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Abstract

Alzheimer’s disease (AD) is the most common form of dementia and is characterized by the excessive deposition of amyloid-β (Aβ)
plaques and the formation of neurofibrillary tangles. Numerous new studies also indicate that synaptic damage and loss play crucial roles
in AD and form the basis of cognitive impairment. In recent years, synaptic-related proteins have emerged as important biomarkers for
the early diagnosis of AD. Among these proteins, neurogranin (Ng), a postsynaptic protein widely present in the dendritic spines of the
associative cortex in the brain, plays a significant role in memory, learning, synaptic plasticity, and long-term potentiation (LTP). This
review aims to reveal the link between Ng and AD, as well as the potential for the diagnosis of AD, the prediction of the development of
the disease, and the identification of a therapeutic target for AD.
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1. Introduction
Alzheimer’s disease (AD) and related dementias af-

fect approximately 50 million people worldwide [1]. AD
is one of the most prevalent neurodegenerative disorders
globally and is characterized by manifestations of mem-
ory loss and cognitive impairment. The pathological hall-
marks of this disease include the accumulation of extra-
cellular amyloid-β (Aβ) plaques, the development of neu-
rofibrillary tangles composed of phosphorylated tau (P tau)
protein within cells, synaptic loss, and neuroinflammation
[2,3]. AD follows gradual clinical progression and is typi-
cally categorized into three stages: early, middle, and late.
Dementia represents the final stage of the disease. How-
ever, in the early stages of AD, various pathophysiological
processes occur, including synaptic dysfunction [4,5], neu-
ronal and axonal damage, neuroinflammation, and glial re-
actions [6]. Notably, synaptic dysfunction in AD manifests
several years before the onset of cognitive decline, under-
scoring the utility of cerebrospinal fluid (CSF) biomarkers
for early AD diagnosis and differential diagnosis from other
forms of dementia [7,8].

1.1 Synaptic Damage and Loss Play Crucial Roles in the
Progression of AD

Synapses are important components of neurons and
essential structures for neural network connections, and
there is a fundamental tenet in neuroscience in which synap-
tic function is fundamental to cognition. The hypothesis
that synaptic damage or loss serves as an objective mani-
festation of neurodegenerative changes, most relevant to the
decline in cognitive abilities observed in AD, is widely ac-
cepted. This concept is supported by clinical, postmortem,
and nonclinical evidence [9]. The study indicates a reduc-

tion in cortical synaptic density of 25% to 30% in AD pa-
tients, with the synaptic density per neuron decreasing by
15% to 35% [10]. The idea that synaptic changes modu-
late information storage gained popularity in the mid-20th
century with Hebb’s postulation that synapses between neu-
rons that are simultaneously active undergo strengthening,
contributing to the learning process [9]. The discovery of
long-term potentiation (LTP) by Bliss and Lomo [11], as
well as the plasticity of hippocampal synapses in memory
formation by Takeuchi and colleagues [12], further empha-
sized this concept.

Synaptic dysfunction and loss are closely associated
with the pathological cognitive decline experienced in AD
[13–15]. Most studies to date indicate that mechanisms
such as amyloidosis, neuroinflammation, and oxidative
stress can lead to synaptic injury, suggesting that synaptic
loss may be a downstream effect of amyloidosis, neuroin-
flammation, oxidative stress, and other mechanisms in AD
[9,16]. Biomarkers of synaptic damage reflect the conse-
quences of disease-induced synaptic injury and loss in the
brain. The injury and loss of synapsesmirror the cumulative
effects of various pathological substrates in AD, making
them potentially optimal surrogate indicators of AD pro-
gression in clinical and radiological contexts [8,17].

