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Abstract 

Alzheimer’s disease (AD) is the most common cause of dementia and accounts for approximately 60–80% of total 
dementia patients. Currently, accurate diagnosis for AD relies on cerebrospinal fluid (CSF) sampling or a positron emis‑
sion tomography (PET) scan, methods that cannot be done in primary care centers where most people go with cog‑
nitive complaints. This limitation calls for the urgent need to develop blood-related diagnostic tests that could facili‑
tate early detection and enable timely treatment. Recent CSF proteomic research categorized AD into five molecular 
subtypes with discrete genetic risk profiles. Subtypes 1–3, namely neuronal hyperplasticity, innate immune activation, 
and RNA dysregulation, were characterized by more classical AD-related changes, like accumulation of amyloid/tau 
and synaptic and immune dysfunction, respectively. On the contrary, non-traditional AD mechanisms in subtypes 
4–5 were choroid plexus (CP) dysfunction and blood–brain barrier (BBB) dysfunction, emphasizing clearance defi‑
cits in association with brain barrier dysfunction. The unchanged tau levels later may be explained by an alternate 
disease mechanism (clearance dysfunction). These subtypes included BBB and CP dysfunction. Biomarker identifica‑
tion based on the mechanism of disease progression would increase the precision of diagnoses, allowing for tailored 
interventions and aiding in the creation of novel therapies for subtypes that might not react favorably to conventional 
amyloid/tau-targeting strategies. Finding biomarkers specific to each subtype would aid in patient classification, 
resulting in more individualized therapy as opposed to a “one-size-fits-all” strategy. The present review emphasized 
the importance of identifying blood-based biomarkers (BBMs) related to brain barrier dysfunction from CSF studies 
and personalized treatment strategies to streamline the diagnostic workup, and may be utilized in standard clinical 
practice for the early detection of AD.
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Introduction
Alzheimer’s disease (AD) is a progressive neurode-
generative disorder  (ND) characterized by cogni-
tive decline, memory  loss, and behavioral  changes. Its 
pathogenesis is  multistep  and  complex, with  deposi-
tion  of amyloid-β (Aβ) plaques, intracellular neurofi-
brillary tangles  (NFTs) of hyperphosphorylated tau 
protein, synaptic dysfunction, neuroinflammation, 
oxidative stress, and eventual neuronal loss [1, 2]. 
These  pathologic  alterations  primarily involve brain 
regions critical for learning and memory (hippocam-
pus and cortex), and  evolve  gradually over the years 
before  the development of clinical symptoms. Cur-
rently, ~ 7.2 million Americans aged > 65 are living 
with AD [3]. From 2000 to 2022, mortalities due to 
AD almost doubled, increasing by 142% in the United 
States (U.S.) [3]. Besides its devastating health impact, 
AD imposed a substantial economic burden on individ-
uals, families, caregivers, and the government. The total 
cost of caring for people with AD and other dementias 
in the U.S. is projected to reach $384 billion by year-
end and $1 trillion by 2050 [3].

Early diagnosis is critical, yet challenging, since 
memory decline would be present at the mild cognitive 
impairment (MCI) stage of AD, with heterogeneity in 
cognitive decline in each patient. According to a report, 
25–30% of symptomatic patients are misdiagnosed with 
AD in the specialized memory clinics, while this num-
ber is 50–70% in the primary/community setting [4]. The 
rate of misdiagnosis could be reduced by the use of posi-
tron emission tomography (PET) imaging or cerebro-
spinal fluid (CSF) analysis to measure the levels of AD 
biomarker [5]. Nevertheless, the considerable expenses 
and invasiveness associated with PET and CSF restricted 
their effectiveness in identifying pathological markers in 
clinical settings. Consequently, there is an urgent need to 
identify reliable, low-cost, and non-invasive blood-based 
biomarkers (BBMs) for detecting AD. The various blood-
based diagnostic kits became commercially available by 
measuring p-tau181, p-tau217, and Aβ42 [5, 6]. Recently, 
the US FDA approved the first blood-based diagnostic 
device, Lumipulse G, that aids in AD diagnosis using the 
p-tau 217/Aβ42 plasma ratio [7]. Another commercially 
available Aβ blood-based early detection kit, ‘AlzOn,’ 
developed by our group [8], received clearance from 
the Ministry of Food and Drug Safety, South Korea, CE 
Marking in the EU, and formal registration with the UK 
Medicines and Healthcare Products Regulatory Agency.

Lately, AD has been categorized into five subtypes 
based on CSF proteomic profiling, providing an oppor-
tunity to understand the detailed molecular processes 
of AD subtypes [9]. Subtypes 1–3 (neuronal hyperplas-
ticity, innate immune activation, and RNA dysregu-
lation) were more directly correlated to classical AD 
hallmarks, such as amyloid/tau accumulation, synaptic 
dysfunction, and immune response changes. Contrarily, 
subtypes 4 and 5 [choroid plexus (CP) dysfunction and 
blood–brain barrier (BBB) dysfunction] were driven 
more by CSF clearance impairments, correlating with 
CP and BBB dysfunction rather than primary amyloid/
tau pathology [9]. Hence, the non-classical AD subtypes 
might not be adequately captured by the current dis-
ease biomarkers (amyloid, tau, and p-tau). In support 
of this evolving view, our research group introduced 
additional promising BBMs beyond classical amyloid 
and tau, including transactive response DNA-binding 
protein 43 (TDP-43) [10] and complement component 
3 (C3) [11]. TDP-43 has been implicated in tau-inde-
pendent neurodegeneration, while C3 has a role in neu-
roinflammation. These findings support the necessity of 
surpassing the traditional amyloid and tau biomarkers, 
especially in AD subtypes encompassing CP and BBB 
dysfunction.

The CP consists of a network of cells that originated 
from the tela choroidea located in each brain ventri-
cle. Specific regions of the CPP generate and release 
the majority of CSF in the CNS. The CP in the ventri-
cles serves as a connection between CSF and blood, 
creating the blood-cerebrospinal barrier (BCSFB). CP 
is crucial for immune monitoring, CSF production, 
and BBB maintenance, all of which are closely associ-
ated with AD pathology [12]. Recent research indicated 
the role of CP in regulating the circadian rhythm and 
neurogenesis [13]. Proteomic analysis of CP revealed 
the dysregulation of several key pathways in associa-
tion with protein processing, complement activation, 
lipids, extracellular matrix, vascular, and mitochondria 
in early AD [14].

The BBB extends throughout the entire neurovascu-
lar unit (NVU) and regulates blood–brain transport. 
AD progression is closely correlated to the structural 
integrity of the BBB, which involves a variety of cells 
and tight junctions. The reduced levels of low-density 
lipoprotein receptor-related protein 1 (LRP-1) and 
increased levels of receptor for advanced glycation 
end products (RAGE) at the BBB impair Aβ clearance 
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[15, 16]. BBB dysfunction triggers neuroinflammation 
and oxidative stress, which in turn enhances the activ-
ity of β-secretase and γ-secretase, leading to increased 
Aβ production [17, 18]. The Aβ buildup and ongoing 
BBB damage may create a vicious cycle, contributing 
to cognitive decline and the onset of dementia [17]. 
Recent research indicated that the BBB progressively 
deteriorates with age in the hippocampus, an essential 
area for learning and memory. Nevertheless, this faster 
deterioration is observed in patients with MCI than in 
the age-matched healthy controls (HC), indicating BBB 
dysfunction at the early stages of cognitive decline [19].

