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Gerontology, Chinese Academy of Medical Sciences, Beijing, China, *Department of Cardiology,
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The contemporary consensus firmly emphasizes the urgent need to reorient
research efforts toward the early detection of preclinical Alzheimer’s disease (AD)
or mild cognitive impairment (MCI). However, there is still a notable absence of
novel biomarkers that are both efficient, minimally invasive, and cost-effective in
real-world clinical settings. To address this gap, datasets GSE29378 and GSE12685
were selected to screen differentially expressed genes (DEGs), and hub genes
were identified by different algorithms. A total of 350 DEGs were identified in
bioinformatics data mining. Functional enrichment analysis showed that fibroblast
growth factor 2(FGF2) and yes-associated protein 1(YAP1) protein levels were
highly expressed in AD samples, indicating their potential regulatory roles in AD.
Between October and November 2024, a total of 146 elderly individuals diagnosed
with MCI and 54 healthy elderly subjects were successfully recruited. Enzyme
linked immunosorbent assay (ELISA) was used to detect plasma hub gene protein
concentration. The results showed that the expression levels of plasma FGF2 and
YAP1 proteins in the MCI group were significantly higher compared to the control
group. Logistic regression analysis indicated that high plasma FGF2 and YAP1
expression levels were independently associated with MCI in the elderly. The Area
under the curve (AUC) of FGF2 model and YAP1 model were 0.907 and 0.972,
respectively. Therefore, the high expression of plasma FGF2 and YAP1 proteins
may be independent predictive risk factors for MCl in the elderly. Our findings
may provide targets for the development of early minimally invasive, efficient,
and convenient screening tools, and even for the treatment of AD in the future.
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1 Introduction

As the problem of population aging deteriorates, Alzheimer’s disease (AD) has become
one of the main causes of disability in the elderly (Gustavsson et al., 2023). As of 2023, more
than 55 million people worldwide are estimated to suffer from AD, and this number is
expected to increase to 82 million by 2030 and 150 million by 2050 (GBDS Collaborators,
2022). Elderly people may suffer from the progressive loss of intellectual and social abilities
that will eventually interfere with daily functioning, that is costly not only as a terminal disease
but also economically and socially. According to statistical reports, the annual socio-economic
cost of AD in China was 168 billion US dollars in 2015, and it is expected to increase to
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1890 billion US dollars by 2050 (Jia et al., 2018). The clinical spectrum
of AD encompasses a range from asymptomatic stages to mild
cognitive impairment (MCI) and, eventually, to mild, moderate, or
severe AD. Once it progresses to the stage of dementia, the process of
AD will accelerate and cannot be reversed (Vermunt et al., 2019).
Therefore, there is a pressing need to shift the focus toward the early
detection of preclinical AD or MCI. Early diagnosis and treatment of
MCI can play an important role in delaying the onset of AD,
improving the quality of life of patients, and alleviating the burden on
families and society. However, MCI is characterized by cognitive
decline that does not significantly impair daily life activities. The early
identification and diagnosis of MCI remain challenging at present, due
to its heterogeneity and concealment of clinical presentation (Albert
et al, 2011). As auxiliary tools for detecting and diagnosing the
disease, novel biomarkers have become a field of great interest for both
clinicians and researchers. Development of new biomarkers may shift
the diagnosis of AD from the later dementia stages of disease toward
the earlier stages and introduce the potential for
pre-symptomatic diagnosis.

The abnormal accumulation of amyloid beta (Af) and tau protein
in the brain measured by positron emission tomography (PET), as
well as the levels of AB42 and phosphorylated taul81 (p-taul8l) in
cerebrospinal fluid (CSF), are the current core biomarkers of AD
(Rabinovici et al., 2019; Hansson, 2021). However, the high cost, low
throughput, and radiation exposure of PET and the invasiveness of
lumbar puncture highlight the necessity and urgency of exploring
alternative markers in the blood. In recent years, some blood
biomarkers have been studied extensively, such as Af Tau protein,
p-taul81Af Tau protein, and glial fibrillary acidic protein (GFAP),
which may be used to predict the progression of AD (Palmqvist et al.,
2020; Hansson et al., 2023; Rissman et al., 2024). However, there is still
some controversy over the current conclusions. At the same time, due
to the significantly lower concentration in the blood compared to CSE,
the requirements for detection technology and costs are higher, which
also hinders the development and promotion of these biomarkers in
clinical practice. Therefore, there is an urgent need to explore novel
biomarkers with high diagnostic efficacy, minimally invasive, and
acceptable detection costs for better early identification of MCI in
clinical practice.

