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Abstract

Background: Apolipoprotein E (APOE) polymorphisms, particularly the APOE4 genotype, are established genetic risk
factors for Alzheimer’s disease (AD). However, the clinical utility of combining APOE genotypes with serum lipids and
blood-based AD biomarkers remains incompletely defined.

Objective: To investigate the association between APOE gene polymorphisms, serological indicators, and the occurrence
of AD.

Methods: Blood samples of 109 patients with AD and 85 non-AD participants were used to detect APOE genotypes.
Serum levels of total cholesterol (TC), triglyceride (TG), high-density lipoprotein cholesterol (HDL-C), low-density lipo-
protein cholesterol (LDL-C), amyloid- |—42 (AB,_4;), and p-tau-18| were measured. Receiver operating characteristic
analysis was performed in an independent validation set of 82 cases.

Results: The frequency of the APOE4 genotype was significantly higher in the AD group compared with the non-AD
group, whereas APOE2 and APOE3 genotypes showed no significant differences. TC, HDL-C, and LDL-C levels were sig-
nificantly elevated in the AD group compared with the non-AD group, while TG, AB|_4,, and p-tau-181 levels did not
differ significantly. Among patients with AD carrying the APOE4 genotype, TC and LDL-C levels were significantly higher
than those in non-AD APOE4 carriers. Further, within the AD group, APOE4 carriers had a significantly higher proportion
of elevated TC and LDL-C levels than non-APOE4 carriers. Validation experiments revealed that the combination of
APOE4 genotype with elevated TC and LDL-C demonstrated greater diagnostic efficacy for AD.

Conclusions: APOE4 genotype combined with elevated TC and LDL-C levels strongly correlate with AD onset and may
be valuable auxiliary biomarkers for AD diagnosis and treatment.
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AD remain incompletely understood. Current research high-
lights the amyloid cascade hypothesis and tau protein path-
ology as the predominant pathological theories.’

Apolipoprotein E (ApoE) is a polymorphic protein that
plays a critical role in lipid transport and metabolism
in vivo. Studies have shown that APOE gene polymorphisms
are of substantial relevance to human health and disease,
owing in particular to their strong association with AD,
making ApoE the most prominent genetic risk factor for
AD prognosis.* The APOE gene is located on the long
arm of human chromosome 19 (19q13.2) and encodes a
glycoprotein rich in arginine (Arg). There are three
common APOE alleles, namely E2, E3, and E4, and their
combinations give rise to six distinct genotypes. In our
study, three APOE genotype groups were used for analysis:
APOE2 (E2/E2 and E2/E3), APOE3 (E2/E4 and E3/E3),
and APOE4 (E3/E4 and E4/E4).” These alleles differ at
codons 112 and 158. The E3 allele encodes cysteine
(Cys) at codon 112 and Arg at codon 158. The E2 allele
encodes Cys at both positions. The E4 allele encodes Arg
at both positions. Despite these seemingly minor amino
acid substitutions, they result in significant alterations in
ApoE protein structure and physicochemical properties,
ultimately impacting its biological function.®

ApoE acts as a key ligand for members of the low-
density lipoprotein receptor (LDLR) family, facilitating
receptor-mediated uptake and catabolic processing of tri-
glyceride (TG)-rich lipoprotein remnants and low-density
lipoprotein (LDL).” ApoE3 exhibits a high binding affinity
for LDLR, efficiently promoting lipoprotein metabolism and
clearance, thereby maintaining normal plasma lipid levels. In
contrast, ApoE2 displays a reduced LDLR-binding affinity,
leading to diminished efficiency in lipoprotein metabolism,
elevated plasma total cholesterol (TC) and TG concentrations,
and consequently an increased risk of atherosclerosis.®
Although ApoE4 maintains a high LDLR binding affinity, it
may pursue abnormal metabolic pathways in cells, which
can also adversely affect lipid metabolism.® In the nervous
system, ApoE is engaged in multiple physiological processes
essential for neuronal growth, repair, and survival. By binding
to neuronal surface receptors, ApoE facilitates the transport of
TC and other lipids, providing essential biochemical compo-
nents for neuronal membrane repair and synaptogenesis.