1.2 Synaptic Proteins Associated with AD
Many researchers have applied proteomic analysis

to identify synaptic biomarkers for AD. Numerous stud-
ies have identified various potential synaptic biomark-
ers, including growthassociated protein 43 (GAP-43),
neurogranin (Ng), synaptosome-associated protein of 25
kDa (SNAP-25), synaptoagmin-1, neuronal pentraxin 2
(NPTX2), neurexins, and synaptic vesicle glycoprotein 2A
(SV2A) [18,19].
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A recent study revealed that AD patients had higher
concentrations of 14 synaptic proteins than non-AD par-
ticipants did. Compared with other neurodegenerative dis-
eases, AD patients presented with particularly elevated lev-
els of synaptic proteins, with SNAP-25, 14-3-3 zeta/delta,
β-synuclein, and neuronal granule proteins being especially
effective in distinguishing between AD and control groups
as well as non-AD individuals [20]. Furthermore, an addi-
tional study investigating the impact of AD on three types of
synaptic proteins revealed significant increases in the lev-
els of postsynaptic density protein 95 (PSD-95), SNAP-25,
and Ng. Importantly, no elevated levels of Ng or SNAP-
25 were detected in the cerebrospinal fluid of patients with
other neurodegenerative disorders. Notably, a strong corre-
lation between SNAP-25 and Ng was identified in AD [21].
These findings are consistent with those of previous stud-
ies, indicating that Ng is specifically elevated in AD-related
neurodegenerative diseases but not in other neurodegenera-
tive diseases or patients with nonneurodegenerative cogni-
tive impairment [22,23].

Neurogranin is a postsynaptic protein found in the
dendritic spines of postsynaptic neurons and consists of a
78-amino acid peptide [24]. It is expressed predominantly
in the associative cortex regions of the brain and plays a
crucial role in LTP [25]. Among these synaptic-related
proteins, Ng is essential for memory, learning, synaptic
plasticity, and LTP [26]. It is considered to reflect synap-
tic degeneration [27,28] and has the potential to predict
cognitive decline in AD [29–33]. Ng is believed to be
AD specific, as its CSF levels are higher in AD patients
than in those with other forms of dementia and neurolog-
ical disorders [22,23,34,35]. It holds promise as a signif-
icant biomarker for the early diagnosis of AD. A variety
of synapse-associated proteins are increased or decreased
in AD, but most of them are not specifically increased or
decreased in AD. Compared with other synapsis-associated
proteins, Ng is the only postsynaptic protein at present, and
these studies have used the specific mechanism of Ng in
AD. In addition, the studies mentioned above have also
shown that Ng is increased in AD and is specific in AD.
Therefore, CSF Ng may be the best CSF biomarker for
synaptic loss or dysfunction in AD patients.

Based on current research, synaptic damage represents
an early manifestation of AD. Among numerous synaptic
proteins, Ng has been extensively investigated as a specific
biomarker for AD. To increase our understanding of the pre-
cise role played by Ng in AD, this article presents a com-
prehensive review encompassing Ng’s physiological mech-
anisms, involvement in AD processes, diagnostic efficacy,
and potential therapeutic targets. The aim is to provide a
thorough understanding of Ng.

2. Biological Effects of Ng
Ng is the most abundant postsynaptic calmodulin

binding protein (CaMBP) and is an essential regulator of

LTP and long-term depression (LTD) [36,37]. LTP involves
persistent strengthening of synaptic connections between
neurons, playing a crucial role in the formation of long-
term memories [38]. Impaired brain function is associ-
ated with insufficient induction and shorter maintenance
of LTP, which is crucial for the generation of new con-
nections between neurons [39]. LTD is induced by low-
frequency stimulation (LFS) in vivo, resulting in weakened
connections between synapses and a continuous decline in
synaptic efficacy [40]. In the signalling pathway, Ng binds
to calmodulin (CaM) through its intact IQ (AAAKIQAS-
FRGHMARKKIK) [41] motif, limiting the interaction of
CaM with other calmodulin-binding proteins (CaMBPs)
[36]. Ng can target CaM to the postsynaptic membrane,
increasing the sensitivity of CaM to calcium ions through
the positioning of CaM. This, in turn, fine-tunes the regu-
lation of LTP and LTD through the modulation of calcium
ion/calmodulin-dependent protein kinase II (CaMKII) and
the CaM-dependent protein phosphatase calcineurin (CaN)
[42,43]. Ng primarily localizes near the postsynaptic den-
sity, and this spatial positioning may allow preferential ac-
tivation of targets, such as CaMKII, which are required for
LTP induction [36].

