polyubiquitination serves
as a tagging mechanism, marking proteins for destruction,
while the proteasome carries out the actual degradation pro-
cess. Together, they help cells maintain proteostasis [79—
81]. Through the UPS pathway, potentially toxic proteins
marked for degradation are broken down into small pep-
tides, which can then be recycled to restore intracellular
amino acid levels [82] (Fig. 3).

Protein degradation via the UPS pathway starts with
ubiquitin (Ub) [83]. Downstream of the ubiquitination re-
action is the degradation of polyUb-tagged proteins by pro-
teasome, a multiple-protein assembled large complex com-
posed of two particles: the regulatory 19S complex which
aids substrate recognition, deubiquitinating, unfolding of
protein and uncoiling of protein for degradation, and the
26S catalytic complex which is hollow, cylindrical, com-
posed of two inner and two outer rings responsible for the
actual degradation of substrate protein [84,85] (Fig. 3). Ex-
tensive research has demonstrated that the UPS plays a
vital role in eliminating AD-related pathological proteins,
and its impairment is associated with increased severity of
Alzheimer’s disease pathology. Tau is degraded by 26S
proteasome in a ubiquitin- and ATP-dependent manner be-
cause phosphorylated and non-phosphorylated tau proteins
are the substrate of ATP/Mg?™ -dependent proteasome [86].
In contrast, when UPS is disrupted, accumulation of nonde-
graded protein and neuroinflammation will occur.

3.2 Autophagy-Lysosome Pathways (ALPs)

Autophagy is a major proteolytic system in the cy-
toplasm and removes aggresomes by lysosomal degrada-

&% IMR Press

tion [87]. Under physiological conditions, there is usu-
ally no buildup of aberrant protein as the clearance rate is
always higher than the production rate. Autophagy, also
known as autophagocytosis, is one of the ways that the
brain ensures this happens; it is a self-eating process that
delivers cytoplasmic cargo to the lysosome for degrada-
tion [5,18]. The autophagy-lysosome pathway (ALP) in-
volves the biogenesis of a unique organelle enclosed by a
double lipid bilayer, named the autophagosome. During
autophagy, autophagosomes fuse with lysosomes, where
protein-containing vacuoles are broken down by hydrolytic
enzymes. Age-related, stochastic, non-enzymatic, post-
translational modifications, as well as macromolecules, cy-
tosolic portions, and entire organelles, are usually degraded
by the ALPs via lysosomes [88,89].

3.3 Neurovascular Unit (NVU) Dysfunction and the
Glymphatic System in AD

Neurovascular unit (NVU) dysfunction and the glym-
phatic system have been implicated in neuroinflammation
and proteostasis in AD. NVU plays an important role in
maintaining homeostasis of the brain microenvironment
and the accelerated aging of NVU cells may directly im-
pair NVU function and contribute to AD pathogenesis [90].
Thus, rescuing NVU dysfunction might be a viable ap-
proach to AD treatments [91]. One study has showed that
the diameter of microvessels and PV (Parvalbumin) neu-
ron numbers were decreased, the microglial number was in-
creased, and spatial learning was deficient in the hippocam-
pus at 24 months of age, suggesting that the impairment of
the hippocampal neuro-vascular unit precedes changes in
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spatial cognition in naturally aged rats [92]. In addition,
single-nucleus transcriptome analysis identified eight main
cell types and the expression patterns of aging-related genes
in NVU cells of AD [90].

The glymphatic system is considered to be associated
with the pathogenesis of AD, although the alterations of the
glymphatic system along the AD continuum are still un-
known, it is suggested that cognitive dysfunction is closely
associated with the activity of the glymphatic system [93].
Evidence showed lower diffusion tensor image analysis
along the perivascular space (DTI-ALPS) index was found

in patients with AD dementia, which may suggest impaired
glymphatic system function [94]. A new small molecule,
OAB-14, enhances the clearance of brain AJ via the glym-
phatic system and improves cognitive function [95]. Taken
together, while NVU dysfunction is connected to neuroin-
flammation, the glymphatic system is connected to pro-
teostasis. While more information is needed on their exact
mechanisms of action in AD, it may be beneficial to con-
sider these systems together with neuroinflammation and
proteostasis in the management of AD.
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4. Relationship Between Proteostasis and
Neuroinflammation in AD

Extracellular A8 deposition and aggregation are the
hallmarks of AD. These deposited AS plaques cause mi-
croglial inflammatory activation, migration, and phagocy-
tosis [38,96]. Exacerbation of AD pathology is observed
as a result of this because the primary immune response to
the buildup of AS is sustained microglia activation lead-
ing to reactive microgliosis and decreased microglial capac-
ity to phagocytose A3 and pro-inflammatory cytokine re-
lease [24,97]. Another hallmark of AD pathology, tauopa-
thy, has been demonstrated to spread between the brain
cells by direct secretion, ectosomal, and exosomal mech-
anisms [98,99]. In tauopathy, microglia play a key role in
propagating tau-related pathology through exosome release
[100,101].