In the study, two AD datasets GSE29378 and GSE12685 profiles
were downloaded from the Gene Expression Omnibus (GEO),
followed by screening and enrichment of differentially expressed
genes (DEGs). Finally, a bioinformatic analysis of DEGs relevant to
AD was conducted to identify hub genes. On this basis, we further
conducted the clinical research to recruit the elderly with MCI, and
explored whether the plasma expression levels of these genes could
serve as new biomarkers for MCI in the elderly, providing new insights
for early identification and diagnosis of cognitive impairment.

2 Materials and methods
2.1 Bioinformatics mining of hub genes

2.1.1 Datasets

GEO is a gene expression database created and maintained by
the National Center for Biotechnology Information. It contains
high-throughput gene expression data submitted by research
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institutions worldwide. We obtained the AD datasets GSE29378
and GSE12685 profiles from GEO. The GSE29378 dataset contained
31 AD samples and 32 control samples; GSE12685 contained 6 AD
samples and 8 control samples. These datasets were used to identify
DEGs in AD.

2.1.2 Repeatability test for the datasets

Principal Component Analysis (PCA) was used to test the
repeatability of the GSE29378 and GSE12685 datasets. The R
programming language is an operating environment for statistical
analysis and graph plotting, and was used to visualize the distribution
and differences between AD and control samples.

2.1.3 Screening of differently expressed genes

The Linear Models for Microarray Data (‘Limma’) R package was
used for probe summarization and background correction of the
GSE29378 and GSE12685 matrices. The Benjamini-Hochberg method
was used to adjust the raw p-values. Fold changes (FC) were calculated
using the false discovery rate (FDR). The cut-off value for DEGs was
P <0.05, and FC > 1.5. A volcano map was drawn using the volcano
plotting tool to identify DEGs.

2.1.4 Weighted gene co-expression network
analysis

WGCNA is a method of summarizing gene expression data
into co-expression modules. We used the Good Samples Genes
method of R package WGCNA to remove abnormal genes and
samples, and constructed a scale-free co-expression network. The
Pearson’s correlation matrix and average linkage method were
applied to all paired genes, and then a weighted adjacency matrix
was constructed using a power function (a,, = | Cu, |¥)- p was a soft
threshold power, that was mainly related to the independence and
average connectivity degree in co-expression modules. The
topological overlap measure (TOM) represented the overlap of
network neighbors, and 1-TOM retrieved a pairwise distance to
identify hierarchical clustering nodes and modules. Clustering
graphs were performed by application of dynamic tree cutting
technique in R software.

2.1.5 Construction and analysis of protein protein
interaction networks

The Search Tool for the Retrieval of Interacting Genes (STRING)
database' is an online search database for known protein interactions
and was used for the construction of PPI network. The list of
differential genes was input into the STRING database to construct a
PPI network for predicting hub genes (confidence>0.4). Cytoscape
software was used to visualize and predict hub genes from the
PPI network.

2.1.6 Functional enrichment analysis

Gene Ontology (GO) analysis annotates the functions of genes
using terms from a dynamic, controlled vocabulary based on three
aspects of biology: biological processes (BP), cellular components
(CC) and molecular functions (MF). Kyoto Encyclopedia of Genes

1 https://string-db.org/
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and Genomes (KEGG)? contains information about specific pathways
and links genomic information with higher-order functional
information. Gene set enrichment analysis (GSEA)® is a computational
method that conducts GO and KEGG analyses for a given gene list,
and is used to analyze genome-wide expression profiling data on a
chip. Additionally, Metascape integrates many authoritative data
resources, such as GO, KEGG, UniProt and DrugBank, to perform
pathway enrichment, biological process annotation, gene related
protein network analysis and drug analysis. In our study, GO and
KEGG analyses of DEGs were performed using GSEA, and Metascape
(p < 0.05).

2.1.7 Comparative toxicogenomics database
analysis

The CTD integrates extensive data on interactions between
chemicals, genes, functional phenotypes, and diseases, facilitating
research on disease-related environmental exposure factors and
potential drug mechanisms. The hub genes were inputted into the
CTD website to identify diseases most closely related to these hub
genes and created radar charts in Excel to display expression
differences for each gene.

2.1.8 Gene expression heatmap

The R package heatmap was used to create heatmaps of the
expression levels of hub genes identified by three algorithms in the PPI
network across GSE29378 and GSE12685. The visual heatmap
highlighted the expression differences of hub genes between the
disease group and the control group.