The various APOE isoforms exhibit differential neurobio-
logical functions. The E3 isoform demonstrates relatively
superior neuroprotective and neurorestorative effects. In con-
trast, the E4 isoform is associated with increased neuronal
damage and apoptosis, potentially inducing neurodegeneration
through multiple mechanisms, including enhanced tau protein
phosphorylation, Af aggregation and deposition, and dis-
rupted intracellular signal transduction.” Accordingly, APOE
polymorphism constitutes a major genetic risk factor for
AD. The APOE4 genotype is a well-established genetic deter-
minant of AD, with carriers exhibiting markedly increased risk
and earlier disease onset compared with non-carriers.'® Studies

have shown that ApoE4 contributes to the pathogenesis of AD
through multiple mechanisms, including promoting Af aggre-
gation, inducing neuro-inflammatory responses, disrupting
mitochondrial function, and impairing neuronal repair and
regeneration.'' These multifaceted effects underscore the
central role of ApoE4 in AD progression.

Currently, the clinical diagnosis of AD relies primarily on
neuroimaging techniques. However, these methods detect AD
only at the middle-to-late stages, thus failing to achieve pre-
vention or early diagnosis. Additionally, neuropsychological
assessments also exhibit limited sensitivity for early detection
of AD-related pathological changes, and the high rates of mis-
diagnosis and missed diagnosis affect the early intervention
and treatment of patients. Emerging evidence indicates that
serum metabolic profiles in patients with AD are closely asso-
ciated with disease progression.'> Compared with other diag-
nostic approaches, blood-based biomarker assays offer distinct
advantages, including minimal invasiveness, operational sim-
plicity, and suitability for continuous monitoring, making
them particularly suitable for large-scale screening and long-
term surveillance of patients.13 However, the integration of
blood biomarker analysis with serum metabolic indicators
has not yet been incorporated into standardized AD screening
protocols.

This study investigated the relationship between blood bio-
markers and serum metabolic indicators in the pathogenesis of
AD and evaluated their diagnostic utility. Through systematic
evaluation of these parameters, we aimed to establish an early
screening approach for AD to enable timely clinical interven-
tion for prevention and mitigation of disease progression.

Methods

Study population

A total of 194 patients were retrospectively enrolled for this
study from Shenyang Fifth People’s Hospital, Liaoning,
China, between August 1, 2022, and August 25, 2024, including
109 patients with AD (AD group) and 85 non-AD controls
(non-AD group). The patient selection flowchart is presented
in Figure 1.

An additional validation cohort of 82 patients was
recruited from the same institution between August 26,
2024, and July 11, 2025, to evaluate the diagnostic efficacy
of APOE4 genotype occurrence in combination with serum
levels of elevated TC and low-density lipoprotein choles-
terol (LDL-C) in patients with AD.

This retrospective study was approved by the Ethics
Committee of Shenyang Fifth People’s Hospital,
Liaoning, China (NO. S2024-001-01).

Materials

The following items were employed in this study: Ap1-42
kit and p-tau-181 kits (Fujian Yitong Biotechnology Co,



Chen et al.

Patients with neurological diseases who visited

Shenyang Fifth People’s Hospital from August 1,

2022 to August 25, 2024: aged 50-95 years old.
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Y

> diseases.
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3.Failure to pass the cognitive function
screening.
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and LDL-C were not detected | Exclude
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A

Eligible participants collected
(n=194)

1.The patient has an insidious onset.

2.The patient or their family members
confirm the presence of cognitive
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Inclusion 4
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3.Impairment in cognitive domains is
identified through scores on cognitive

criteria AD group
(n=109)

y

Non-AD group
(n=85)

function scales.

4.Auxiliary diagnosis is made using
hematological, molecular biological,
and imaging indicators.

Figure |. Screening process for patients in the AD and non-AD groups.

Ltd); TG kit, TC kit, high-density lipoprotein cholesterol
(HDL-C) kit, and LDL-C kit (Beckman Coulter, Inc.);
APOE diagnostic kit (Tianlong Technology Co, Ltd).
Beckman AUS5800 automatic biochemical analyzer
(Beckman Coulter, Inc.); Fascan48E instrument (Tianlong
Technology Co, Ltd); microplate reader (Tecan Group Ltd).

Detection of the APOE genotype

Venous blood (2-3 mL) samples were collected from each
participant into collection tubes containing anticoagulant.
The anticoagulant was thoroughly mixed with the venous
blood, and 10 pL of the mixture was added to the universal
sample diluent. A 2 pL aliquot of each sample was dispensed
into an 8-well strip, incubated at 37°C for 3 min, followed by
immediate centrifugation at 6000 rpm for 40 s. After gentle
mixing, samples were centrifuged again at 6000 rpm for 5 s,
and subsequently analyzed using the Fascan48E sequencing
instrument. The assay was considered valid when the
SNP-U24 positive control signal value was >1 and the nega-
tive control signal value was <1. Sample signal values >1
were classified as positive, while values <1 were classified
as negative. Genotype determination at the target SNP loci
was subsequently performed based on these classifications.