4.1 Impaired Proteostasis Triggers Neuroinflammation

The cellular stress response is a major regulator of the
proteostasis network in various scenarios of induced imbal-
ance in proteostasis. Previous data show that impaired pro-
teostasis leads to toxic protein buildup and mitochondrial
dysfunction, triggering an immune response; when exces-
sive, this inflammation can contribute to neuronal dysfunc-
tion [102,103]. For instance, when the neuronal protea-
some function is disrupted, this causes mitochondrial DNA
to be released into the cytosol, activating the cGAS-STING
pathway and triggering neuroinflammation and necropto-
sis in the animal brain (Fig. 4). Likewise, autophagy and
mitophagy dysfunctions are found in most AD cases, likely
caused by Af3 and p-tau aggregates and toxic effects. When
autophagy is disrupted, it activates the nucleotide-binding
oligomerization domain leucine-rich repeat and pyrin do-
main containing 3 (NLRP3) inflammasome, leading to in-
creased production of pro-inflammatory cytokines (Fig. 4).

Inflammasomes are multiprotein complexes present
in microglia, astrocytes, neurons, endothelial cells, and
macrophages within the CNS; they are part of the innate im-
mune system that recognize pathogen-associated molecu-
lar patterns (PAMPs) and danger-associated molecular pat-
terns (DAMPs) [103,104]. The activation of inflamma-
somes, such as the NLRP3 which is a key component of in-
flammasomes, has been reported in several neurodegenera-
tive diseases because they activate caspase-1 and the subse-
quent release of pro-inflammatory cytokines IL-1 and IL-18
[103].

Amyloid-/3 peptides were able to activate the NLRP3
inflammasome in microglia, and IL-17 secretion occurred
in a purine receptor (P2X7) receptor-independent man-
ner. Thus, microglia-dependent inflammasome activa-
tion by protein aggregates can play an important role in
the brain and especially in neuroinflammatory conditions
[105]. Available research have found that exposure to A3
significantly increases the expression of F-box and WD-
40 domain protein 11 (FBXW11) in microglia, provid-
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ing insight into the mechanisms of microglial activation.
Moreover, FBXW11 deletion considerably ameliorated the
inflammatory response in Af-incubated microglial cells
through suppressing NF-xB signaling. Similar research
showed that when microglia were incubated with A 342, mi-
croglia cell morphology changed, the expression level of in-
flammatory factors increased, cell apoptosis was promoted,
and the expression of microtubule-associated protein (Tau
protein) and related proteins increased [106]. Additional
research indicates A3-induced activation of the NLRP3 in-
flammasome in microglia occurs via the toll-like receptor 4
(TLR4) pathway [107]. Additionally, A treatment also in-
duced a high level of caspase-1 and IL-1 in the brain tissue
of AD mice [108,109], while inhibition of either NLRP3 or
caspase-1 increased the clearance of A3 by microglia, re-
duced the A deposition, and improved cognitive impair-
ment [110]. Inhibition of the NLRP3 increased the endothe-
lial properties and survival, suggesting a role of NLRP3 in
blood-brain barrier dysfunction in AD.

4.2 Increased Neuroinflammation Enhances Protein
Misfolding and Disrupts Proteostasis

As mentioned above, microglia are one of the first im-
mune cells that get activated and recruited to the site of in-
fection or injury as an inflammatory response [111]. It is
noted that microglia express the purinergic receptors that
act as ATP-activated ion channels abundantly present on
the surface of microglia and play a role in immune response
[112,113]. One type of purinergic receptor is called the P2
receptor, which can be activated by metabolites and AS,
thereby causing microglia to activate their phagocytic ca-
pacity. Several receptors, such as the toll-like receptors,
act as important bridges that connect the innate and adap-
tive immune response and through recognition receptors
like TLR2, TLR4, and myeloid cell 2 (TREM2)—found on
myeloid cells—they play a key role in the clearance of AJ
aggregates [114,115]. When these receptors are activated
by metabolites and A, phagosomes form, which subse-
quently fuse with the lysosomes within microglia cells to
form phagolysosomes [116]. The endocytosed substances
in the phagolysosomes are then degraded by various hydro-
lases and cathepsins [117,118].