2.2 Clinical trial validation of potential
target genes

2.2.1 Study design and participants

A total of 200 older adults aged > 60 living in the community in
Beijing were recruited between October, 2024 to November, 2024.
Participants were excluded if they had impaired consciousness,
tremor, parkinsonism, higher brain dysfunction such as aphasia or
apraxia, epilepsy, paralysis, sensory disturbance, presence of severe
liver or kidney disease, severe hematologic disorders or malignant
tumors, presence of other severe illnesses with a life expectancy <
1 year or diagnosed with dementia.

The Beijing Hospital, National Center of Gerontology, Institute of
Geriatric Medicine, Chinese Academy of Medical Sciences approved
the study (Approval No. 2024BJYYEC-KY200-02). Written informed
consents were obtained from all participants.

2.2.2 Cognitive function assessment and
diagnostic criteria

The cognitive function of all participants was assessed by the
Montreal Cognitive Assessment (MoCA). Participants were further
divided into the MCI group and the control group based on the
Peterson criteria (Petersen, 2004).

2 http://www.genome.jp
3 http://www.broadinstitute.org/gsea/downloads.jsp
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2.2.3 Clinical data

The trained physicians collected basic information of participants
through face-to-face interviews, including age, sex, marital status, job
type and status, residential status, educational level, household income
and past medical history. Body weight and height were measured, and
body mass index (BMI, kg/m?*) was calculated. Functional status was
evaluated by measuring calf circumference, grip strength, and Short
Physical Performance Battery (SPPB).

2.2.4 Detection of plasma hub gene proteins

Fasting venous blood samples were collected from all participants
in the morning. Plasma was obtained using heparin as an
anticoagulant, followed by centrifugation at 3000 rpm for 30 min.
Plasma levels of fibroblast growth factor 2 (FGF2) and yes-associated
protein 1(YAP1) were measured using commercial Enzyme linked
immunosorbent assay (ELISA) kits: Human FGF2 ELISA Kit (Cat. No.
MM-13497H1, MEIMIAN, Yancheng, China; sensitivity <1.0 pg./mL,
detection range 1.0-400 pg./mL) and Human YAP1 ELISA Kit (Cat.
No. MM-1779H1, MEIMIAN, Yancheng, China; sensitivity <10 pg./
mL, detection range 10-1,200 pg./mL). All assays were performed
according to the manufacturer’s instructions, with specific steps
detailed below.

ELISA plates were removed from 4 °C storage and equilibrated at
room temperature for 20 min before use. The required strips were
taken out, and the remaining ones were sealed and returned to
4°C. For the standard wells, 50 pL of standards at varying
concentrations were added. For the sample wells, 10 pL of plasma and
40 pL of sample diluent were mixed thoroughly. No reagents were
added to the blank wells. Next, 100 pL of horseradish peroxidase
conjugated detection antibody was added to each standard and sample
well (excluding blank wells). The plate was sealed and incubated at
37°C for 60 min. After incubation, the liquid was discarded, and the
plate was gently tapped dry on absorbent paper. Each well was then
washed with buffer, left to stand for 1 min, and tapped dry; this
washing step was repeated five times. Then, 50 pL of substrate solution
A and 50 pL of substrate solution B were added to each well, followed
by incubation at 37°C in the dark for 15 min. Finally, 50 pL of stop
solution was added to each well, and the optical density (OD) at
450 nm was measured within 15 min using a microplate reader
(SpectraMax iD3, Molecular Devices, San Jose, United States).

2.3 Statistical analysis

All statistical analyses were conducted using SPSS software
(version 26.0; IBM Corp, Armonk, NY, United States). The results of
categorical variables were expressed as n or percentage, and
continuous variables were expressed as mean + standard deviation
(SD) or median quartile. Student’s ¢ test was used for normally
distributed variables, and Mann-Whitney U test was used for
asymmetrically distributed variables. The comparison between
categorical variables used y” test. The multiple logistic regression was
used to determine the relationship between plasma hub gene proteins
concentration and cognitive function. Receiver Operating
Characteristic (ROC) curve analysis was used to evaluate diagnostic
efficacy. Area under the curve (AUC) and its 95% confidence interval
(CI) were also calculated for each model, and p value < 0.05 was

considered significant.
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3 Results

3.1 Hub genes FGF2 and YAP1 are highly
expressed in AD by bioinformatics

PCA was used to reduce dimensionality and visualize these data
samples, revealing the underlying structure of the data and discovering
biological features of differences (Supplementary Figure 1). In
bioinformatics data mining and analysis, 350 DEGs were identified
from the GSE29378 and GSE12685 matrices (Figure 1A). GO and
KEGG analyses were conducted on these DEGs shown in Figure 1B. In
addition, we conducted GSEA enrichment analysis on the entire
genome to validate the results of DEGs, and performed Metascape
enrichment analysis to provide a comprehensive gene list annotation
and resource analysis for DEGs (Supplementary Figure 2).