In addition to BBB and CP, the tanycytes (ependymal 
cell subtype located in the third ventricle) form a blood-
CSF barrier at circumventricular organs (CVOs), brain 
structures lining the third and fourth ventricles [20]. 
They regulate body homeostasis based on blood–brain 
communication [21, 22] and neurogenesis in the hypo-
thalamus [23]. Dysfunction of the BBB and CP seriously 
impairs the brain environment, affecting tanycytic-medi-
ated neurogenesis. De-regulation of these barriers allows 
harmful chemicals or inflammatory signals to enter the 
brain, impeding the action of neural stem cells and tissue 
repair [23]. Over time, this process became a contributor 
to AD.

Despite the recent advances in CSF proteomics to 
categorize AD in five subtypes, including CP and BBB 
dysfunction, there is still limited research directly con-
necting these AD subtypes with changes seen in BBMs. 
In this review, we brought together existing research to 
explore how certain BBMs might relate to changes in 
CP and BBB seen in several forms of AD. By integrat-
ing evidence from proteomic, imaging, and mechanistic 
studies, we proposed possible pathways worth further 
investigation, especially in patients with non-classical AD 
features.

Potential blood biomarkers
Choroid plexus dysfunction
The CP is a highly vascularized structure  in the brain’s 
ventricles responsible for CSF production and main-
taining homeostasis. Enlarged CP volume has been 
reported in patients with AD and inversely correlated 
with cognitive performance [24–28]. The enlarged vol-
ume and increased blood flow to CP could indicate the 
overcompensation of CSF production in AD [29]. The 
structure and function of CP are impaired in AD, result-
ing in secretory, transport, and immune dysfunction and 
reduced transthyretin  (TTR) secretions [30], causing 
decreased Aβ clearance (Fig. 1).

In a cross-sectional study, participants (N = 108; Age: 
22–94  years) from the Baltimore Longitudinal Study of 
Aging (BLSA) and the Genetic and Epigenetic Signatures 

of Translational Aging Laboratory Testing (GESTALT) 
studies were selected to investigate the correlation 
between CP structure/volume variation and the BBMs 
(Aβ42/40  ratio; p-tau181), neuronal injury (GFAP; NfL), 
and neuroinflammation. Using advanced magnetic reso-
nance  imaging  (MRI) techniques, the volume and fine 
structure (T1 and T2 relaxation times) of CP were meas-
ured. The higher levels of p-tau181, NfL, and GFAP were 
found to be associated with reduced CP integrity [31]. 
While lower Aβ42/40 levels were also correlated with CP 
changes, significant for one specific MRI measure (T2) 
[31]. Elevated NfL and GFAP have been associated with 
neuroinflammation [32, 33], demyelination, and axon 
degradation [34] in several studies. Previous cohort stud-
ies (N = 607; Age: 65.99 ± 8.79 years; ChiCTR2100049131) 
[24], the AD Neuroimaging Initiative (ADNI; N = 509), 
and Parkinson’s Progression Markers Initiative (PPMI; 
N = 302) [35] also identified strong negative associa-
tions between CP volume and CSF proteins (Aβ, p-tau, 
and t-tau) in patients with MCI and AD dementia. These 
findings suggested that structural deterioration of CP 
may occur alongside early signs of AD and brain inflam-
mation, even before symptoms appear, emphasizing CP 
as a promising target for early detection and monitoring 
of NDs [31].

The reduced Aβ40 and β-secretase (BACE1) levels in 
this subtype indicated the impaired amyloid clearance 
mechanisms in the AD pathogenesis. This subtype dis-
played worse brain atrophy than other subtypes but had 
normal tau levels [9]. Immune activation was observed 
due to the elevated levels of cytokines (CCL2, CCL15, 
and CCL21) and proteins required for the structural 
support. On the other hand, proteins related to synaptic 
plasticity (brain-derived neurotrophic factor: BDNF) and 
axonal outgrowth decreased [9]. When analyzing genetic 
risk factors for AD, the enrichments for ATP-binding 
cassette subfamily A member 7 (ABCA7), phosphati-
dylinositol binding clathrin assembly protein (PICALM), 
interleukin 34 (IL-34), and cytokine-dependent hemat-
opoietic cell linker (CLNK) were observed [9]. These 
genes collectively caused AD pathology by impairing Aβ 
clearance and lipid metabolism and maintaining neuro-
immune balance [36, 37] (Fig. 2).

The buildup of abnormal tau in CP is a defining charac-
teristic of AD, leading to its eventual elevation in blood. 
Nevertheless, the processes involved in removing tau 
from the brain to the periphery remained uncertain.

The following biomarkers have been reported to be 
altered in the blood of  AD or cognitive  impairment 
patients. Though direct imaging-verified correlations 
with CP dysfunction are not always present, several of 
these markers are mechanistically associated with the 
processes implicated in barrier dysfunction, such as 
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immune dysregulation, disordered transport, and neuro-
vascular injury.

Chemokines
Chemokines are heparin-binding proteins (7–15  kDa) 
involved in chemotaxis. The C–C motif chemokine 
ligand 2 (CCL2), also known as monocyte chemoat-
tractant protein-1 (MCP-1), and its receptor, CC-
chemokine receptor 2 (CCR2), are implicated in AD 
[38]. It is involved in clearing Aβ, breaking down mye-
lin, and contributing to neuron loss. Moreover, as CCL2 
is found colocalized with amyloid plaques [39], this 
suggests that CCL2-related inflammation and increased 

microglial activity may worsen the condition, especially 
in individuals with defective Aβ processing [40].

In studies conducted on Swedish AD/MCI patients 
(N = 119; Age: 60–80  years) [40] and (N = 141) [41], 
elevated plasma and serum CCL2 levels were found 
compared to those in the HC. In addition, a significant 
inverse relation was reported between CSF and plasma-
CCL2 [41]. In a two-year follow-up study in Taiwan, 
including AD (N = 310; Mean age: 80.1 ± 7.2  years), 
MCI (N = 66; Mean age: 75.4 ± 8.2  years), and the HC 
(N = 120; Mean age: 74.9 ± 7.8 years), a significant cor-
relation between baseline CCL2 and mini-mental state 
examination (MMSE) score was observed. A higher 
plasma CCL2 level was associated with greater severity 

Fig. 1  The structure and function of the choroid plexus were impaired in AD. The choroid plexus (CP) consists of a single layer of epithelial 
cells (CPE) that reside on a basement membrane. The CPE cells were connected by junctional complexes at the luminal membrane, comprising 
tight junctions. Below the epithelial basement membrane was a network of fenestrated capillaries that were surrounded by connective tissue 
composed of fibroblasts and immune cells. Cerebrospinal fluid (CSF) was formed and secreted by the ventricles of CP. The epithelial cells constitute 
the blood-cerebrospinal fluid barrier (BCSFB). Choroid epithelial cells were specialized for transporting hormones and growth factors to the brain 
through CSF. Dysfunction of CP and BCSFB contributes to age-related cognitive decline and neurodegenerative disease (ND) by decreasing 
transthyretin (TTR) levels. The compromised TTR expression might lead to Aβ deposition in the brain. Created with BioRender.com
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and faster cognitive decline. Additionally, gene poly-
morphisms (MCP-1-2518A/G and CCR2-190G/A) 
were associated with higher CCL2 levels in AD [42]. 
A meta-analysis combining data from several stud-
ies showed elevated CCL2, CCL5, and CCL15 in the 
plasma of AD patients than in the HC [43]. This sug-
gests that the inflammatory processes driving disease 
progression are primarily confined to the brain rather 
than occurring systemically.