A study indicates that a rapid and relatively large in-
crease in the calcium ion concentration (several micromo-
lar) within a short duration (seconds) activates CaMKII,
leading to the induction of LTP [36]. In contrast, a mod-
est increase in calcium activates only CaM, which in turn
regulates LTD through the activation of CaN [44]. In its
nonphosphorylated state, Ng binds to apo-CaM through its
IQ motif, conferring the potential ability to isolate, local-
ize, concentrate, and/or control the availability of this reg-
ulatory protein near the synaptic membrane [37,45]. The
increase in the synaptic calcium ion concentration also de-
pends on the activation of N-methyl-D-aspartate receptors
(NMDARs). Ng recruits Ca2+/CaM signals to the post-
synaptic region, where Ng enhances NMDAR-mediated
synaptic transmission [36]. In the signalling pathway, pro-
tein kinase C (PKC) phosphorylates Ng, reducing its ability
to bind to CaM. This allows CaM to activate CaMKII for
an extended period, a potentially critical event for LTP [46].
Calcium binding to CaM enables it to activate CaMKII,
which phosphorylates alpha-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid glutamate receptors (AMPARs),
allowing these receptors to move to the synapse. The lo-
calization of AMPARs in the membrane provides evidence
for LTP [36,41]. Additionally, an increase in local calcium
ions can dissociate CaM fromNg [42,47]. Therefore, an in-
tact IQ motif and the ability to bind to CaM are essential for
Ng’s involvement in LTP. The entire process is summarized
in Fig. 1.
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Fig. 1. Ng biological pathways. The binding of calmodulin (CaM) to calmodulin-dependent protein kinase II (CaMKII) in the presence
of a large amount of Ca2+ activates the alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid glutamate receptor (AMPAR) to
complete long-term potentiation (LTP), and the binding of CaM to calcineurin (CaN) in the presence of a small amount of Ca2+ completes
long-term depression (LTD). This figurewas drawn usingBiorender (https://www.biorender.com/). Ng, neurogranin; PKC, protein kinase
C; NMDA, N-methyl-D-aspartic acid receptor.

3. Relationship between Ng and the
Pathology of AD

In mouse models, the hippocampal Ng concentration
decreases with age and is associated with central nervous
system functional impairments [48]. Nakajima et al. [49]
conducted behavioural studies on Ng gene knockout mice,
revealing phenotypes related to hyperactivity, spatial learn-
ing deficits, impaired social skills, motor dysfunction, and
altered anxiety levels. In the CaMKII-TetOp25 mouse
model (Severe Synaptic loss and Brain atrophy induction
model), Ng levels in the CSF increase during neurodegen-
eration induction, whereas Ng levels in the brain decrease,
suggesting that CSF Ng is a biomarker for synaptic degen-

eration [50]. In many postmortem human samples, research
has revealed thatNg gene (NRGN) expression is negatively
correlated with amyloid and tau protein pathology in the
cortex, as well as with functional clinical dementia rating
(CDR) scores, demonstrating an association with the neu-
ropathological diagnosis of AD [51].

3.1 Relationships between Ng and Aβ

The relationship between Ng and Aβ is manifested
primarily through synapses. The Aβ hypothesis [52] fo-
cuses on the accumulation of excessive Aβ, particularly
Aβ42, leading to synaptic loss and neuronal death [53].
Substantial evidence indicates that the soluble form of Aβ
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is detrimental to synapses [14,54]. The presence of Aβ
oligomers (AβO), particularly in soluble forms, is associ-
ated with synaptic plasticity damage and significant loss
of synapses in mouse and cell models [55–58] as well as
in the human brains of AD patients [59–61]. Additionally,
high-resolution imaging techniques reveal the presence of
AβO at individual synapses in mouse models and AD cases
[59,62,63]. Lambert and colleagues [64] reported that the
nonfibrillar form of AβO can inhibit Ng-mediated LTP in
vitro. Walsh and colleagues [65] also demonstrated that nat-
urally secreted AβO can interfere with LTP in vivo.