With the extensive researches on regulatory cell death in AD,
more and more evidence has revealed that ferroptosis is closely
related to the occurrence, development, and outcome of AD

10.3389/fnins.2025.1663276

(Kwiatek-Majkusiak et al., 2015; Hambright et al., 2017; Ryu et al.,
2019; Yan and Zhang, 2019). In view of this, the present study
conducted enrichment functional analysis on genes associated with
ferroptosis furtherly. Functional enrichment analysis revealed DEGs
were primarily enriched in cellular iron homeostasis, oxidative stress
well as ferroptosis,
neurodegenerative AD 1G;
Supplementary Figure 3). We further conduct WGCNA analysis and

response, inflammatory response, as

pathways,  and (Figure
PPI network. Seven hub genes, namely FGF2, SRY-Box transcription
factor 2(SOX2), filamin C(FLNC), gap junction protein alpha
1(GJA1), doublecortin like kinase 1(DCLK1), SRY-Box transcription
Factor 9(SOX9), YAP1,were obtained by taking the intersection using
a Venn diagram (Figure 1D; Supplementary Figures 4, 5). CTD
analysis suggested that the seven hub genes were associated with
immune system diseases, brain injury, and deposition of beta
amyloid plaques (Supplementary Figure 6). A heatmap was
constructed to visualize the expression profiles of hub genes. The
FDR for the respective molecules were as follows: YAP1 with an FDR
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of 0.003, FGF2 with an FDR of 0.017, SOX2 with an FDR of 0.217,
FLNC with an FDR of 0.184, GJA1 with an FDR of 0.085, DCLK1
with an FDR of 0.085, and SOX9 with an FDR of 0.264. FGF2 and
YAP1 proteins exhibited statistically significant differences,
characterized by upregulation in AD samples and downregulation in
normal controls. This observation indicates their potential regulatory
roles in AD pathogenesis, thereby prompting their selection for
in-depth

(Supplementary Figure 7).

subsequent investigation and validation

3.2 Demographic characteristics of
participants in clinical trial

A total of 200 participants were recruited, of which 146
participants experienced MCI. Table 1 showed a comparison of
demographic characteristics of the participants between the MCI
group and the control group. There were no statistically significant
differences in all variables including age, gender, education level,
medical history, physical function, etc., except for a slight difference
in BMI between the two groups.

3.3 Cognitive function of participants in
clinical trial

The MoCA scale was used to evaluate the cognitive function of
participants, as shown in Table 1. The average score for the MCI group
was 21.90 + 2.17 points, while the control group was 27.04 + 0.87
points, indicating a significant decline in global cognitive function
among the elderly with MCI. Except for the orientation dimension, all
dimensions of cognitive function showed significant decline in the
MCI group compared to the control group,

3.4 Comparison of plasma FGF2 and YAP1
protein expression levels

As shown in Figure 2, the plasma FGF2 activity of the control
group and MCI group were 6.65 [5.77-8.01]pg./ml and 13.31 [10.09-
17.63]pg./ml, respectively. The plasma YAP1 activity of the control
group and MCI group were 81.93 [67.25-91.54]pg./ml and 221.04
[144.05-362.96]pg./ml, respectively. The expression levels of plasma
FGF2 and YAP1 proteins in the MCI group were significantly
increased compared to the control group (p < 0.001 for both).

3.5 Correlation analysis between FGF2,
YAP1 and cognitive function

Spearman correlation analyses were performed to explore the
relationship between FGF2, YAPI activity and different dimensions of
cognitive function, as shown in Table 2. The expression level of plasma
FGF2 was positively correlated with the occurrence of MCI, and
significantly negatively correlated with MoCA score, visuospatial
executive, attention, language, abstraction and delayed recall score.
The expression level of plasma YAP1 was significantly negatively
correlated with global cognitive function or MoCA score, and was
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significantly negatively correlated with all cognitive function
dimensions scores, except for orientation ability.

3.6 Diagnostic prediction efficacy of FGF2
and YAP1 for MCI

To further investigate whether plasma FGF2 and YAP1 activity
maybe independently associated with MCI in the elderly.
We constructed a multivariate logistic regression model (Table 3).
Adjusting for confounding factors did not change the association
between plasma FGF2 and YAP1 expression levels and the occurrence
of MCI. For every 1 unit increase in the expression level of FGF2 or
YAPI expression level, the incidence of MCI increases by 1.843 times
and 1.086 times, respectively, indicating that high plasma FGF2 and
YAP1 expression levels were independently associated with the
occurrence of MCI in the elderly.