Detection of serological indicators

Detection of serum lipid levels. Fasting venous blood samples
(5 mL) were collected from the antecubital vein of patients
in the morning using tubes containing anticoagulant. The

samples were then centrifuged at 3000 rpm for 15 min to
separate the serum. The levels of TC, TG, HDL-C, and
LDL-C were detected using a Beckman AU5800 automatic
biochemical analyzer.

The normal reference range of values was as follows: TC
(3.1-5.17 mM); TG (0.4-1.8 mM); HDL-C (1.29-1.55 mM);
LDL-C (2.7-3.36 mM).

Detection of serum AB,_4; and p-tau-181 levels. Samples
containing tau and AP proteins were centrifuged at
3000 rpm for 15 min. The supernatant was collected and
added to the microplate, followed by incubation for
1-2 h. After incubation, the solution was decanted from the
wells, and each well was washed 3-5 times with washing
buffer. Enzyme-labeled secondary antibody was added to
each well and incubated for 60 min. After washing again,
substrate solution was added to each well. The microplate
reader was used to detect the protein concentration.

A blank control was used to create a no-substrate refer-
ence value in the instrument at a wavelength of 450 nm,
and measurements were acquired at dual wavelengths of
450/630 nm to determine the optical density value of each
well. The concentrations of tau and AP proteins in the
samples were calculated using the standard curve method.

The following normal reference range of values were
employed: AP;_4> (0-110 pg/mL); p-tau-181 (0-30 pg/mL).

Identification of characteristic indicators

The diagnostic efficacy of various factors relevant to AD
was evaluated using the area under the curve (AUC) of
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Table I. Analysis of gender, age, and use of lipid-lowering drugs in enrolled patients.

Gender (%) Age (%)
40-60 61-80 81-100
Male Female years years years Lipid-lowering medication use (%)
AD (n=109) 345 65.5 14.5 61.8 237 3.6
Non-AD (n =85) 482 51.8 18.8 70.6 10.6 24
x? 3.7287 5.6449 0.1397
p 0.0535 0.0595 0.7086

the receiver operating characteristic (ROC) curve. The diag-
nostic efficacy of AD was analyzed in APOE4 genotype-
positive individuals displaying elevated TC and LDL-C
levels, as well as in those with the APOE4 genotype alone.

The judgment criteria were as follows: Outstanding dis-
crimination (AUC > 0.9); Excellent discrimination (0.8 <
AUC < 0.9); Acceptable discrimination (0.7 < AUC < 0.8);
Poor discrimination (0.5<AUC < 0.7); No discrimination
(AUC=0.5).

Statistical methods

All statistical analyses were conducted using GraphPad Prism
software (version 8.0). Continuous variables are presented as
the mean + standard deviation (SD) and were compared
between two groups using an independent samples t-test.
Categorical data are presented as counts and percentages (n,
%) and were analyzed using the x> test. A p-value < 0.05

was considered statistically significant.

Results

Baseline patient information

This study included participants recruited from Shenyang
Fifth People’s Hospital, China, between August 1, 2022,
and August 25, 2024. Clinical data, including APOE geno-
types and lipid profiles, were collected. The final analysis
included 109 patients with AD and 85 non-AD controls
who met the inclusion criteria and had complete APOE
genotyping and lipid profile data. A comparison of the base-
line characteristics between the AD and non-AD groups
revealed no statistically significant differences in sex, age,
or the use of lipid-lowering medications (Table 1). This
comparability suggests that these variables are unlikely to
confound the subsequent analyses.

The role of APOE gene polymorphism and serological
indicators in AD diagnosis

Distribution of APOE genotypes and serological indicators in AD
and non-AD groups. ApoE, a plasma transport glycoprotein

involved in cholesterol metabolism, is widely expressed in
both peripheral tissues and the central nervous system.
Among its isoforms, APOE4 has been consistently identi-
fied as the strongest genetic risk factor for late-onset
AD.'" In our present study, we first compared the distribu-
tion of APOE genotypes between AD and non-AD groups.
Our results showed that the frequency of occurrence of the
APOEA4 genotype was significantly higher in the AD group,
whereas the distributions of APOE2 and APOE3 genotypes
did not differ significantly between AD and non-AD groups
(Table 2). These findings suggest that carriers of the APOE4
genotype may have a higher risk of developing AD com-
pared with APOE2 or APOES3 carriers, which is consistent
with previous studies, and highlights the pivotal role of
APOE4 in AD pathogenesis.