However, the challenge lies in the fact that overstim-
ulating these receptors can lead to excessive production
of inflammatory factors such as TNF-a, IL-13, and IL-6
which in turn promotes inflammation. They have been im-
plicated in the accumulation of A3 and hyperphosphoryla-
tion of tau, contributing to the activation of microglia and
astrocytes and the formation and release of exosomes that
help spread the aggregates to other cells [119,120]. For ex-
ample, TREM2 has been reported to promote the conver-
sion of microglia to the disease-associated microglia phe-
notype, responsible for A3 phagocytosis [121]. Microglia
could also drive tau spreading and toxicity by promoting
neuroinflammation, such as activating the NLRP3 inflam-
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masome. Microglial autophagy deficiency can lead to dys-
regulation of lipid metabolism, induce microglia into a pro-
inflammatory state, and as a result, enhance intraneuronal
tau pathology and its spreading [122]. It is evident that
microglia-mediated neuroinflammation accelerates A3 and
tau pathology in AD (Fig. 5). On the other hand, A5 pro-
motes neuroinflammation in glia.

al-Antitrypsin (A1AT) reduces ApS42-induced in-
flammation in microglial cells and protects neurons from
glutamate-induced toxicity [123]. Neuroinflammation dis-
rupts experience-dependent structural plasticity of den-
dritic spines in preclinical stages of AD [124], while A
pathology profoundly affects human astrocytes and changes
their entire energy metabolism, which could result in dis-
turbed brain homeostasis and aggravated disease progres-
sion [125]. Studies have reported profound astrogliosis
in the brain of animal models of AD and AD patients
[126,127]. When astrocytes are activated by AS, injury,
or signal of damage, they also participate in the secretion of
inflammatory cytokines, including IL-1, IL-6, and TNF-q,
thereby promoting A aggregation and the neurodegenera-
tive processes in AD [127,128] (Fig. 5). Although the pre-
cise mechanism behind astrocyte-induced protein aggrega-
tion is not fully understood, activation of astrocyte receptors
such as lipoprotein receptor-related proteins (LRPs), scav-
enger receptor-like receptors, membrane-associated proteo-

glycans, and the advanced glycation end products receptor
(RAGE) which contributes to A3 aggregation by recogniz-
ing and binding to A3 [129]. In addition to promoting the
accumulation of immune cells in senile plaques, A3 also
contributes substantially to the inflammatory processes me-
diated by astrocytes [130,131]. Taking all that has been
highlighted above together, it can be concluded that neu-
roinflammation and protein dysfunction go hand in hand,
and it will be of therapeutic benefit to have formulations
that target both axes.

5. Neuroinflammation and Proteostasis as
Potential Targets for AD Treatment

AD is a heterogeneous condition, characterized by
variability in amyloid composition, tau distribution, the re-
lationship between amyloid and tau, clinical symptoms,
neuroinflammation, age, and genetic background. This
complexity has led to the development of multiple research
and treatment strategies targeting different aspects of the
disease, such as oxidative stress, genetic mutations, gut mi-
crobiome disruption, protein homeostasis (or proteostasis),
neuroinflammation, and more. Here, we focus specifically
on research and therapeutic strategies targeting neuroin-
flammation, proteostasis, and their interplay in the manage-
ment of AD.
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Table 1. Therapeutic agents targeting neuroinflammation and proteostasis in clinical trial.