The discriminatory abilities of FGF2 and YAP1 were assessed by
calculating the AUC and plotting the ROC curve for predictive
models, as shown in Figure 3. The AUC of FGF2 model and YAP1
model were 0.907 (95% CI = 0.861-0.953) and 0.972 (95% CI = 0.950-
0.994), respectively, indicating that both FGF2 and YAP1 had excellent
predictive and discriminative power for MCI. In addition, the result
suggested that the combined detection of FGF2 and YAP1 expression
levels can further improve the predictive performance of the model
for MCL

4 Discussion

Early detection of MCI or preclinical dementia and providing
early prevention or intervention for dementia are crucial. However,
AD is still largely a clinical diagnosis at present, although Ap in the
brain begins decades before symptoms appear. According to reports,
Symptomatic AD is misdiagnosed in 25 to 35% of patients treated at
specialized clinics and likely even more patients treated in primary
care (Rabinovici et al.,, 2019; Cheslow et al., 2024). Identifying effective
biomarkers that can provide timely and accurate diagnosis will
enhance the ability greatly to prevent cognitive decline in AD (Reiman
et al,, 2012). PET or detection of CSF biomarkers can aid in the
diagnosis of AD, but these are difficult to popularize due to drawbacks
such as high cost, low flux, radiation exposure, and invasiveness.
Blood biomarkers are more time-saving, economical, and convenient
for patients, which may replace CSF tests and PET, greatly promoting
the early diagnosis and treatment of AD.

Our bioinformatic analysis in the present study showed that in the
GSE29378 and GSE12685 datasets, FGF2 and YAP1 genes were
significantly upregulated in the AD group compared to the control
group. Clinical trial validation showed that the expression levels of
plasma FGF2 and YAP1 proteins in the MCI group were significantly
increased compared to the control group. The regression model
confirmed significant correlations between plasma FGF2 and YAP1
expression levels and the occurrence of MCI, even after adjusting for
confounding factors, indicating that high plasma FGF2 and YAP1
expression levels were independently associated with the occurrence
of MCI in elderly individuals, and the discriminative power was
excellent confirmed by ROC analyses. Previous studies have
demonstrated that plasma p-tau measurements exhibited high
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TABLE 1 Demographic characteristics and cognitive function assessment of the participants.

10.3389/fnins.2025.1663276

Demographics Control group MCI group
n =54 n =146
Age (years) 67.51(5.62) 66.96(6.86) 67.71(5.10) 0.408
Female (%) 84(42.00) 25(46.30) 59(40.40) 0.454
Marital status (%) 0.194
Unmarried/Divorced/Widowed 13(6.50) 1(1.85) 12(8.22)
Married 187(93.50) 53(98.14) 134(91.78)
Occupation type (%) 0.082
Mental work 121(60.50) 38(70.37) 83(56.85)
Manual work 79(39.50) 16(29.63) 63(43.15)
Residency status (%) 0.351
Live alone 11(5.50) 1(1.85) 10(6.85)
Live with spouse 149(74.50) 42(77.78) 107(73.29)
Live with children 40(20.00) 11(20.37) 29(19.86)
Education (%) 0.630
Junior school and below 64(32.00) 15(27.78) 49(33.56)
Senior high school/Technical secondary school/Junior college 112(56.00) 31(57.41) 81(55.48)
Undergraduate degree and above 24(12.00) 8(14.81) 16(10.96)
Household income (%) 0.779
<5,000 27(13.50) 6(11.11) 21(14.38)
5,000-10,000 80(40.00) 25(46.30) 55(37.67)
10,000-30,000 89(44.50) 22(40.74) 67(45.89)
>30,000 4(2.00) 1(1.85) 3(2.05)
BMI (Kg/m?) 24.65(3.23) 23.90(2.43) 24.92(3.44) 0.048
Calf circumference (cm) 35.58(3.90) 35.04(4.14) 35.79(3.80) 0.227
Past medical history (%)
Hypertension 94(47.00) 20(37.04) 74(50.68) 0.110
Hyperlipidemia 40(20.00) 10(18.52) 30(20.55) 0.844
Thyroid Disease 3(1.50) 1(1.85) 2(1.37) 1.000
Diabetes 39(19.50) 9(16.67) 30(20.55) 0.558
CVD 14(7.00) 1(1.85) 13(8.90) 0.118
Smoking history (%) 0.974
Never 127(63.50) 35(64.81) 92(63.01)
Quit smoking 35(17.50) 9(16.67) 26(17.81)
Smoking 38(19.00) 10(18.52) 28(19.18)
Drinking history (%) 0.423
Never 154(77.00) 39(72.22) 115(78.77)
Quit drinking 11(5.50) 5(9.26) 6(4.11)
Drinking 35(17.50) 10(18.52) 25(17.12)
Gait speed (m/s) 3.56(0.78) 3.67(0.70) 3.52(0.81) 0.241
Five-Times-Sit-to-Stand Test (s) 3.62(0.79) 3.61(0.83) 3.62(0.77) 0.923
SPPB score 11.13(1.37) 11.20(1.38) 11.10(1.38) 0.628
Grip (Kg) 29.61(8.79) 29.31(8.74) 29.72(8.83) 0.768
Global Cognitive Function
MoCA score 23.29(2.97) 27.04(0.87) 21.90(2.17) <0.001
(Continued)
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TABLE 1 (Continued)