Recent studies have indicated that, in the preclinical
stages of AD when soluble Aβ biomarkers become posi-
tive, there is a sharp increase in tau proteins (p-tau and t-
tau) and CSF Ng. This elevation continues throughout the
entire preclinical AD process. When CSF p-tau becomes
positive, CSF Ng reaches nearly twice the baseline level
[52]. Therefore, it can be inferred that changes in soluble
Aβ occur early and that soluble Aβ may impact alterations
in Ng. One study revealed that exogenously added Aβ42
predominantly targets the dendritic synapses of CaMKII-
positive neurons rather than the axonal synapses [66]. The
specific binding of Aβ42 to CaMKII-positive synapsesmay
provide an explanation for the selective impact on excita-
tory neurons.

Aβ affects synapses in multiple ways, leading to
changes in Ng, as follows: (1) Aβ induces excitotoxic and
stress-related signalling pathways and alters the transcrip-
tional regulation of genes critical for neuronal development
and plasticity [67–69]. Aβ oligomers can aggravate gluta-
mate excitotoxicity by damaging glutamate transporters re-
sulting from interruption of glutamate receptors, including
NMADRs, AMPARs, and metabotropic glutamate recep-
tors [70]. Excessive activation of NMDARs results in ex-
cessive influx of Ca2+, triggering the activation of various
degrading enzymes, including phospholipase C, CaMKII,
PKC, and NO synthase. Consequently, these enzymes in-
duce damage to neuronal lipid membranes and protein scaf-
folds, thereby disrupting synaptic transmission [71]. The
Aβ peptide interferes with NMDAR and AMDAR receptor
transport, resulting in a reduction in surface receptor lev-
els, synaptic dysfunction, and dendritic spine loss [16,40].
These strategies effectively prevent the impairment of Ng-
mediated LTP. (2) Additionally, some key proteins in the
Aβ processing pathway have been confirmed to be CaM-
binding proteins, and others possess potential CaM-binding
domains (CaMBDs) [72,73]. For example, β-secretase 1
(BACE1; β-site amyloid precursor protein cleaving en-
zyme 1) and amyloid precursor protein (AβPP) can bind to
and be regulated by CaM [44]. Ng, being themost abundant
CaMBP in the postsynaptic region, may inhibit the binding
of CaM to other CaMBPs. There might be a competitive in-
hibitory effect between Ng and other CaMBPs, thereby in-
fluencing synaptic function. These pathways could collec-
tively affect the signalling pathways involving Ng, thus im-

pacting synaptic function. In summary, Aβ primarily mod-
ulates NMDAR and AMPAR receptors to regulate synaptic
LTP and LTD, resulting in synaptic damage and an increase
in Ng levels in the CSF. However, the direct mechanism by
which Aβ influences Ng remains unclear.

3.2 Relationship between Ng and Tau
Tau is a microtubule-stabilizing protein, and the phos-

phorylation of tau protein is considered one of the reasons
for the formation of neurofibrillary tangles in AD [74].
When tau becomes excessively phosphorylated, it shifts
from microtubules, leading to microtubule instability and
disruption of neuronal transport mechanisms [75]. CSF t-
tau is considered a marker of neurodegeneration, reflecting
the intensity of neuronal damage, whereas CSF p-tau is a
marker of phosphorylated tau found in neurofibrillary tan-
gles, representing tau pathology. Ng is a neuron-specific
postsynaptic protein and a marker of synaptic integrity and
function [76]. Synaptic dysfunction is believed to occur
before neuronal degeneration and death [77], as evidenced
earlier, with an increase in CSF Ng preceding changes in
p-tau. Additionally, a study by [78] has indicated a strong
correlation between t-tau, p-tau, and Ng, especially in in-
dividuals with mild cognitive impairment (MCI) and AD.
On the one hand, synaptic loss or impaired function may
further affect the transport of microtubules in neurons. On
the other hand, Aβ can also induce excessive phosphory-
lation of the tau protein, disrupting the stability of micro-
tubule tracks and altering mitochondrial axonal transport
and synaptic docking. The translocation of the tau protein
to dendritic spines may also have a synergistic effect, lead-
ing to the instability of NMDA receptors, increased exci-
totoxicity, and oxidative stress, thereby adversely affecting
synaptic function [69]. A recent study of the genome in AD
confirmed five components, with the first component ex-
hibiting a strong association with tau measurements and a
moderate association with Ng and Chitinase-3-like protein
1 (YKL-40). This particular component is interpreted as in-
dicative of tau pathology and neurodegeneration [79]. The
findings from this study on specific variants suggest a fur-
ther genetic-level association between tau andNg compared
with wild-type tau expression. Expression of the TauP301L
mutant in cell culture medium was found to increase the
levels of Ng, whereas the overall levels of neuronal gran-
ule protein and any discernible neurotoxic morphological
indicators remained unchanged [80]. The increase in phos-
phorylated serine at position 262 (pSer262) levels observed
with tauP301L may be attributed to the concomitant up-
regulation of its association with the kinase CaMKII and
downregulation of its association with the phosphatase cal-
cineurin, both of which affect the Ser262 phosphorylation
site [81,82]. These findings indicate that excessive expres-
sion of pathological tau protein affects its association with
specific neuronal binding partners without causing neuronal
cell death, resulting in synaptic marker abnormalities.
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3.3 Relationships between Ng and Inflammatory Markers
Associated with AD