With respect to peripheral lipid metabolism, we
observed that serum levels of TC, HDL-C, and LDL-C
were significantly higher in the AD group compared with
the non-AD group (Figure 2A). These alterations suggest
that dyslipidemia may play an important role in the patho-
genesis and progression of AD. In particular, elevated
LDL-C levels may exacerbate AD pathology through
mechanisms such as promoting neuro-inflammation, and
blood-brain barrier (BBB) dysfunction.'> Conversely,
serum levels of TG, AB;_4», and p-tau-181 showed no sig-
nificant differences between the AD and non-AD groups
(Figure 2A and B). Collectively, these findings further
emphasize the importance of the APOE4 genotype as a
genetic risk factor for AD and suggest that abnormalities
in serum lipid markers (TC, HDL-C, LDL-C) may be
closely associated with the development of AD.

Serological indicator levels in APOE4 genotype carriers between
AD and non-AD groups. To further explore more accurate
auxiliary diagnostic criteria for AD, we conducted a stratified
analysis specifically on patients carrying the APOE4 genotype.

Table 2. Comparison of APOE genotypes [n (%)].

Group APOE2 APOE3 APOE4
AD (n=109) 6 (5.5%) 64 (58.7%) 39 (35.8%)
Non-AD (n=85) 6 (7.1%) 63 (74.1%) 16 (18.8%)
x? 0.1753 1.0362 3.853
p 0.7683 0.3598 0.0497
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Figure 2. Comparison of serum indicator levels in patients with AD. (A) Serum levels of TC, TG, HDL-C, and LDL-C in AD and
non-AD patients. AD patients, n = 109; non-AD patients, n =85. (B) Serum levels of AB,_4, and p-tau-181 in AD and non-AD patients.
AD patients, n=8I; non-AD patients, n=41. Values are expressed as mean + SD and ***5 <0.001; ns: not significant.
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Figure 3. Comparison of serum indicator levels between AD and non-AD patients carrying the APOE4 genotype. (A) Serum levels of
TC, TG, HDL-C, and LDL-C in AD and non-AD patients with APOE4 genotype. AD patients, n =39; non-AD patients, n=16. (B)
Serum levels of AB|_4; and p-tau-181 in AD and non-AD patients with APOE4 genotype. AD patients, n = 24; non-AD patients, n = | 2.
Values are expressed as mean + SD and ***p <0.001; ns: not significant.

The results revealed that serum levels of TC and LDL-C were
significantly higher in APOE4 carriers with AD compared to
APOEA carriers without AD (Figure 3A). In contrast, no sig-
nificant differences were observed in serum TG, HDL-C,
APi_4p, or p-tau-181 levels between APOE4 carriers in the
AD and non-AD groups (Figure 3A and B). These findings
suggest that elevated serum TC and LDL-C levels may be
closely associated with the occurrence of AD in the context
of the APOE4 genotype. This observation provides a novel
perspective on the interaction between APOE4 and lipid
metabolism in AD pathogenesis.

Serological indicator levels in patients with AD: comparison
between the APOE4 and non-APOE4 genotypes. Further ana-
lysis within the AD group revealed that the proportion of
patients carrying the APOE4 genotype with elevated
serum TC and LDL-C levels was significantly higher than
that of non-APOE4 carriers exhibiting increased levels of
these serological indicators (Table 3). These findings

indicate that the APOE4 genotype and elevated TC and
LDL-C levels may exert a synergistic effect, thereby
increasing the risk of AD. This result provides novel evi-
dence for the interaction between genetic susceptibility
and lipid metabolism, offering a potential theoretical basis
for precision prevention strategies in high-risk populations.

Association of APOE4 genotype with elevated serum
TC and LDL-C levels and AD diagnosis

APOE4 genotype with increased serum TC and LDL-C levels in
AD diagnosis. To investigate the association between the
APOE4 genotype, serum levels of TC, LDL-C, and the
occurrence of AD, APOE genotyping was performed in
82 patients recruited from Shenyang Fifth People’s
Hospital, China, between August 26, 2024, and July 11,
2025. The results demonstrated that the rate of AD diagno-
sis was significantly higher among APOE4 carriers
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Table 3. Comparison of serum TC and LDL-C levels between
patients with APOE4 genotype and non-APOE4 genotype in the AD

group [n (%)].