Demographics Control group MCI group

n =54 n =146

Cognitive Functional Dimensions
Visuospatial Executive 3.95(0.96) 4.59(0.09) 3.71(0.07) <0.001
Naming 2.63(0.67) 2.85(0.06) 2.54(0.06) 0.010
Attention 5.44(0.78) 5.85(0.04) 5.28(0.06) <0.001
Language 1.94(0.75) 2.37(0.08) 1.78(0.61) <0.001
Abstraction 1.41(0.72) 1.75(0.07) 1.28(0.60) <0.001
Delayed Recall 2.02(1.63) 3.66(0.13) 1.41(0.11) <0.001
Orientation 5.89(0.36) 5.94(0.03) 5.86(0.03) 0.077

MCI, Mild cognitive impairment; BMI, Body mass index; CVD, Cardiovascular disease; SPPB, Short physical performance battery; MoCA, Montreal Cognitive Assessment.
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FIGURE 2

Comparison of plasma FGF2 and YAP1 expression levels between the MCI group and the control group. (A) Comparison of FGF2 expression levels
between the MCI group and the control group. (B) Comparison of YAP1 expression levels between the MCI group and the control group. Intergroup
comparisons were both analyzed using the Mann-Whitney U test, with a p value < 0.05 considered statistically significant. MCI, Mild cognitive impairment.

TABLE 2 Correlation analysis between FGF2, YAP1 and cognitive function.

Parameter

MCI 0.626 <0.001 0.726 <0.001
MoCA score —0.404 <0.001 —0.591 <0.001
Visuospatial Executive —0.220 0.002 —0.297 <0.001
Naming —0.185 0.009 —0.150 0.034
Attention —0.049 0.488 —0.269 <0.001
Language —0.178 0.012 —0.259 <0.001
Abstraction —0.234 <0.001 —0.215 0.002
Delayed Recall —0.323 <0.001 —0.481 <0.001
Orientation —0.023 0.748 —0.071 0.317

MCI, Mild cognitive impairment; MoCA, Montreal Cognitive Assessment.
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TABLE 3 Multivariate analysis of parameters associated between FGF2 and MCI.

FGF2 YAPL
Exp(B) 95% Cl Exp(B) 95% ClI
Model 1 <0.001 0.556 1.744 1.464-2.078 <0.001 0.076 1.079 1.051-1.108
Model 2 <0.001 0.558 1.746 1.465-2.083 <0.001 0.078 1.081 1.052-1.111
Model 3 <0.001 0.551 1.734 1.455-2.067 <0.001 0.078 1.081 1.052-1.111
Model 4 <0.001 0.577 1.781 1.477-2.148 <0.001 0.077 1.081 1.051-1.111
Model 5 <0.001 0.611 1.843 1.511-2.248 <0.001 0.082 1.086 1.052-1.120

Model 1: crude model. Model 2: adjusted for age and sex. Model 3: adjusted for model 2 covariates + Education and BMI. Model 4: adjusted for model 3 covariates + Occupation type,
Household income, Marital status, and Residency status. Model 5: adjusted for model 4 covariates + Past history. p < 0.05 indicates significance.
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ROC curve analyses of FGF2 and YAP1 for predicting MCI. AUC and 95% CI were also calculated for each model. ROC, Receiver operating
characteristic; MCI, Mild cognitive impairment; AUC, Area under the curve; Cl, Confidence interval.