Chitinase‑3 like 1(CHI3L1 or YKL‑40)
CHI3L1, a glycoprotein (40  kDa) mainly expressed 
by astrocytes, is involved in inflammation, innate 
immunity, and tissue injury/repair/remodeling activi-
ties. Upregulation of CHI3L1 was reported in several 
diseases, including AD, and was correlated with Aβ 
accumulations, cognitive impairment, and neuroinflam-
mation in the white matter [44–46]. Still, the specific 
triggers for CHI3L1 production in AD remained ambig-
uous.  Research suggested that Aβ and activated astro-
cytes may be involved in stimulating CHI3L1 production 
[47, 48], but further investigations would be needed. A 
cuprizone-mice (CPZ) study indicated the correlation 
of  CHI3L1 with neuronal degradation in the grey mat-
ter, abnormalities in the BBB, and inflammation due 
to microglial activation in CP [49]. In a clinical study, 
Korean AD (N = 61, Age: 74.55 ± 1.56  years) and MCI 
(N = 49, Age: 68 ± 1.00 years) patients were evaluated for 
plasma CHI3L1 levels in blood using ELISA, and higher 
concentrations were found in AD than in the HC or MCI 
patients, and no significant variation in moderate/severe 

AD [50]. Hence, plasma CHI3L1 could be a potential 
biomarker for early AD [50]. Although average plasma 
CHI3L1 levels were elevated in AD, statistically signifi-
cant differences were also observed between Lewy body 
dementia (LBD) and HC [51]. In another validation 
cohort (N = 237; Age: ≥ 60 years) at Washington Univer-
sity Alzheimer’s Disease Research Center (WU-ADRC), 
the plasma CHI3L1 levels were significantly higher in 
AD than in the HC and were affected by the age, and not 
by  the sex [48]. Although its levels were higher in indi-
viduals with MCI, similar to patterns seen in the CSF, 
plasma CHI3L1 did not prove useful for predicting dis-
ease progression in the study [48]. A meta-analysis of 
17 studies (N = 1,811, Age: 60–80 years) with Asian and 
Caucasian ethnicity concluded that both CSF and plasma 
CHI3L1 levels are useful tools for early screening and 
tracking disease progression [52].

Glial fibrillary acidic protein (GFAP)
AD patients had persistently higher levels of plasma 
GFAP, a marker of astrocyte activation, and it became a 
sensitive BBM for early neuroinflammatory processes. 
Even in the preclinical phases of AD, a correlation 
between plasma GFAP levels and amyloid load, cognitive 
decline, and brain atrophy was observed [53, 54]. Com-
bining plasma GFAP with a basic model (includes age, 
sex, and APOE ε4 status) in a systematic study (N = 206; 
Kerr Anglican Retirement Village Initiative in Ageing 
Health [KARVIAH] cohort) resulted in a higher predic-
tion accuracy. In addition, plasma GFAP and p-tau181 
levels increased longitudinally in cognitively unimpaired 

Fig. 2  Important indicators and genetic risk factors of CP dysfunction in AD. Created with BioRender.com 
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individuals with amyloid buildup (Aβ +) over a 12-month 
duration [53]. Plasma GFAP levels revealed significant 
correlations with CSF GFAP levels, further supporting its 
validity as a peripheral biomarker of CNS damage. Stud-
ies confirmed that plasma GFAP is a stable (~ 7  days at 
room temperature) and effective biomarker for detecting 
AD, particularly in more advanced stages (MMSE < 20), 
and could reliably distinguish AD patients from the HC 
[55]. These findings strongly suggested its potential diag-
nostic value and reinforced its role in reflecting underly-
ing astrocytic activation and neurodegeneration.

Although GFAP is mainly associated with parenchy-
mal astrocytic responses, new imaging and histology 
research suggests a possible connection with CP dysfunc-
tion. Recent studies reported a substantial correlation 
between ventricular expansion and changes in CP vol-
ume with plasma GFAP levels in aging [31], where struc-
tural changes in CP may reflect a wider pattern of glial 
activation from the detected GFAP levels. As CP plays 
a crucial role in brain immune regulation, inflammatory 
alterations inside or near CP may result in increased lev-
els of GFAP in the blood. These results support the idea 
that CP dysfunction and astrocyte activation, reflected by 
higher plasma GFAP levels, may be correlated with the 
early stages of AD, even though direct research in AD 
patients is still limited.

Interleukin‑34 (IL‑34)
IL-34, a cytokine secreted mainly by the neurons, is 
involved in several signaling pathways in cell survival/
growth & differentiation/adhesion/migration, cytoskel-
etal organization, and expression of other cytokines. 
Besides neurons, IL-34 also exists in ependymal cells 
lining the ventricular system and in CP and supports 
microglial function via colony-stimulating factor-1 
receptor (CSF1R) signaling [37]. IL-34 is secreted into 
CSF by both CP epithelial cells (CPEC) and ventricular 
ependymal cells, supporting its central role in regulat-
ing brain-resident myeloid cells, such as microglia [56, 
57]. Reduced IL-34 expression has been correlated to 
behavioral changes and neuroinflammation in AD [37, 
58]. IL-34 aids in breaking down toxic oligomeric Aβ, 
boosting the production of protective molecules, like 
transforming growth factor beta (TGF-β) and heme oxy-
genase-1 (HO-1), and reducing oxidative stress [59]. In 
the AD mouse model, treatment with IL-34 improved the 
brain’s ability to clear soluble Aβ and led to better learn-
ing performance [37]. IL-34 may also strengthen the BBB 
by increasing tight junction proteins [60]. Recently, in a 
study, IL-34 levels were evaluated in CSF, plasma, and 
saliva of patients (N = 230; Karolinska Memory Clinic at 
the Karolinska University Hospital, Sweden) at different 
stages of cognitive impairment. The salivary IL-34 levels 

were found to be elevated in AD than in the HC and were 
inversely associated with the MMSE scores [61]. How-
ever, IL-34 levels were generally under the detection limit 
in plasma samples. Altogether, these findings suggested 
that IL-34 could be a valuable new therapy to protect the 
brain and slow the progression of neurological diseases.

Matrix metalloproteinase 9 (MMP‑9)
Several studies demonstrated that MMP-9 plays a sig-
nificant role in CP barrier dysfunction in AD. Aβ42 was 
shown to induce MMP-9 expression in astrocytes [62] 
and cerebral endothelial cells [63]. Similar effects were 
observed in the CP epithelial cells, where Aβ42 treat-
ment increased MMP-9 protein levels in both cell lysates 
and culture media [64]. Notably, MMP-9 is co-localized 
with Aβ deposits within CP, suggesting a direct asso-
ciation between amyloid accumulation and MMP-9 
upregulation [64]. This Aβ-induced increase in MMP-9 
expression likely contributes to CP barrier disruption 
through degradation of tight junction proteins, such as 
zonula occludens-1 (ZO-1), as evidenced by reduced 
ZO-1 levels and altered epithelial cell permeability [64]. 
These changes were further associated with enhanced 
inulin transport across epithelial monolayers, indicating 
a compromised barrier function. The mechanism may 
involve Aβ-triggered elevation of nitric oxide (NO) and 
reactive oxygen species (ROS), which are known to influ-
ence MMP-9 activity [65, 66].

The circulating levels of plasma MMP-9 were more 
elevated in clinical AD (N = 30; Mean age: 71 ± 11 years) 
than in the HC (N = 32; Mean age: 61 ± 18  years), PD 
(N = 24; Mean age: 67 ± 10 years), and ALS (N = 35; Mean 
age: 50 ± 16  years) patients from Massachusetts General 
Hospital and Weill Medical College of Cornell Univer-
sity [67], which suggested that plasma MMP-9 could be 
a suitable biomarker to differentiate other NDs from AD.