Inflammation is another common feature in the pathol-
ogy of AD, and an epidemiological study suggests that
long-term use of nonsteroidal anti-inflammatory drugs can
reduce the risk of AD [2]. Neuroinflammation is a process
that primarily involves microglia and astrocytes and is es-
sential for healthy brain function [83]. In the context of
AD pathology, neuroinflammation is driven mainly by ac-
tivated microglia, which stimulate astrocytes, triggering a
cascade of inflammatory responses that ultimately lead to
synaptic loss and neuronal death [84,85]. One of the most
extensively studied inflammatory factors is chitinase-3-like
protein 1 (CHI3L1), a protein primarily expressed by astro-
cytes in the brain and known as YKL-40 in humans [83].
Several studies have reported elevated levels of YKL-40 in
AD patients [34,83,86]. While Hellwig et al. [34] reported
no correlation between YKL-40 and Ng in AD patients, a
recent study by Connolly et al. [83] suggested a correla-
tion between Ng and YKL-40 in AD patients. In the brain,
YKL-40 levels in the cerebrospinal fluid are elevated in sev-
eral central nervous system (CNS) infectious and noninfec-
tious diseases such as stroke, viral encephalitis, traumatic
brain injury, amyotrophic lateral sclerosis, multiple scle-
rosis, and AD [87–89]. The area under the curve (AUC)
of YKL-40 as a biomarker for AD is 0.66, indicating that
YKL-40 is a relatively nonspecific marker that is strongly
influenced by patient comorbidities [34]. This may also ex-
plain why there are some contradictory data regarding the
correlation with YKL-40. Further research is needed to un-
derstand the relationship between YKL-40 and Ng.

Multiple studies have consistently demonstrated the
involvement of CHI3L1 in amyloid plaque formation, phos-
phorylated tau protein accumulation, and alterations in
synaptic plasticity [90–92]. However, in addition to AD,
the expression of CHI3L1 is also linked to other neurode-
generative disorders [93–95]. Recent research has revealed
that a key regulator of the inflammatory state of the CNS, C-
X3-C motif chemokine ligand 1 (CX3CL1), is significantly
elevated in AD patients. The levels of Ng are also signifi-
cantly correlated with both AD andMCI patients [83]. This
may be attributed to the importance of CX3CL1/C-X3-C
motif chemokine receptor 1 (CX3CR1) signalling in mi-
croglia for synaptic plasticity and neural regulation. The
significant correlation between CX3CL1 and Ng in AD
may be because CX3CL1 can inhibit the maintenance of
LTP, reduce spontaneous glutamate release and postsynap-
tic glutamate currents, and promote the decay of hippocam-
pal synaptic plasticity. It can also inhibit glutamate-induced
calcium influx, especially in hippocampal neurons [96–98].