S/N  Agent Route Target AD Stage Phase  Reference
1 Hydromethylthionine Mesylate Oral Tau aggregation inhibitor Mild cognitive impairment (MCI)-AD 1 [134,135]
2 Buntanetap Oral Neuroinflammation, AS and Tau aggregation Mild AD 1 [136]
3 AADvacl (active peptide vaccine) v Tau aggregation Mild AD 1I [137]
4 Gosuranemab (anti-tau monoclonal anti- v Tau aggregation Mild AD 1I [138]
body)
5 Semorinemab v Tau aggregation and microglia activation (neu- Mild-Moderate AD I [139-141]
roinflammation)
6 MAPTRx  (Tau-targeting  antisense v Tau aggregation Mild AD Ib [142]
oligonucleotide)
7 Tilavonemab v Tau aggregation Mild AD 11 [143]
8 NPTO088 v Ap and Tau aggregation Mild-Moderate AD Initial [144]
9 Neflamapimod (p38« kinase inhibitor) Oral Ap and Tau aggregation Mild AD 1I [145]
10 Lecanemab (humanized IgG1 monoclonal v AB Mild AD I [146-148]
antibody)
11 Donanemab v AB Mild AD II [149]
12 Gantenerumab (anti-AS IgG1 monoclonal v Ap Mild AD I [150]
antibody)
13 Aducanumab (human monoclonal anti- v AB Mild AD i [151]
body)
14 Aducanumab (Japanese subgroup Analy- v AB Mild cognitive impairment-AD (MCI-AD) 1 [152]
sis)
15 CT1812 (modulator of the sigma-2 recep- Oral ApB Mild-Moderate AD 11 [153]
tor (S2R))
16 CT1812 (modulator of the sigma-2 recep-  Indwelling cerebrospinal ~AS Mild-Moderate AD Ib [154]
tor (S2R)) fluid (CSF) catheter
17 Atabecestat (JNJ-54861911) Oral BAPP-cleaving enzyme 1 (BACE1) inhibitor Mild AD 11 [155]
18 Verubecestat Oral BACE] inhibitor Mild-Moderate AD i [156]
19 Hydralazine Oral Mitochondrial function SIRT1/SIRTS axis and Mild-Moderate AD 1 [157]
NRF2 signaling pathway (Neuroinflammation
and Oxidative stress)
20 NeuroEPO plus (Neural CIM®) Oral Oxidative damage and neuroinflammation Mild-Moderate AD 1I-111 [158]
21 GRF6019 v Neuroinflammation, cognition and synaptic Severe AD I [159]
plasticity
22 Semaglutide (glucagon-like peptide-1 re- Oral Neuroinflammation Mild AD 11 [160]
ceptor agonist)
23 Masitinib (tyrosine kinase inhibitor) Oral Neuroinflammation ~ (Mast  cells  and Mild to Moderate i [161]
Microglia)- Adjunct treatment
24 AL002 (engineered, humanized mono- v Neuroinflammation (Microglia, triggering re- Mild AD 1 [162,163]

clonal immunoglobulin G1 (IgGl) anti-
body)

ceptor expressed on myeloid cells 2 (TREM2)
agonistic)
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5.1 Current and Potential Therapeutic Strategies

Current drugs used in the management of AD ei-
ther target cholinergic or glutamatergic neurotransmission,
which only relieve the symptoms. There is no curative
medication available, though there are many ongoing clin-
ical trials for such drugs. Some newly developed agents
target the amyloid and tau proteins [132]. Donepezil,
galantamine, and rivastigmine are the current three acetyl-
cholinesterase inhibitors that have been approved by the
Food and Drug Administration, and they act via modifica-
tion of the cholinergic system. They are usually used for
mild to moderate AD, while Memantine, an N-methyl-D-
aspartate (NMDA) receptor antagonist of the glutaminergic
system, was approved in 2003 for moderate to severe AD.
These drugs improve cognition in the patient and ease the
social and economic burden [133]. A lot of reviews have
done a deep dive into the above medications, so we will not
dwell on them here. Researchers are developing various
agents with the hopes of finding a lasting solution to AD.
The list of such drugs that are in clinical trials is long, and
those related to neuroinflammation and proteostasis mech-
anisms in the past five years (2019 till date) using PubMed
search are mentioned in Table 1 (Ref. [134—-163]).

While some act on tau, such as donanemab (The
trailblazer-ALZ 2 randomized clinical trial), which signifi-
cantly slowed clinical progression at 76 weeks in those with
low/medium tau and in the combined low/medium and high
tau pathology population [149]. Similarly, gosuranemab
had an acceptable safety profile and was generally well tol-
erated. At week 76, all doses caused significant reductions
in the cerebrospinal fluid levels of unbound N-terminal tau
compared to placebo [138]. Tilavonemab was generally
well tolerated, although it did not demonstrate efficacy in
treating patients with early AD. Thus, further investiga-
tion of tilavonemab in early AD is not warranted [143].
Some therapeutics target both proteostasis and inflamma-
tion, such as buntanetap, which was safe and well tolerated.
Biomarker data during the trial indicated a trend in lower-
ing the levels of neurotoxic proteins and inflammatory fac-
tors and improving axonal integrity and synaptic function
in both AD and PD cohorts [164].