The study conducted by Tianjin Medical Univer-
sity General Hospital, China (N = 46; Mean age: 
68.58 ± 8.04  years) reported higher levels of MMP-9 in 
neuronally derived extracellular vesicles (NDEV) from 
AD patient plasma; however, the increase did not cor-
relate with the MMSE scores [68]. On the contrary, 
increased levels of MMP-9 in serum and CSF corre-
lated with MMSE scores in the study on the Middle 
East population (N = 56; Mean age: 66.8 ± 7.8 years) [69]. 
Collectively, these findings implicated MMP-9 as a key 
mediator of CP epithelial barrier dysfunction in AD [70], 
contributing to impaired BCSFB integrity and increased 
neuroinflammation.

Neurofilament Light Chain (NfL)
NfL is a recognized biomarker of axonal degeneration 
in AD and MCI, often increased in CSF and plasma as a 
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representation of compromised neural integrity. Regard-
less of the etiology, plasma NfL has been associated with 
the severity of cognitive impairment in MCI or demen-
tia [71, 72]. In the ADNI cohort (N = 243; Average age 
75.0 ± 6.6  years), elevated plasma NfL in Aβ + patients 
was found to be related to glucose hypometabolism, with 
longitudinal changes limited to cognitively impaired 
Aβ + individuals [73]. Plasma NfL concentrations were 
assessed in 543 cognitively unimpaired participants 
(mean age 69 ± 9 years) from the Arizona APOE Cohort 
Study. The group included 66 APOEε4 homozygotes 
(HM), 165 heterozygotes (HT), and 312 non-carriers 
(NC). Plasma NfL was also associated with a faster 
decline in cortical thickness, decreased MMSE score, and 
APOEε4 allele [74].

Structural neuroimaging identified that structural 
alterations in CP were directly related to the elevated NfL 
levels. In a cohort of 108 cognitively unimpaired aging 
adults aged 22 to 94  years, advanced MRI techniques 
using quantitative T₁ and T₂ relaxometry identified that 
individuals with greater plasma NfL levels had larger CP 
volumes and altered CP tissue features [75]. These find-
ings suggested that the subtle CP changes may be respon-
sible for early neuronal damage.

A new imaging investigation in a cross-sectional analy-
sis (N = 216) from Ruijin NeuroBank of Alzheimer’s Dis-
ease and Dementia (RJNB-D) cohort showed that the 
increased CP free water fraction (FWf; indicator of the 
barrier and structural degeneration), had a positive cor-
relation with increased NfL levels, suggesting that CP 
dysfunction might increase axonal damage or inhibit NfL 
clearance in the neurodegeneration [76]. Thus, CP dys-
function may be one of the mechanisms that alter NfL 
dynamics (NfL release into CSF and its subsequent trans-
fer to peripheral blood). These findings are indicative of a 
new view that not only can the CP generate CSF, but it is 
also most likely to modulate NfL levels through impaired 
barrier function in AD.

Neuronal Thread Protein (NTP)
NTP, especially its AD-related form (AD7c-NTP), is 
being studied as a potential blood-based and urine-based 
marker for detecting AD. This protein is found in higher 
concentrations in the brains of people with AD, particu-
larly in the areas of neurodegeneration. Interestingly, it is 
not just found in the brain; it can also be detected in urine 
and CSF [77, 78]. Studies have shown that AD7c-NTP 
levels are higher in AD, even in MCI, and they tend to go 
up alongside other markers like tau, which is involved in 
the formation of tangles in the brain [79–81]. In a study 
group (52 MCI and 36 HC), Chen et al. reported elevated 
AD7c-NTP in the serum (as well as CSF and urine) of 
MCI than in the HC [82].

Though AD7c-NTP is not directly made by CP or BBB, 
it is likely affected by how these systems function. The 
dysfunctional CP could lead to a buildup of AD7c-NTP 
in the brain and CSF, which might then leak into the 
blood. The BBB, which usually participates as a protec-
tive filter between the brain and the blood, also becomes 
leaky in AD. This may allow proteins like AD7c-NTP to 
pass more easily into the bloodstream. In this way, higher 
blood or urine levels of AD7c-NTP may reflect not just 
brain cell damage but also problems in the brain’s pro-
tective and clearance systems. Overall, AD7c-NTP  has 
the potential to be an early and non-invasive marker for 
AD,  indicative  of  CP and BBB  dysfunction. There are 
no established studies reported on the direct quantifica-
tion of AD7c-NTP in plasma or serum, likely due to its 
low concentrations and sensitivity constraints.

Transthyretin (TTR)
TTR is a 55  kDa transport protein produced by CPEC 
and the liver.  It is involved in the movement of thyroid 
hormone precursor (T4) and retinol-binding protein 
from the blood across CP into CSF [83]. The deteriora-
tion of CPECs with age is associated with several NDs, 
especially AD, as it regulates the removal of Aβ deposits 
[84].

In the 3xTg-AD mouse, TTR synthesis in CP was sig-
nificantly reduced, leading to lowered TTR levels in CSF. 
Since TTR would normally sequester Aβ and prevent its 
aggregation, this reduction in TTR interferes with Aβ 
clearance and causes the increased amyloid deposition, 
notably in the hippocampus and cortex. These mice also 
displayed worsening of memory impairments, enhanced 
neuroinflammation, and mitochondrial dysfunction 
[30]. Similarly, genetic deletion of TTR in mouse models 
accelerated Aβ plaque deposition and led to earlier cog-
nitive decline, once more supporting its protective role 
[85]. On the other hand, increased TTR levels, either 
pharmacologically or genetically, were shown to reduce 
Aβ deposition, rescue synaptic functions, and normalize 
memory performances in AD models [86]. These find-
ings suggested that CP dysfunction, through reduced 
TTR secretion, could take an active role in AD patho-
genesis by interfering with Aβ clearance and augmenting 
neurodegeneration.

In a Taiwanese longitudinal study, a follow-up for 
5  years at one-year intervals was conducted on MCI 
subjects (N = 184, Age: > 60  years). The results indicated 
a temporal relationship between the plasma TTR level 
and the conversion from MCI to AD [87]. A study on 
Korean patients also demonstrated a significant nega-
tive correlation between serum TTR in AD (N = 111) 
and HC (N = 90), while gender/age-related changes were 
not observed in the study [88]. Ribeiro et al. investigated 
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plasma TTR levels in aMCI (N = 55) and AD (N = 56) 
patients (Coimbra University Hospital, Portugal) and 
compared them to the HC (N = 41) at different disease 
stages and evaluated factors that may affect TTR levels, 
such as gender, age, and hormones [89]. Both AD and 
MCI patients had lower levels of TTR than in the HC, 
suggesting the possibility that TTR could be an early 
marker for AD. Interestingly, females with MCI or AD 
had decreased levels of TTR than the males, as well as 
control females. Levels of TTR in women with AD were 
correlated with the severity of the disease, while the 
decreased TTR was not significant in men. The research 
also did not identify any correlation between levels of 
TTR and the ApoE ε4 gene. In addition, TTR in MCI and 
AD patients had reduced capacity to bind and transport 
thyroid hormone, and plasma estradiol was reduced in 
females with MCI and AD. These results suggested that 
TTR could be used as an early blood biomarker for AD, 
and disease progression is influenced by sex-related fac-
tors [89]. Moreover, regression analyses on a study con-
ducted on European subjects (N = 270), with mild to 
severe AD, in AddNeuroMed studies and the Alzhei-
mer’s Research Trust cohort and Kings College London 
(KCL-ART) cohort predicted cognitive decline over the 
subsequent 6  months [90], suggesting the potential of 
plasma TTR to serve as a biomarker of the progression 
and severity of AD.