other
neurodegenerative disorders, with this validity supported by

diagnostic accuracy in distinguishing AD from
postmortem neuropathological investigations (Karikari et al., 2020;
Palmqvist et al.,, 2020; Ashton et al.,, 2021). In particular, plasma
p-tau217 effectively differentiated AD from non-AD cases, with an
AUC 0f 0.89 (95% CI = 0.81-0.97; Palmqvist et al., 2020). Our findings
confirmed that the performance of plasma FGF2 and YAP1 was
comparable to that of previously reported traditional plasma
biomarkers, underscoring substantial exploratory potential.
Emerging evidence has increasingly demonstrated that
ferroptosis contributes to neuronal cell death in the brain,
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particularly within brain regions implicated in AD (Wang B. et al.,
2022). Through functional enrichment analysis focusing on
ferroptosis, we identified a close association between FGF2, YAP1,
and MCI. Consequently, it is plausible to hypothesize that FGF2
and YAPI may exert regulatory effects on the pathogenesis and
progression of AD via the mediation of ferroptosis. Previous
studies have confirmed that both FGF2 and YAP1 exert
antioxidative, anti-apoptotic, and tissue-protective effects by
regulating ferroptosis (Chen E et al., 2023; Furutake et al., 2024).
Specifically, Chen et al. demonstrated that FGF2 protects
endothelial cells via KLF2-mediated ferroptosis inhibition (Chen
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R. et al, 2023), while YAP1 reduces oxidative stress and
inflammation, and promotes cell survival in diseases like acute
lung injury (Zhang et al., 2022) and osteoarthritis (Chen E et al.,
2023; Chen R. et al., 2023). In AD, preliminary evidence has shown
FGF2 improved cognition by modulating ferroptosis and
supporting neuronal survival (Li et al., 2025), whereas YAP1
mitigates cognitive deficits and reverses AD pathology via CDK6
signaling (Xu et al., 2021) or artemisinin activation (Zhou et al.,
2023). Accordingly, integrating prior literature with the findings of
the present study, it is hypothesized that FGF2 and YAP1 may exert
cognitive-improving effects through the mediation of ferroptosis,
a pivotal pathogenic mechanism in AD, presumably via the
attenuation of neuroinflammation, oxidative stress, and
mitochondrial dysfunction, although this necessitates further
in-depth exploration and validation (Wang F. et al., 2022).

FGFs are a superfamily of proteins, most of which bind heparin
and extracellular heparin sulfate proteoglycans (HSPGs) and have
a homologous central core of 140 amino acids. FGF2 has been
proven to have pleiotropic effects in different tissues and organs,
including potent angiogenesis and important roles in the
differentiation and function of the central nervous system
(Woodbury and Ikezu, 2014). Previous researchers have found that
FGF?2 is widely involved in various BP, including cell proliferation,
differentiation, migration, and survival, and plays a critical role in
the nervous system, contributing to neurodevelopment, repair, and
protection (Wang et al., 2020; Lebowitz et al., 2021, 2023). For
instance, Lamus et al. (2020) found that FGF2/EGF promotes the
proliferation and neurogenesis of rat embryonic brain neural
epithelial precursor cells. Upadhya et al. (2020) demonstrated that
extracellular vesicles shed from immature astrocytes contain
numerous neuroprotective compounds, including FGF2 and
vascular endothelial growth factor. In the nervous system, FGF2
promotes neuronal growth and survival, having a positive role in
neuroprotection (Masgutov et al., 2021). Contrary to successful
reports of FGF2 in neuroprotection and neurogenesis, the elevation
of FGF2 in AD brain, especially in the hippocampus, has been
found (Stopa et al., 1990; Hock et al., 2000). Animal experiments
have shown that serum adenovirus associated 2/1 mediates FGF2
gene expression in AD mouse models, promotes neuronal
proliferation in the hippocampal cornu ammonis 1 and
subventricular zone regions, and enhances spatial learning ability
in mice (Kiyota et al., 2011). Therefore, FGF2 shows potential
diagnostic and therapeutic value for AD. However, previous studies
have mostly focused on animal experiments or changes in FGF2
levels in the brain. The relationship between the expression level of
FGF2 in human plasma and AD has not been determined yet, and
how the expression level of FGF2 changes in the elderly population
with MCI is even more unclear. In the present study, we found the
expression level of FGF2 protein in the plasma of elderly people
with MCI was significantly higher than that of the control group,
and confirmed that plasma FGF2 was an independent risk factor
for the occurrence of MCI in the elderly. The novel biomarker with
minimally invasive, easily obtainable, and cost-effective provides
new insights for the early screening and diagnosis of MCI in
the elderly.