4. Relationship between Ng Hydrolysis and
AD

Relevant study indicate that Ng hydrolysis may be as-
sociated with AD. Compared with that in the control group,

the ratio of peptide segments to full-length Ng increases in
the parietal and temporal cortices of AD patients [99], sug-
gesting that protein hydrolysis of full-length Ng occurs dur-
ing synaptic degeneration. Mass spectrometry detection in
CSF from AD patients revealed that endogenous Ng frag-
ments represent approximately half of the C-terminus, and
all fragments lack the IQ structural domain except for one
[78]. Moreover, a study suggests that C-terminal fragments
are not generated through extracellular protein degradation
in CSF but are released from degenerating synapses in the
CNS during the progression of the disease [76]. In the
brains of AD patients, the activity of calpain-1 increases
[100], and animal experiments have also demonstrated the
cleavage of Ng by calpain-1, with cleavage sites either
within or in proximity to its IQ structural domain. The pro-
tease prolyl endopeptidase (PREP) may also participate in
further cleavage of Ng [101]. A proteomic study of iso-
lated brain extracts revealed increased levels ofα-synuclein
and Ng peptides after in vitro incubation with brain extracts
containing PREP [102]. Currently known substrates for
PREP are small neuropeptides that are less than 30 amino
acids (AA) in length, such as substance P and thymosin β4.
Therefore, PREP may be involved in fragment cleavage af-
ter calpain-1 cleavage. In experimental animals, a study
indicates an increase in PREP activity in the brain tissue of
aged animals [103]. The application of a PREP inhibitor
has been shown to restore memory function in animal mod-
els with cognitive impairments [104].

5. Relationships between Ng and
AD-associated Genes

A recent study revealed that the gene expression of
chitinase domain containing 1 (CHID1) is downregulated
in the brains of AD patients and that the expression lev-
els of CHID1 are positively correlated with those of Ng in
both normal control and AD groups [105]. Therefore, in
the pathogenesis of AD, the CHID1 gene may interact syn-
ergistically with the Ng gene. Multiple reports have linked
the apolipoprotein E (APOE) genotype to synaptic function
[106]. A study suggests that in the MCI group, CSF Ng
levels are significantly greater in APOEε4 carriers than in
noncarriers (p = 0.001). In the AD group, there was no sta-
tistically significant difference in CSF Ng levels between
APOE ε4 carriers and noncarriers (p = 0.57). Furthermore,
CSF Ng levels increase in a gene dose-dependent manner
(heterozygous APOE ε4 vs. homozygous APOE ε4), sug-
gesting that the interaction between Ng, tau protein, and
Aβ42 may be a crucial mechanism for synaptic damage
leading to AD in APOE ε4 carriers [107].

6. Value of Ng in the Diagnosis, Prediction,
and Prognosis of AD

In a postmortem study, Ng levels were found to be
lower in the hippocampal region and frontal cortex of AD
patients, including those with early-onset AD (EOAD),
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suggesting its association with synaptic loss and neurode-
generation [27]. A recent autopsy revealed that in cases
of intermediate AD, neurons in the CA2 and CA3 regions
of the hippocampus exhibit a more rounded morphology,
with Ng distribution near the cell body. In contrast, con-
trol cases present with Ng in neurons and prominent apical
dendrites in the CA2 and CA3 regions of the hippocam-
pus [108]. A study has indicated the specificity of Ng for
AD diagnosis. In a study of patients with AD, frontotem-
poral lobar degeneration (FTLD), Lewy body spectrum of
disorders (LBD), and healthy controls, researchers reported
that the expression of a synaptic protein was increased in
biomarkers specific to AD [109]. These biomarkers in-
clude neurogranin and β-synuclein precursor proteins. A
study has suggested a reduction in the dendritic shift of
Ng mRNA towards dendrites in neocortical tissues in AD
patients, whereas in frontotemporal dementia patients, the
dendritic shift of Ng mRNA is preserved [110]. Addition-
ally, several studies have reported elevated Ng levels in AD
and MCI patients compared with those in control individ-
uals. For example, Saunders et al. [111] reported signifi-
cantly higher Ng levels in themiddle-aged temporal lobe in-
ferior gyrus (BA20/21), primary visual cortex (BA17), and
hippocampal region (HC) in AD patients than in healthy
elderly individuals, whereas BA20/21, BA17, and HC Ng
levels were significantly greater in the control group [111].
Kvartsberg et al. [78] also obtained similar results, show-
ing higher Ng levels in progressive MCI patients than in
stableMCI patients. CSFNg demonstrates diagnostic accu-
racy comparable to that of other biomarkers (tau, p-tau, and
Aβ42) in differentiating AD patients from control individ-
uals [31]. Ng has great potential as a diagnostic biomarker
for AD. Research has shown that combining Ng with other
AD biomarkers leads to a better assessment of AD. For ex-
ample, a study revealed that the Aβ42/Ng ratio performs
better than Ng alone in distinguishing between MCI and
moderate AD, as well as exhibiting higher sensitivity and
specificity when differentiating AD patients from control
individuals. Furthermore, in distinguishing between AD
patients and non-ADpatients (n-AD), theAUCofAβ42/Ng
is slightly superior to that of Aβ42/Aβ40 [112].