Transmembrane protein 106B (TMEM106B)
It is a glycosylated protein that controls the size and 
number of lysosomes, motility, trafficking, acidification, 
and maintains CP integrity. It also aids the neurons to 
maintain cellular homeostasis, and any impairment in 
lysosomal transport could result in neurodegeneration. 
A multicenter Mendelian randomization (MR) study 
analyzed proteomic data from plasma and CSF across 
thousands of individuals (European Alzheimer’s and 
Dementia Biobank consortium, GWAS, and FinnGen 
cohorts) [91]. It found that higher plasma TMEM106B 
levels were significantly associated with increased risk 
of AD [91]. In a proteomic analysis comparing CP from 
AD, epilepsy, and control subjects, TMEM106B emerged 
as one of the most markedly upregulated proteins in AD. 
It showed an approximately 3.5-fold increase compared 
to non-AD controls, especially in the cells lining CP [92]. 
This increase may be a sign of cell stress or problems 
with lysosomes, which are responsible for breaking down 
waste in cells. Since TMEM106B aids in controlling lyso-
some size and function, over-concentrations might lead 
to CP dysfunction, which could affect how the brain 
clears waste proteins, makes CSF, and maintains its pro-
tective barriers. TMEM106B has the potential to be rec-
ognized as a biomarker for AD.

The formation of filamentous, ring-like structures in 
CP, called Biondi bodies, has also been associated with 
many NDs. A recent study reported a direct correla-
tion between Biondi bodies and TMEM106B [93]. These 
aggregates were also stained by several tau-PET ligands, 
producing off-target signals in PET scans. Hence, the 
results indicated that TMEM106B amyloids in CP might 
have influenced the interpretation of the tau PET scan by 
creating nonspecific signals instead of tau-related pathol-
ogy [94].

The summary of possible blood biomarkers for CP dys-
function has been listed in Table 1.

Blood–brain barrier dysfunction
The BBB plays an important role in the maintenance of 
brain homeostasis by controlling the passage of mol-
ecules from the blood into the brain. It also controls the 
influx of peripheral factors (e.g., cells and molecules) 
into the CNS and, in part, maintains a highly defined 
microenvironment for appropriate neuronal functions. 
BBB dysfunction in NDs is  characterized by increased 
BBB permeability, microbleeds, impaired glucose trans-
port, impaired P-glycoprotein 1 function, perivascular 
deposits of blood-derived products, infiltration of cells, 
and degeneration of pericytes and endothelial cells [95]. 
AD subtype with BBB dysfunction had normal levels of 
CSF tau, decreased BACE1 activation, widespread atro-
phy, and increased axonal damage [9]. Elevated levels of 
blood proteins (albumin, fibrinogens, prothrombin, etc.), 
immunoglobulins (IgG1), inflammation, B-cell activation, 
blood coagulation-related processes, lipid processing, 
and lipoprotein clearance were observed in this subtype 
[9, 96]. Dysregulated plasticity proteins were associ-
ated with aberrant gene repression of SUZ12 polycomb 
repressive complex 2 subunit (SUZ12) and RE1-silencing 
transcription factor (REST) signaling, suggesting hypo-
plasticity in this AD subtype [9]. Genetically, this subtype 
showed the highest proportion of individuals carrying 
the APOE ε4 allele. In addition, this group was enriched 
for variants in IL-34, APP, and enoyl-CoA hydratase 
domain containing 3 (ECHDC3). Notably, IL-34 was also 
associated with CP dysfunction AD-subtype, suggesting 
it may contribute to AD through mechanisms involving 
brain barrier dysfunction and immune regulation. Muta-
tions in the APP gene lead to increased Aβ production, 
which promotes amyloid deposition in cerebral vascula-
ture and triggers downstream inflammatory signals and 
vascular damage [97]. ECHDC3 has been associated with 
pathways connected to lipid metabolism and immune 
signaling in microglia, suggesting a role in regulating 
microglial clearance and inflammatory activity in the 
AD brain [9]. Together, these genetic factors present the 
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connection between immune dysregulation, lipid imbal-
ance, and vascular pathology in AD (Fig. 3).

The BBB is necessary to protect and regulate cerebral 
hemostasis. A complex coordinated connection between 
the endothelial cells covering the blood vessels and the 
pericytes surrounding them would be required to main-
tain the integrity of the BBB. The loss of pericyte cover-
age is a characteristic feature of aging and was a key risk 
factor for dementia [98]. Morphological changes and 
fewer pericytes were observed at the site of BBB leak-
age. Pericyte degradation also enhanced the fibrino-
gen depositions that damage myelin, oligodendrocytes, 
and neuronal axons [99]. The endothelial cells secrete 
platelet-derived growth factor receptor beta (PDGFR-β), 
which binds to the receptor (PDGF β-R) on pericytes and 
aids their recruitment during angiogenesis [100] (Fig. 4). 
The subsequent biomarkers have been reported to be 
modified in the blood of patients with AD or cognitive 
impairment. While correlations verified by direct imag-
ing with BBB dysfunction are not available for all, many 
of these markers are connected indirectly to processes 
involved in barrier dysfunction.

Apolipoprotein C1 (APOC1)
APOC1 is a protein component of lipoproteins with a 
role in lipid metabolism, inflammation, and immune 
response. ApoC1 is overexpressed in the brain tissue 
and CSF in AD and is co-localized with Aβ in senile 
plaques [101]. When present alongside APOE ε4, the 

ApoC1 insertion allele (rs11568822) acts as an addi-
tional risk factor for AD. Individuals carrying both 
variants show a ~ 66.5% higher risk of developing AD 
compared to those without this genetic combina-
tion [102]. ApoC1 is secreted by activated microglia 
and astrocytes, particularly around regions of neuro-
inflammation and BBB disruption. Studies revealed 
that higher levels of ApoC1 may amplify inflamma-
tory signaling and hamper endothelial cell regenerative 
capacity, thereby reducing BBB integrity [103]. This 
may allow the entry of neurotoxic components into 
the brain, creating a cycle of inflammation, neuronal 
injury, and cognitive dysfunction. Further, ApoC1 is 
involved in the modulation of brain cholesterol metab-
olism [104], which is vital for endothelial cell viabil-
ity and tight junction integrity. Altogether, these data 
indicate that ApoC1 has a role in lipid metabolism, 
and its connection to ApoE suggests a potential indi-
rect influence on BBB health in the context of AD.

A LC–MS-based plasma protein panel  (N = 192, 
Mean age: 75.8 ± 7.3  years) in the ADNI cohort 
observed a significant decrease in plasma ApoC1 lev-
els in MCI and AD male patients without a significant 
change in the female group [105]. This study focused on 
ApoC1’s dual role in lipid metabolism and neuroinflam-
mation, two central inducers of BBB dysfunction in AD. 
However, the hormonal, genetic, and immunometabolic 
differences between sexes likely influence its detectabil-
ity in females, which needs further investigation.

Fig. 3  Important indicators and genetic risk factors of BBB dysfunction in AD. Created with BioRender.com 
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Alpha‑2‑macroglobulin (A2M)
The acute-phase protein A2M is a major component of 
the innate immune system. It is a broad-spectrum pro-
tease inhibitor and can inhibit the coagulation process 
by binding and degrading thrombin [106]. While mod-
erate A2M activity regulates clot formation during BBB 
repair, excessive levels may impair endothelial healing. 
This delayed repair can result in BBB leakage, allow-
ing blood components to enter the brain, which in turn 
triggers inflammation and neuronal damage. Elevated 
plasma A2M has also been reported alongside markers 
of BBB disruption, supporting its correlation to vascular 
dysfunction in AD [105]. Altered levels of A2M in blood 
were reported in the ADNI (N = 566) and the BLSA 
(N = 47) cohorts [107], where the elevated A2M levels in 
plasma were observed in individuals with MCI and AD 
compared to HC. Moreover, longitudinal studies indi-
cated that higher baseline A2M levels were associated 

with an increased risk of developing MCI and AD over 
time [107]. In another ADNI cohort (N = 192; Mean age: 
75.8 ± 7.3 years), the levels of plasma A2M were found to 
be elevated in male AD patients, but not in MCI, com-
pared to the control [105].