While some drugs, such as Tilavonemab, did not move
further because of efficacy and toxicity, others have con-
tinued through various clinical trial phases and gotten ap-
proved, such as Aduhelm (aducanumab), which was ap-
proved using the accelerated approval pathway in 2021,
lecanemab, approved in 2023, and Eli Lilly’s Kisunla (Do-
nanemab), recently approved in 2024 [4]. It is important to
highlight that most drugs in clinical trials target tau and/or
Ap, despite the well-established significant role of neu-
roinflammation in both the development and progression
of AD. Having drugs that target both axes may yield better
therapeutic outcomes for patients.
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5.2 Neuroinflammation-Related Biomarkers for AD

A biomarker is an indicator considered for the evalu-
ation of any normal biological as well as pathogenic pro-
cesses and pharmacological effects of any therapy. In the
case of AD, a biomarker can be used to assess the over-
all health and disease condition of aged patients [165]. An
extracellular deposition of amyloid-3 (A/3) protein and an
aggregated form of hyperphosphorylated tau protein in the
brain are two main pathological characteristics of AD [166].
During diagnosis, increased retention of Af3 tracers in the
brain and diminished concentrations of A342 in CSF have
been considered early biomarkers of AD [167] (Table 2,
Ref. [168-176]). Both AS and hyperphosphorylated tau
have been demonstrated to have high diagnostic and prog-
nostic value as they start changing decades before the onset
of dementia symptoms.

Elevated pTaul81 in the plasma identifies partici-
pants more likely to progress to AD [168] and is a suit-
able method for enrichment in AD clinical trials. A study
by [169] showed CSF-soluble platelet-derived growth fac-
tor receptor beta (SPDGFRJ) is associated with BBB leak-
age in the early cognitive impairment stage of AD, which
may contribute to cognitive impairment in AD progression.
Similarly, glial fibrillary acidic protein (GFAP), neurofila-
ment light chain (NF-L), and p-taul81 were identified as
the biomarkers that are significantly associated with dis-
ease progression in both CSF and plasma, thereby suggest-
ing that both CSF and plasma measurement of NF-L, p-
taul81, and GFAP may play a significant role in disease
staging and monitoring [177]. Furthermore, p-tau217 and
the p-tau217/A 540 ratios showed robust correlations with
cerebrospinal fluid biomarkers and positron emission to-
mography amyloid standardized uptake value ratios, under-
scoring their value as non-invasive diagnostic alternatives
[170,171]. Using a risk prediction model, seven protein
signatures (APOE, CGA, CRP, CCL26, CCL20, NRCAM,
and PYY) have been identified that could independently
predict AD incidence in the future [172]. Extracellular vesi-
cles (EVs) have also been explored as possible biomarkers.
Preliminary data suggest that plasma-derived EV S100A8
might be a potential biomarker of AD [178] (Table 2).

Circulating long noncoding RNAs (IncRNAs) might
serve as biomarkers for different pathological conditions.
BACE]1-antisense (BACE1-AS) IncRNA is upregulated in
the AD brain and might be detected in the bloodstream
(Table 2). The BACEI1-AS level was low in the pre-AD
subgroup but was high in full-AD people compared to the
healthy controls. Therefore, BACE1-AS IncRNA may dis-
criminate pre-AD and healthy control (75% sensitivity and
100% specificity), full-AD and healthy control (68% sensi-
tivity and 100% specificity), and pre-AD and full-AD sub-
groups (78% sensitivity and 100% specificity), highlight-
ing its potential as a biomarker for AD development [173].
Also in agreement with the above data is the research that
suggests IncRNA MALAT1 (CSF but not plasma IncRNA-
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Table 2. Identified biomarkers for AD.

Biomarkers Source  References
Ap42 Brain, CSF  [168]
pTaul8l Plasma [169]
NF-L, p-taul81, and GFAP Plasma, CSF  [170]
p-tau217 and p-tau217/A31-42 ratio Plasma  [171,172]
EV S100A8 Plasma [173]
IncRNAs, BACEI-AS Plasma  [174,175]

AB40/A 342 ratio and type 1 T-helper cells
NF-L, neurofilament light chain; GFAP, glial fibrillary acidic pro-

Plasma [176]

tein; CSF, cerebrospinal fluid; IncRNAs, circulating long noncod-
ing RNAs; BACE1-AS, BACEl-antisense; EV, extracellular vesi-

cles.

MALAT1) targeted miR-125b as potential biomarkers for
AD, as they could predict the MMSE score decline at 1, 2,
and 3 years in AD patients [174].