We also found that the expression level of plasma YAP1 protein
was closely related to the occurrence of MCI, and the discriminative
power was excellent. YAP1, namely yes-associated protein 1, is a key
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effector in the Hippo signaling pathway, also known as YAP or
YAP65. It has been proved that YAP1 had an active role in regulating
neural precursor proliferation, neuronal specification, and
neocortical astrocytic differentiation (Fernandez-L et al., 2009;
Musah et al., 2014; Huang et al., 2016). Previous experiments
revealed that YAP was down-regulated and inactivated in
hippocampal astrocytes of AD model mice in a hippocampal
pathway-dependent manner (Ries et al., 2016). Xu et al. (2018)
demonstrated that knockdown of YAP1 expression leaded to
increased Ab production and tau phosphorylation in U251-APP
cells, whereas overexpression of YAP1 had opposite effects.
Additionally, in studies investigating the cognitive improvement
induced by dexmedetomidine in AD patients, the miR-129/YAP1/
JAGI1 axis was identified as a potential mechanism underlying
dexmedetomidine-mediated protection against cognitive impairment
(Sun et al.,, 2020). Collectively, these findings indicate that YAP1 may
serve as a potential biomarker for AD and a protective regulator of
cognitive function, consistent with the results of the present study.
However, interestingly, in contrast to the downregulation of YAP1
gene expression observed in cellular experiments, our study revealed
a significant elevation in plasma YAP1 protein levels among MCI
patients. Previous studies have identified YAP1 as the most critical
hub molecule in the AD molecular network, further noting that the
upregulation of YAP1 mRNA they observed may represent a
protective transcriptional response aimed at compensating for
reduced YAP1 protein levels (Xu et al., 2018). Concurrently, animal
studies by Ries et al. (2016) demonstrated that activation of the
YAP-CDK6 pathway ameliorates cognitive function in both AD
model mice and senescent mice. Moreover, Tanaka et al. (2020)
provided evidence that neuronal necrosis induced by YAP
deprivation occurs most actively in the preclinical AD and
MCI. Drawing on these lines of evidence, we hypothesize that YAP1
may act as a compensatory neuroprotective factor generated during
the onset of cognitive impairment. Specifically, in the early stages of
cognitive decline in MCI, the compensatory elevation of plasma
YAP1 protein levels may represent a protective response mechanism
against the progression of cognitive dysfunction. Nevertheless, the
precise regulatory mechanisms governing YAP1 expression and its
biological properties in mediating the progression of cognitive
impairment warrant further investigation.

Despite the rigorous bioinformatics analysis and clinical trial
validation work, there were still some limitations in the present study.
First, although it has been demonstrated that the expression levels of
FGF2 and YAP1 in plasma were upregulated in elderly individuals
with MCI, the specific pathways of action and regulatory mechanisms
in the pathogenesis of AD still needs to be clarified in the future.
Second, this study was a single-center research with a relatively small
sample size, and the subjects were all Chinese. Therefore, the
conclusions may not be applicable to other ethnic groups, and future
validation across diverse cohorts is imperative to strengthen the
generalizability of these findings. Based on the findings of this study,
experimental models will be established to investigate the mechanisms
of AD regulation by these molecules, and we will also expand the
clinical sample size to include subjects with different levels of cognitive
function, in order to explore the role of these novel biomarkers in
predicting AD progression in clinical practice, promote the
development of minimally invasive and convenient early
screening tools.
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5 Conclusion

In the present study, the high expression of plasma FGF2 and
YAP1 proteins can served as independent predictive risk factors for
MCI in the elderly. Our findings may provide targets for the
development of early minimally invasive and convenient screening
tools for MCI, and even for the treatment of AD in the future.
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Glossary

AD - Alzheimer’s disease

MCI - Mild cognitive impairment
FGF?2 - Fibroblast growth factor 2
YAP1 - Yes-associated protein 1

SOX2 - SRY-Box transcription factor 2
FLNC - Filamin C

GJAL1 - Gap junction protein alpha 1
DCLK]1 - Doublecortin like kinase 1
SOX9 - SRY-Box transcription Factor 9
Ap - Amyloid beta

PET - Positron emission tomography
p-taul8l - phosphorylated taul81
CSEF - Cerebrospinal fluid

GFAP - Glial fibrillary acidic protein
GEO - Gene expression omnibus
DEGs - Differentially expressed genes
PCA - Principal component analysis
FC - Fold changes

FDR - False discovery rate

WGCNA - Weighted gene co-expression network analysis
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TOM - Topological overlap measure

PPI - Protein protein interaction

STRING - Search tool for the retrieval of interacting genes
GO - Gene ontology

BP - Biological processes

CC - Cellular components

MF - Molecular functions

KEGG - Kyoto encyclopedia of genes and genomes
GSEA - Gene set enrichment analysis

CTD - Comparative toxicogenomics Database
MoCA - Montreal cognitive assessment

BMI - Body mass index

SPPB - Short physical performance battery

ELISA - Enzyme linked immunosorbent assay

OD - Optical density

SD - Standard deviation

ROC - Receiver operating characteristic

AUC - Area under the curve

CI - Confidence interval

HSPGs - Heparin sulfate proteoglycans
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