First, changes in blood neuron-derived exosome
synaptic protein biomarkers caused by AD were validated,
and the biomarkers in blood exosomes could be used to
distinguish patients with AD, control patients, and patients
with mild cognitive impairment (aMCI). Among the ex-
osome proteins, Ng showed the highest accuracy in dis-
tinguishing AD patients from aMCI patients and control
groups [113]. Recent study has also yielded similar re-
sults, showing significant differences in all plasma neuron-
derived extracellular vesicle (NDEV) biomarkers between
the control group and individuals with AD. Compared with
those in the control group, the plasma levels of Ng are
lower in patients with mild to moderate AD, and the lev-
els of Ng in plasma NDEV increase with the severity of

AD and are associated with cognitive and functional de-
cline [114]. Similar to a previous study on Ng in plasma
NDEV, this finding can distinguish control subjects from
those with mild to moderate AD as well as individuals with
MCI, demonstrating high sensitivity [115]. However, a re-
cent study suggested that Ng may not be specific to AD, as
CSF Ng does not show a specific increase in clinical or con-
firmed AD patients. Notably, there was a significant differ-
ence in Ng levels between the high-Tau AD group and the
AD group and non-AD dementia group [116]. Ng may also
be an indicator of disease progression in AD, as previous
studies have shown that high tau levels in AD patients can
lead to the stabilization of Ng.

Several proteins in CSF have been reported as poten-
tial biomarkers for AD diagnosis, but fewer markers are as-
sociated with the progression of AD. Current research indi-
cates that Ng, a synaptic protein, has significant potential as
a biomarker for the progression of AD. In the early stages
of AD, particularly MCI, elevated levels of Ng in CSF pre-
dict the rate of future cognitive decline [30,78,117]. Ad-
ditionally, Ng levels are associated with future hippocam-
pal atrophy and cortical glucose metabolism reduction, es-
pecially in patients with positive amyloid-β positron emis-
sion tomography (Aβ-PET) results [30,117]. Importantly,
this metabolic reduction is independent of increased brain
Aβ deposition [118,119], reflecting primarily synaptic dys-
function.

In a study by Kvartsberg et al. [78], the Cox propor-
tional hazards model predicted the conversion fromMCI to
dementia, with a hazard ratio of 12.8 (95% CI, 1.6–103.0;
p = 0.02). Moreover, baseline Ng was highly correlated
with an annual decline in mini-mental state examination
(MMSE) scores. A meta-analysis of 13 high-quality evi-
dence studies suggested that CSF Ng could predict declines
in MMSE scores in patients with MCI associated with Aβ
positivity (Aβ+MCI), with moderate-quality evidence sup-
porting predictions of declines in memory and executive
function [120]. For example, in Portelius et al.’s study [31],
among 32 individuals from the healthy control group who
progressed to MCI or AD during follow-up, the median
CSF Ng levels were significantly higher than those in cog-
nitively stable healthy controls. In Tarawneh et al.’s study
[32], individuals with higher baseline CSF Ng or Ng/Aβ42
levels at the 15th percentile progressed more rapidly to cog-
nitive impairment than those with lower levels at the 85th
percentile. Baseline CSF Ng levels predict annual changes
in clinical dementia rating sum of boxes (CDR-SB), overall
memory, episodic memory, and semantic memory scores
[31]. In comparison, CSF tau and CSF Aβ, which are ex-
cellent early diagnostic biomarkers, showed weak correla-
tions with cognitive impairment and were less predictive of
prognosis [15]. Furthermore, when combined with other
biomarkers for AD, Ng exhibits enhanced predictive effi-
cacy. The Ng/BACE1 ratio serves as a reliable predictor
of cognitive decline within the continuum of AD. As the
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staging of the Ng/BACE1 ratio progresses along the AD
continuum, it has a stronger correlation with baseline mem-
ory performance and subsequently declines compared with
individual measurements of Ng or BACE1 [121]. The un-
deniable value of Ng in the diagnosis and prognostic as-
sessment of AD is evident, leading to its significance in the
field.