A2M correlated with CSF biomarkers (t-tau and p-tau) 
of neuronal damage and risk of AD progression in cog-
nitively normal individuals within the BIOCARD cohort 
(N = 303) [107]. Moreover, higher baseline serum A2M 
levels were independently associated with approximately 
a threefold risk for developing AD in men [107]. Inter-
estingly, A2M gene and protein expression in brain tis-
sue correlated highly with the levels of calcineurin and 
RCAN1 (regulator of calcineurin 1), a recognized cal-
cineurin inhibitor and essential phosphatase in dephos-
phorylation of tau [107]. Together, these findings suggest 
that A2M is not only associated with preclinical AD 
and early neuronal injury, but may also be functionally 

Fig. 4  Blood–brain barrier integrity under physiological and pathological (AD) conditions. The structural and functional integrity of BBB was vital 
to preserving the brain microenvironment homeostasis. BBB was mainly composed of endothelial cells, pericytes, and astrocyte end feet. The 
tight junctions limit paracellular permeability. To promote pericyte vascularization under physiological conditions, endothelial cells release 
platelet-derived growth factor-beta subunit (PDGFβ) that binds to PDGFRβ at the surface. Angiopoietin-1 (ANGPT-1) and plasminogen activator 
inhibitor type 1 (PAI-1) secretion from pericytes endorses the growth of vascular endothelial cells and contributes to the maintenance of BBB. 
Pathological conditions associated with BBB disruption result in loss of pericytes and tight junctions, compromising BBB integrity. Abnormal 
expressions of apolipoprotein C1 (ApoC1) and α−2-macroglobulin (A2M) were observed in AD. Elevated levels of A2M were observed in a leaky BBB. 
The overabundance of A2M could slow down vascular endothelial cells’healing, resulting in blood components penetrating the brain. This increase 
in blood components may result in inflammation and neuronal death. Created with BioRender.com 



Page 12 of 23Sharma et al. Biomarker Research          (2025) 13:116 

associated with tau phosphorylation dynamics via the 
RCAN1–calcineurin signaling pathway.

Angiopoietin‑1 (Ang‑1)
Ang-1 is an oligomeric glycoprotein with a vascular pro-
tective function by inhibiting vascular inflammation, 
plasma leakage, and preventing endothelial death [108]. 
Several studies have reported elevated serum Ang‑1 in 
AD. In one such study involving 42 AD patients, 20 MCI 
patients, and 40 controls, Ang‑1 was significantly higher 
in AD and correlated inversely with cognitive function 
on the MMSE scores [109]. Its upregulation in AD may 
reflect an endogenous compensatory response to repair 
BBB damage and maintain vascular integrity. The correla-
tion between elevated serum Ang‑1 and cognitive decline 
further supports its function as a vascular biomarker of 
AD.

In animal studies, upregulation of Ang-1 accelerated 
Aβ42  secretion through activation of the forkhead box 
protein 2/presenilin enhancer protein 2/amyloid precur-
sor protein (FOXA2/PEN2/APP) pathway [110]. As Aβ42 
deposition was found to cause endothelial cell damage 
and compromised BBB integrity, elevated Ang-1 levels 
may reflect ongoing vascular stress and BBB dysfunc-
tion. Therefore, increased circulating Ang-1 may not only 
serve as a marker of neurovascular decline but also as a 
marker of continuing amyloidogenic activity with BBB 
disruption in AD.

Plasminogen activator inhibitor type 1 (PAI‑1)
PAI-1, a primary inhibitor of tissue plasminogen activa-
tor (tPA), plays a significant role in the regulation of the 
fibrinolytic and BBB integrity that relies on the plasmi-
nogen/plasmin system. In AD, several studies reported 
the elevated plasma/serum PAI-1 levels, with progres-
sively increasing concentrations from MCI to AD, and 
these elevated levels were inversely related to cognitive 
function. In the Ansan Geriatric (AGE) cohort study 
(N = 226), elevated plasma PAI-1 was associated with 
increasing disease severity and was significantly higher in 
MCI as well as AD than in the HC [111]. In the Czech 
Brain Aging Study cohort (N = 90), elevated serum PAI-1 
and an elevated PAI 1/tPA ratio in AD and aMCI patients 
were observed, which also correlated inversely with the 
cognitive scores [112]. Increased PAI-1 suppresses tPA, 
which reduces plasmin formation and clearance of Aβ, 
a critical pathological feature in AD [113]. In addition to 
its implication in amyloid metabolism, PAI-1 has been 
implicated in BBB dysfunction [114]. When PAI-1 lev-
els are too high, it reduces the breakdown of blood clots 
(fibrinolysis), which can prevent tight junction repair and 
lead to leaky blood vessels. A consideration of the plasmi-
nogen activator system in AD emphasized that elevated 

PAI-1 is accountable for BBB permeability changes in 
neurodegenerative pathology. In the same cohort, higher 
PAI-1/BDNF in AD and its negative correlation with the 
MMSE score were noticed [115]. An increased PAI‑1/
BDNF ratio in AD reflects impaired fibrinolysis and 
reduced neurotrophic support, essential to BBB integ-
rity. High PAI‑1 inhibits plasmin-mediated tight junc-
tion repair, while reduced BDNF diminishes endothelial 
resilience. Together, this imbalance was likely to enhance 
susceptibility to these pathologies and correlated PAI‑1/
BDNF ratio with BBB dysfunction and cognitive decline 
in AD patients.

Platelet‑derived growth factor receptor‑β (PDGFRβ)
PDGFRβ is expressed by pericytes and arterial vascu-
lar smooth muscle cells (VSMCs). In AD, the soluble 
PDGFRβ (sPDGFRβ) has been reported to be increased 
in CSF and serum, reflecting damage to pericytes and 
disruption of the BBB in a murine model [116]. How-
ever, information on human studies evaluating serum/
plasma PDGFRβ in AD is lacking. In two separate studies 
(N = 78; Age 23–84 years) [117], and Chongqing Ageing 
& Dementia Study (CADS) cohort (N = 87; Age: 40 years 
and over) [118], CSF sPDGFRβ was significantly higher 
in AD and correlated with CSF albumin (a marker of BBB 
integrity), total tau, and phosphorylated tau (markers of 
neuronal injury). These findings suggest that PDGFRβ is 
associated with pericyte dysfunction and vascular injury, 
and early cognitive decline in AD.