Inflammatory cells have also been explored as pos-
sible biomarkers. FP40/FP42 and type 1 T-helper cells
can accurately predict the pathological changes of late mild
cognitive impairment [175] (Table 2). The inflammatory
biomarker, GFAP, is a more sensitive marker of the inflam-
matory process in response to the A5 misfolding and ag-

gregation, which has been increasingly used as an indicator
for A342 levels in the CSF [136].

6. Conclusion and Future Directions

AD is a multifactorial neurodegenerative disorder
with complex pathogenic mechanisms that go far be-
yond amyloid-8 (AS) accumulation and tau hyperphos-
phorylation. Among the many disrupted cellular pro-
cesses in AD, impaired proteostasis—particularly in-
volving the ubiquitin-proteasome system and autophagy-
lysosome pathway—has emerged as a consistent and criti-
cal feature in both experimental models and human pathol-
ogy [176,179]. Studies have confirmed that both A5 and
aggregated tau proteins can directly inhibit proteasome
function, leading to the buildup of misfolded or damaged
proteins and subsequent cellular toxicity. However, due
to the intricate structure and regulation of the proteasome
machinery, efforts to modulate its activity in vivo have
faced significant technical and biological challenges. Be-
yond the impairment of protein clearance, neuroinflamma-
tion has gained attention as a key contributor to the onset
and progression of AD. However, it is essential to inter-
pret the role of inflammatory mediators with caution, as
these immune pathways are not unique to AD. Many of the
same microglial and astrocytic responses are implicated in
a range of neurodegenerative and neuroinflammatory dis-
eases, including Parkinson’s disease, Huntington’s disease,
cerebral ischemia-reperfusion injury, and autoimmune en-
cephalomyelitis. Hence, it is important to interpret this cau-
tiously, as many of these cells are also implicated in other
neurodegenerative diseases [180].
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Relying solely on targeting neuroinflammation is un-
likely to resolve the underlying proteostasis dysregula-
tion in AD. Rather, a combinatorial therapeutic strat-
egy is required—one that addresses both neuroinflamma-
tory responses and proteostatic collapse simultaneously.
The development of preclinical models that more accu-
rately reflect the human disease, especially in terms of
inflammation-proteostasis interactions, remains a priority.
Many current transgenic or knock-in models fail to cap-
ture the full scope of proteostasis disturbances and chronic
inflammation seen in human AD brains, thereby limiting
translational success.

Recent technological advances offer hope for over-
coming these barriers. Tools such as single-cell RNA se-
quencing have revolutionized our ability to dissect cellular
heterogeneity within the brain, especially among microglial
subpopulations. These tools allow for the identification
of disease-associated microglial states and the mapping of
their transcriptional dynamics across disease stages. Addi-
tionally, organoid models of the human brain, particularly
those incorporating immune components such as microglia,
present promising platforms for studying drug responses in
a more physiologically relevant context. The application
of cerebral organoids, combined with advanced transcrip-
tomics and proteomics, could pave the way for identifying
more precise therapeutic targets and predicting human re-
sponses more effectively.

Current Food and Drug Administration (FDA)-
approved therapies for AD—such as aducanumab,
lecanemab, and donanemab—are largely focused on
reducing A3 burden. While these monoclonal antibodies
demonstrate some ability to slow the progression of
early-stage AD, they are effective in only a subset (ap-
proximately 20-30%) of patients and do not halt or reverse
disease progression. Moreover, most of these therapies
offer limited benefits to individuals in the later stages of
the disease, who represent a significant proportion of the
patient population. This therapeutic gap emphasizes the
urgent need for interventions that go beyond Af targeting.

There is growing consensus in the field that ad-
dressing multiple pathological pathways simultaneously—
such as combining anti-inflammatory agents, proteosta-
sis enhancers, mitochondrial stabilizers, and synaptic
modulators—may produce synergistic effects and yield bet-
ter clinical outcomes. The future of AD therapy will likely
hinge on the integration of multi-target approaches tai-
lored to disease stage and patient-specific pathophysiolog-
ical profiles. Personalized medicine strategies, possibly
guided by biomarkers of proteostasis and inflammation,
hold promise in optimizing these combination therapies.

In conclusion, advancing AD treatment requires a
paradigm shift toward holistic, multi-modal strategies
that address the disease’s complex molecular underpin-
nings. This includes prioritizing research into proteostasis-
inflammation crosstalk, investing in the development of
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more representative disease models, and embracing the
power of emerging technologies in neuroscience. Only
through such an integrative approach can we hope to de-
velop effective therapies that not only delay disease pro-
gression but also improve the quality of life for patients
across all stages of AD.
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