Genotype  Elevated TC and LDL-C  TC, LDL-C other levels
APOE4 27 (69.2%) 12 (30.8%)

non-APOE4 33 (47.1%) 37 (52.9%)

e 4938

p 0.0292

Table 4. Ad diagnosis status among APOE4 carriers [n (%)].

Genotype Diagnose AD  Not diagnosed with AD
APOE4 (n=19) 12 (63.2%) 7 (36.8%)

non-APOE4 (n=63) 4 (6.3%) 59 (93.7%)

¥’ 29.9967

p <0.001

Table 5. Ad diagnosis status among APOE4 carriers with elevated
TC and LDL-C levels [n (%)]

Not diagnosed

APOE4 genotype Diagnose AD with AD
Elevated TC and LDL-C 10 (90.9%) I (9.1%)

levels (n=11)
Other levels of TC and 2 (25%) 6 (75%)

LDL-C (n=8)
x* 8.6467
p 0.0063

compared with non-APOE4 carriers (Table 4). These find-
ings suggest that the APOE4 genotype confers an increased
risk for AD, consistent with its established role as a major
genetic susceptibility factor.

Further analysis of the combined effect of the APOE4
genotype and elevated serum lipid levels revealed that
APOE4 carriers with elevated TC and LDL-C concentra-
tions had a significantly higher rate of AD diagnosis com-
pared with APOE4 carriers with normal lipid levels
(Table 5). These findings indicate that, in addition to
genetic susceptibility, dyslipidemia (particularly elevated
TC and LDL-C concentrations) may further contribute to
AD risk among APOE4 carriers, highlighting the potential
value of a comprehensive assessment that integrates both
genetic and lipid profiles.

Diagnostic efficacy of APOE4 genotype with serum TC and
LDL-C in AD. To further evaluate the diagnostic value, we
employed ROC curve analysis to show the diagnostic per-
formance of a single genetic indicator (APOE4 genotype
alone) and a combined genetic and metabolic indicator

100
80
§‘ 60
=
32 /" AUC=0.8742
20 AUC=0.8244

T T T T
0 20 40 60 80

Specificity%

100

Figure 4. ROC analysis of the diagnostic efficacy for AD. Blue:
APOE4 genotype. Red: APOE4 genotype with elevated TC and
LDL-C levels.

(APOE4 genotype with elevated serum TC and LDL-C
levels). Our results demonstrated that the combined model
(APOE4 genotype with elevated TC and LDL-C levels)
achieved an AUC value of 0.8742, indicating high diagnos-
tic accuracy, whereas the APOE4-only model yielded an
AUC value of 0.8244, indicating moderate diagnostic per-
formance (Figure 4). These findings revealed that incorpor-
ating elevated serum TC and LDL-C levels into the APOE4
genotype-based risk assessment increased diagnostic per-
formance, with a smaller standard error and a higher
upper Confidence Interval limit (Table 6). Our data indicate
that a combination of the APOE4 genotype and elevated
serum TC and LDL-C levels provides higher sensitivity
and accuracy for early detection of AD, as well as providing
a potential reference for personalized screening and preci-
sion intervention.

Discussion

AD, a common neurodegenerative disorder, accounts for
approximately 60-80% of dementia cases. Reportedly, an esti-
mated 15.07 million individuals aged 60 years and older are
living with dementia in China, of whom 9.83 million are
affected by AD.'® AD imposes a substantial burden on
patients, families, and society, representing a major global
public health challenge. The disease onset is insidious, with
early symptoms often being subtle, leading to diagnosis at
the middle-to-late stages. Therefore, the identification of reli-
able biomarkers for early diagnosis is crucial to reducing inci-
dence, slowing progression, and mitigating the associated
societal and familial burden of this disease.

The precise etiology of AD remains incompletely under-
stood. Current hypotheses suggest that its pathogenesis may
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Table 6. Evaluation of diagnostic efficacy for AD.