7. Potential Therapeutic Role of Ng in AD
The level of neuronal granule protein in synapses de-

creases before the loss of synapses, indicating that the loss
of neuronal granule protein is not only related to synap-
tic loss. In recent study investigating AD-specific mutant
variants, five components have been validated [111]. One
component primarily loads on Ng and exhibits weaker load-
ings on tau indicators, but it is not associated with dementia
symptoms. This component is referred to as the NonAD
synaptic function. However, the aforementioned study was
limited to cross-sectional analysis and did not incorporate
longitudinal analysis to investigate gene effects [79]. In
conclusion, Ng could serve as a viable target for the treat-
ment of AD. Research has demonstrated that Ng can repair
Aβ-mediated synaptic functional defects by influencing the
signalling pathways involved [28]. The overexpression of
Ng enhances synaptic transmission in a manner similar to
LTP, whereas its removal impedes LTP [36]. Pharmaco-
logical interventions that increase Ng levels, such as vita-
min A, have partially alleviated age-related synaptic plas-
ticity and memory impairments [122]. However, Ng’s hy-
drolytic enzymes may also play a role in the development
of AD, as clinical trials with calpain and/or PREP inhibitors
revealed decreased Ng fragment concentrations in the CSF
of patients, potentially improving cognitive function [85].

8. Conclusion
Dysfunction, loss, or damage to synapses can lead to

cognitive decline. Synaptic proteins can serve as indicators
of synaptic status, and Ng is widely present in the cerebral
cortex, where it participates in signalling pathways related
to LTP and LTD. Therefore, Ng may reflect the functional
state of synapses and cognitive changes. In the context of
AD, cognitive decline is associated with synaptic damage,
making Ng one of the most promising synaptic proteins as
a potential AD biomarker. Numerous studies on Ng in AD
have demonstrated a clear upwards trend in its levels in the
CSF of patients with MCI and AD. However, further re-
search is needed to establish Ng as a diagnostic criterion for
AD or for differentiating AD from other types of dementia
and neurodegenerative diseases.

Currently, there are limited treatment options for AD,
most of which are symptomatic. Several experimental treat-
ments, including those targeting Ng, are in the early stages
of development. Numerous studies have also suggested that
increasing Ng levels can improve cognitive function in AD
patients. The mechanisms underlying the reduction in Ng

in the cortical regions of the brain in AD patients remain
unclear and warrant further investigation. Therefore, thera-
peutic approaches targeting Ng require additional research.

The direct mechanism by which Ng is reduced in AD
is still unclear. As mentioned earlier, studies have shown
that changes in Ng may occur before significant synaptic
damage occurs, and animal experiments have shown that
knocking out the Ng gene can affect cognitive function.
However, this does not necessarily indicate an independent
mechanism unrelated to Aβ and tau that leads to an increase
in Ng levels in AD. Further research is needed to clarify the
following issues: (1) whether there are pathological mech-
anisms directly leading to a decrease in Ng; (2) what is the
mechanism by which Ng moves from inside of the cells to
cerebrospinal fluid when synapses are relatively intact; (3)
whether there are pathogenicmutations related toNg inAD;
and (4) whether the pathological mechanisms of AD affect
the transcription, translation, and degradation processes of
Ng.
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