PZP alpha‑2‑macroglobulin‑like (Pregnancy zone protein; 
PZP)
Preclinical AD serum samples from the Rotterdam Scan 
Study  (RSS) (N = 1077; Age: 60–90  years) found  that 
individuals who  developed AD had significantly higher 
serum  levels of  PZP  than the cognitively normal con-
trols [119]. Higher PZP protein and  mRNA  expres-
sions were also  found  in postmortem AD brain (N = 20; 
Netherlands Brain Bank), including microglia and senile 
plaques, pointing to CNS origin and transport into blood 
[120]. As a large protease inhibitor with structural simi-
larity to α2 macroglobulin, PZP may play a chaperone-
like role in the brain, stabilizing misfolded proteins, 
such as Aβ [121]. While direct evidence for involvement 
of  PZP  in  BBB permeability is limited, its accumulation 
in the brain and passage into the blood, especially early in 
disease, suggests that BBB dysfunction may permit CNS-
derived PZP leakage. In this context, elevated plasma/
serum PZP levels are likely to reflect neuroinflamma-
tion, amyloid stress, and compromised BBB. The possible 
blood biomarkers for BBB dysfunction were summarized 
in Table 2.
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Role of tanycytes in CP and BBB dysfunction
Tanycytes are glial radial cells lining the walls of the third 
ventricle and play crucial roles in neurogenesis, meta-
bolic sensing, and maintaining brain homeostasis [122]. 
Their potential involvement in AD through mechanisms, 
such as compromised adult neurogenesis, abnormal 
metabolic signaling, and barrier control disruption of 
the median eminence, has recently become of interest. 
Tanycytes and CP are functionally connected by sharing 
roles in the homeostasis of brain fluid, molecular trans-
port, and neuroendocrine regulation. The CSF secreted 
by CP carries signals affecting tanycytes, while tany-
cytes act as intermediaries for the delivery of hormones 
between CSF and the hypothalamus [123]. In addition, 
tanycytes exist in the blood-hypothalamic barrier, a part 
of the BBB consisting of vascular endothelial cells, peri-
cytes, astrocytes, and basement membranes. The BCSFB 
could be involved with Aβ removal in aging by boosting 
Aβ outflow transporters and reducing inflow transport-
ers. Tanycytes help protect the brain by moving harmful 
substances, like soluble Aβ and tau, from CSF into nearby 
blood vessels, allowing them to reach the pituitary gland 
and enter the bloodstream for removal (Fig. 5). Degrada-
tion of tanycytes in AD patients may play a role in the 
increased accumulation of tau in the brain by interfering 
with its transport [124]. However, in elderly AD patients, 
a compensatory mechanism, like BBB leakage, may 
account for the normal tau levels in CSF. Qi et al. recently 
summarized how alterations in tanycyte-originated neu-
rogenesis following the modification of factors, such as 

BDNF, ciliary neurotrophic factor (CNTF), and insulin-
like growth factors (IGFs), enhance neurodegeneration 
and cognitive decline in AD [23]. The involvement of 
tanycytic degradation in AD and the proof of a tanycytic 
transport system from the brain to the blood are remark-
able, prompting inquiries about the role of tanycytes in 
clearing mechanisms and the onset of AD.

Potential treatment strategies
Unlike classical AD, non-traditional AD (CP and BBB 
dysfunction) pointed to a different disease pathway, in 
which AD pathology may be impacted by impaired pro-
tein clearance rather than overproduction. Such patients 
may not respond well to the traditional AD treatments, 
like anti-amyloid and anti-tau medications. In such cases, 
a possible treatment option focusing on CSF clearance 
mechanisms (enhancing BBB or CP function) would 
be beneficial. Possible therapeutic interventions for CP 
dysfunction could be using anti-inflammatory therapies 
(CXCL-10 and TNFα inhibitors) and enhancing CSF 
clearance (aquaporin-4: AQP4 modulators; sleep-based 
therapies) to boost the glymphatic flow. AQP4 is a water 
channel protein in the CNS (mainly expressed on the end 
feet of astrocytes at the BBB)[125]. Since its main func-
tion is maintaining brain water homeostasis, AQP4 is an 
important component of the glymphatic system, aiding 
in the clearance of Aβ and tau protein from the brain. 
BBB dysfunction is categorized by loss of vascular integ-
rity, protein leakage, and neuronal hypoplasticity. There-
fore, restoring BBB integrity and endothelial functions 

Fig. 5  Role of tanycytes in tau clearance. Tanycytes translocate tau from cerebrospinal fluid in the ventricles towards the pituitary gland, 
where the portal capillaries of the median eminence were located. Created with BioRender.com 
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(angiotensin receptor blocker, fibrin, and pericyte-tar-
geting therapies) would ameliorate the vascular inflam-
mation and protein leakage (TNFα and IL-1β inhibitors, 
lipid-lowering drugs, albumin replacement therapy), 
promoting neurovascular restoration (neurotrophic fac-
tor-based therapies, vascular endothelial growth factor: 
VEGF modulators) [126–129].

BBB or CP could be damaged by TNF-α through mech-
anisms like matrix metalloprotease (MMP)-mediated 
tight junction breakdown, increased barrier permeabil-
ity, or inflammation-triggered structural changes [130]. 
These effects have been shown in cell models, including 
experiments involving TNF-α exposure (e.g., MMPs dis-
rupting barrier integrity in CP epithelial cell lines) and 
similar effects at the BBB in  vitro models with human 
endothelial cells [131]. Several evidence presented a 
direct role of cytokine signaling in CP dysfunction in AD 
and how CP function declined in aging and AD, affect-
ing CSF production, toxic Aβ clearance, and immune 
gateway function to the CNS [132]. For instance, tran-
scriptomic analyses of CP tissue from AD patients 
revealed upregulation of genes involved in acute-phase 
and inflammatory responses, cell adhesion, and chemo-
taxis, reflecting an altered immune environment at the 
blood-CSF interface [70]. During neuroinflammation, CP 
expresses specific adhesion molecules and chemokines 
that regulate leukocyte trafficking across the blood-CSF 
barrier, and elevated IFN-γ levels in CP have been shown 
to trigger macrophage recruitment into CSF [133]. In 
experimental APP/PS1 mice, TNF-α/TNFR1 signaling 
was elevated in the CP tissue and contributed to epi-
thelial morphological damage and barrier disruption. 
Importantly, inhibition or deletion of TNFR1 restored CP 
integrity, reduced inflammation, and improved cognition 
in these models [134]. Together, these findings supported 
that CP-specific cytokine signaling, not just peripheral 
or parenchymal inflammation, played a mechanistically 
critical role in AD pathogenesis.

Murine model studies using anti-TNF-α monoclonal 
antibody, Infliximab, reported a reduction in Aβ plaques, 
tau phosphorylation [135], and cognitive deficits [136]. 
Other drugs, like Tocilizumab (IL-6 inhibitor) [137] and 
Anakinra (IL-1 inhibitor), were explored for their use in 
AD treatment. A recent study demonstrated the repur-
posed use of Anakinra in AD treatment, both in  vitro 
(LPS-induced stress in BV2 cells) and in  vivo (zebrafish 
model). Anakinra reduced ROS, nitric oxide production, 
along with downstream expression of NF-κB, TNF-α, IL-
1β, IL-6, and NOS genes in BV2 cells. It also improved 
synaptic plasticity and neurogenesis in acrylamide-
induced neurotoxicity in zebrafish larvae by increasing 
BDNF and CREB mRNA levels [138]. However, these 
therapeutics have not yet been systematically studied for 

barrier-specific AD models. Such models, which include 
tight junction markers, barrier electrical resistance, 
tracer permeability assays, or CP epithelial morphology, 
would be beneficial to differentiate between general anti-
inflammatory effects from barrier-specific restoration.