APOE4 genotype APOE4
with elevated TC and LDL-C levels genotype
AUC 0.8742 0.8244
Std. Error  0.0391 0.0507
95%Cl 0.7977-0.9508 0.7250-0.9237
p <0.001 <0.001

involve A deposition, and neurofibrillary tangles resulting
from tau hyperphosphorylation.'”” However, our study
found no significant differences in serum levels of APB;_4,
and p-tau-181 patients with AD patients and non-AD con-
trols. The reason for this could be that A and p-tau are primar-
ily generated in the brain, and their transfer into the peripheral
circulation is limited by the BBB.'® Consequently, serum
levels of AP and p-tau may inadequately reflect the patho-
logical changes occurring in the brain, thereby limiting the
diagnostic sensitivity and specificity of these biomarkers.
Currently, the genetic predisposition to APOE polymorphism
is a well-established contributor to AD."*2° The APOE4 geno-
type is recognized as the strongest genetic susceptibility factor
for late-onset AD, which exhibits a 3- to 4-fold increased risk
relative to the general population.?! Consistent with previous
findings, our study demonstrated that the frequency of
APOEA4 carriers was significantly higher in the AD than the
non-AD group. ApoE is also a crucial protein involved in
regulating lipid metabolism and cholesterol homeostasis.
Notably, we observed that serum levels of TC, HDL-C, and
LDL-C were significantly elevated in patients with AD. The
increase in HDL-C levels, which has been regarded as a
“beneficial cholesterol” due to its role in promoting reverse
cholesterol transport, was unexpected in AD.?* This phenom-
enon warrants further investigation and may be associated
with compensatory regulation, alterations in lipoprotein sub-
classes, or dysregulation of lipid transport within the brain.
The transport of lipids across the BBB relies on
ApoE-mediated mechanisms. Disruption of this process can
impair the delivery of essential lipids to neurons, thereby com-
promising membrane integrity, synaptic function, and overall
brain homeostasis.>> Furthermore, ApoE4 exhibits a lower
binding affinity to LRP1 on the luminal side of brain endothe-
lial cells compared with ApoE3. This reduced affinity
diminishes the efficiency of cholesterol transport into the
brain parenchyma.>* Compared with APOE3 and APOE2,
APOEA4 is also less efficient in promoting cholesterol efflux
from neurons, leading to intracellular cholesterol accumula-
tion.” Our current study found that serum levels of TC and
LDL-C were significantly higher in APOE4 carriers compared
with non-APOE4 carriers in the AD group. Additionally,
among patients with AD, the proportion of patients carrying
the APOE4 genotype with elevated TC and LDL-C levels
was significantly higher than those without the APOE4

genotype but with elevated TC and LDL-C levels. These find-
ings suggest that the combination of the APOE4 genotype and
elevated TC and LDL-C levels may be closely associated with
AD. Beyond its role in lipid dysregulation, ApoE4 can
also activate the cyclophilin A-matrix metalloproteinase-9
pathway in pericytes and endothelial cells, causing damage
to BBB integrity.”® Additionally, ApoE4 modulates inflamma-
tory pathways and promotes microglial activation, fostering a
neurotoxic environment in the brain.?’

Current clinical imaging techniques, such as positron
emission tomography and magnetic resonance imaging,
enable the visualization of pathological changes during
AD progression. However, this approach often detects
AD only at the middle-to-late stages, making it difficult to
achieve early diagnosis and effective prevention. Our
current findings suggested that the potential utility of com-
bining the APOE4 genotype with elevated TC and LDL-C
levels for early screening and stratified management of indi-
viduals at high-risk for AD in clinical practice. To quantify
this effect, ROC curve analyses were used to evaluated
diagnostic performance. Our analyses confirmed that the
model incorporating both the APOE4 genotype and ele-
vated TC and LDL-C levels achieved superior predictive
accuracy for AD. Importantly, these findings suggest that,
among APOE4 carriers, dynamic monitoring of lipid pro-
files should be strengthened. Early and targeted interventions,
including dietary modifications, a structured exercise regimen,
and pharmacological treatment should be implemented to
manage dyslipidemia, which may delay or reduce the risk of
developing AD.

By integrating specific serological markers with APOE
gene polymorphism and comprehensively analyzing their
synergistic role in AD risk, this study reveals that the
APOE4 genotype combined with elevated TC and LDL-C
levels may be closely associated with AD. This approach
overcomes the limitations of single-factor studies, enabling
a more precise and comprehensive understanding of disease
risk. It addresses a key gap in the field, reinforces the evi-
dence supporting early clinical diagnosis and intervention,
and advances the development of strategies for the preven-
tion and treatment of AD.

Specifically, our analyses focused only on APOE poly-
morphisms and a limited set of serum biomarkers, and
that we did not assess other AD-related genes (e.g., APP,
PSENI, and PSEN2) or systematically distinguish familial,
early-onset, or atypical AD subtypes. Therefore, larger mul-
ticenter studies with broader genetic panels and detailed
phenotyping are needed to clarify how APOE interacts
with other mutations and sporadic risk factors in AD.
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