Around 90% of the total circulating Aβ is predomi-
nantly bound to albumin [139], which creates a dynamic 
equilibrium between peripheral and central Aβ. Con-
sidering this fact, a new approach was developed to 
exchange plasma with albumin replacement (Alzhei-
mer’s Management by Albumin Replacement: AMBAR 
program). For the AMBAR clinical trial, 41 hospitals 
across the USA (22) and Spain (19) took part. A total of 
496 patients with mild to moderate AD were screened 
between the ages of 55 to 85 years [140]. Phase I focused 
on testing whether plasma exchange using 5% albumin 
could shift Aβ from the brain into the bloodstream and 
whether it had any effect on cognitive function. Only 7 
patients participated, each receiving 6 plasma exchange 
sessions over three weeks, followed by a year-long follow-
up. The treatment successfully mobilized Aβ, and patients 
remained stable after a year [141]. In Phase II (N = 42), 
treated patients underwent 18 plasma exchanges over 
several weeks. This phase evaluated brain imaging and 
changes in cognitive, functional, and behavioral abilities. 
Results showed improvements in memory, language, and 
overall cognition, along with a drop in plasma Aβ levels 
in the treated group. In contrast, the control group con-
tinued to decline, as typically seen in AD [142]. Phase IIb/
III expanded the study by testing different doses of albu-
min (5% and 20%) with or without intravenous immu-
noglobulin (IVIG). The group that received high-dose 
albumin combined with IVIG showed the most benefit, 
particularly in language and mental processing speed, 
suggesting a possible slowing or stabilization of disease 
symptoms [143, 144].

The CCL2/CCR2 axis is known to increase neuroin-
flammation, BBB disruption, and AD pathology. Tar-
geting this pathway could provide novel opportunities 
for the treatment of AD [145, 146]. In a 2019 study, the 
effect of Reboxetine (a selective norepinephrine reuptake 
inhibitor) was evaluated in 5xFAD mice, which resulted 
in neuroprotective and anti-inflammatory changes 
after 28  days from the drug administration. It was also 
observed that deletion of CCL2 slowed down memory 
impairments, mitigated neuroinflammation, reduced Aβ 
plaque accumulation, and reduced degeneration of neu-
rons in the brain cortex [147]. Similarly, the CXCL10/
CXCR3 axis is also an active pathway in AD progres-
sion. A study reported that the repurposing of Trepro-
stinil (vasodilator), Eplerenone (aldosterone antagonist), 
and Pitavastatin (HMG-CoA reductase inhibitor) sig-
nificantly decreased CXCL10 secretions in N9 cells and 
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primary microglia [148]. Enhancing Aβ clearance and 
BBB permeability using pericyte cells could prove cru-
cial for future AD treatment [149]. Inhibitors, such as 
FER-1 (ferroptosis inhibitor), Mdivi-1 (mitophagy inhibi-
tor) [150], Ghrelin [151], BQ-123 (endothelin receptor 
antagonist) [152], and anserine/carnosine [153] are a few 
pericyte-targeting or pericyte-associated signaling path-
way-targeting inhibitors for AD treatment [154].

Stem cell therapy demonstrated that hPSC-derived 
pericytes can efficiently promote recovery and rescue of 
the BBB barrier function in the transient middle cerebral 
artery occlusion (tMCAO) mouse model [155]. While 
iPSC-derived brain pericytes can be used as a replace-
ment therapy [156]. Customized AD therapy suggests the 
importance of subtype-specific potential biomarkers in 
identifying the mechanism of disease and its therapeutic 
intervention (Table 3).

Conclusion
Understanding AD subtypes through their specific bio-
markers would increase the precision of diagnoses, 
allowing for tailored interventions and aiding in the 

creation of novel therapies for subtypes that might not 
react favorably to conventional amyloid/tau-targeting 
strategies. Instead of using a “one-size-fits-all” strategy, 
more precise patient classification would result from the 
discovery of biomarkers specific to each subtype. Particu-
larly for patients exhibiting an atypical course (clearance 
dysfunction) of AD, subtype-specific biomarkers may 
facilitate earlier and more precise diagnosis. Finding bio-
markers implicated in endothelial integrity, CP function, 
or CSF clearance might be more beneficial as subtype-
specific indicators in such cases. Upcoming clinical trials 
should evaluate these targeted methods that rely on bio-
marker-based patient categorization. The development 
of BBMs will allow a routine screening for AD pathology 
and will enable clinicians to understand the convenient 
and non-invasive markers of AD. The possible biomark-
ers discussed in this review have been primarily studied 
in the context of early diagnosis; their potential connec-
tion to CP/BBB dysfunction remains an emerging area 
that requires dedicated studies, particularly those incor-
porating imaging, proteomic profiling, or multi-omics 
approaches.

Table 3  A summary of various possible treatments for CP/BBB dysfunction in AD

Aβ Amyloid beta, AD Alzheimer’s disease, AMBAR Alzheimer Management by Albumin Replacement, AQP4 Aquaporin-4, BBB Blood–brain barrier, BDNF Brain-derived 
neurotrophic factor, BQ-123 A peptidic endothelin ETA receptor antagonist, CCL2 CC motif chemokine ligand 2, CCR2 CC chemokine receptor type 2, CP Choroid 
plexus, CSF Cerebrospinal fluid, CSF-1R Colony stimulating factor 1 receptor, CXCL10 CXC motif chemokine ligand 10, CXCR3 Chemokine receptor of CXC, FER-1 
Ferroptosis inhibitor, hPSC Human pluripotent stem cells, iPSC Induced pluripotent stem cells, IVIG Immunoglobulin, IL Interleukin, Mdivi – 1 Mitochondrial DIVIsion 
inhibitor 1, VEGF Vascular endothelial growth factor

Strategy Target Mechanism Examples/Agents Evidence Ref

Anti-inflammatory therapy Reduce CP/BBB inflammation TNF-α inhibitors (Infliximab), 
IL-1 (Anakinra), IL-6 (Tocili‑
zumab)

Infliximab reduced Aβ/tau 
pathology in murine model; 
Anakinra improved neurogen‑
esis in vitro and zebrafish

[135–138]

Chemokine axis modulation Block CCL2/CCR2 
and CXCL10/CXCR3 pathways

Reboxetine, Treprostinil, 
Eplerenone, Pitavastatin

Reboxetine reduced inflam‑
mation, Aβ plaques; other 
agents decreased CXCL10 
secretion in microglial cells

[145–148]

CSF clearance enhancement Improve glymphatic flow, CP 
function

AQP4 modulators, Sleep-
based therapies

AQP4 regulates Aβ/tau clear‑
ance via glymphatic system

[125]

Albumin replacement therapy Enhance peripheral Aβ bind‑
ing; promote clearance

5–20% Albumin ± IVIG (AMBAR 
trial)

Phase I–III trials: improved 
cognition, reduced Aβ 
in treated AD patients

[139–144]

Endothelial/vascular repair Restore BBB integrity; reduce 
vascular leakage

Angiotensin receptor blockers, 
fibrin-targeting drugs, lipid-
lowering agents

Improve vascular function, 
reduce neuroinflammation

[127, 128]

Neurovascular regeneration Promote endothelial and neu‑
ronal health

VEGF modulators, BDNF-based 
therapy

Neurotrophic factors improve 
neurovascular integrity

[129, 138]

Pericyte-targeted therapy Rebuild BBB via pericyte 
function

BQ-123, Mdivi-1, FER-1, 
Ghrelin, Anserine/Carnosine, 
stem cell–derived pericytes 
(hPSC/iPSC)

hPSC-derived pericytes 
restored BBB function 
in the stroke model

[149–153]

Amyloid/tau clearance 
enhancers

Enhance immune-mediated 
protein clearance

IL-34 (via CSF1R), Infliximab IL-34 promotes Aβ clearance; 
Infliximab downregulates 
inflammatory markers

[37, 60, 126, 135, 136]

Stem cell therapy Replace BBB/CP cells; repair 
neurovascular unit

hPSC/iPSC-derived pericytes Recovered BBB integrity 
and function in in vivo models

[155, 156]



Page 17 of 23Sharma et al. Biomarker Research          (2025) 13:116 	

Clinical trial number
Not applicable.
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