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Abstract

Introduction: Type 2 diabetes (T2D) and mild cognitive impairment (MCI)
are interrelated conditions that significantly impair quality of life. This study
aimed to identify a feasible biomarker for assessing T2D-MCI risk and to
evaluate a potential therapeutic strategy.

Material and methods: We integrated data from the National Health and
Nutrition Examination Survey (NHANES) with Mendelian randomization
(MR) to investigate genetic causal relationships between T2D, MCI, and
their shared biomarkers. Transcriptomic analysis identified T2D-associated
genes. Clinical trials evaluated the short-term effects of modified fasting
therapy (MFT) on glucose regulation and cognitive function. Cellular assays
and patient samples were used to validate the regulatory roles of key genes
in biochemical markers and downstream signaling pathways.

Results: Among 6,356 T2D and 1,138 MCI subjects, vitamin D, high-densi-
ty lipoprotein cholesterol (HDL-C), globulin, and creatinine were associated
with both conditions. MR analysis showed that higher HDL-C levels reduced
T2D risk (0.9059, 95% Cl: 0.8666—0.9470) but increased MCI risk (OR =
1.0482, 95% Cl: 1.0216-1.0755). Nuclear factor | A (NFIA) was identified as
a key HDL-C regulator. In a clinical cohort (17 T2D patients and 23 controls),
MFT reduced body mass index fasting glucose and HDL-C, increased NFIA ex-
pression, and improved Montreal Cognitive Assessment scores, especially in
T2D-MCI patients. HDL-C rebounded at 6 months. In vitro, NFIA overexpres-
sion increased intracellular HDL-C and suppressed NF-kB signaling, while
NFIA knockdown reduced APOA1 and APOE.

Conclusions: HDL-C has divergent genetic effects on T2D and MCI. NFIA
modulates HDL-C and NF-xB activity, supporting metabolic and cognitive im-
provements. Targeting NFIA through MFT may represent a promising strate-
gy for T2D-MCI prevention and treatment.
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Introduction

Type 2 diabetes (T2D) is a chronic metabolic dis-
order characterized by persistent hyperglycemia,
primarily driven by insulin resistance and B-cell
dysfunction, with both genetic and environmental
contributors [1]. Its growing prevalence — particu-
larly among older adults — substantially increases
the risk of cardiovascular disease, kidney dysfunc-
tion, dementia, and other complications, resulting
in significant healthcare and economic burdens.
For instance, in China, diabetes-related healthcare
costs are projected to rise from 250.2 billion yuan
in 2020 to 460.4 billion yuan by 2030, an average
annual increase of 6.32% [2]. As disease manage-
ment advances, attention is increasingly turning
to previously overlooked comorbidities, including
cognitive decline, cancer, and depression [3].

Mild cognitive impairment (MCI), a clinical
state between normal aging and dementia, is
closely linked to neurodegenerative diseases such
as Alzheimer’s and Parkinson’s [4]. Metabolic ab-
normalities — such as T2D, prediabetes, and im-
paired glucose regulation — accelerate cognitive
decline through mitochondrial dysfunction, chron-
ic inflammation, vascular damage, and neuronal
loss [5-7]. Greater amyloid burden was associ-
ated with increased functional impairment, but
this relationship was observed only in veterans
with T2DM [8]. Emerging research indicates that
fasting may enhance insulin sensitivity, promote
B-cell regeneration, and improve glycemic control
[9, 10]. Animal studies further suggest that fast-
ing supports memory, motor function, and hippo-
campal neurogenesis, highlighting its potential in
treating both T2D and MCI [11].

T2D commonly coexists with dyslipidemia,
typically characterized by elevated triglycerides
(TG), reduced high-density lipoprotein cholester-
ol (HDL-C), and increased low-density lipoprotein
cholesterol (LDL-C) [12]. HDL-C facilitates reverse
cholesterol transport and provides vascular pro-
tection through anti-inflammatory, antioxidant,
and antithrombotic effects [13]. In T2D, high TG
levels enhance cholesteryl ester transfer protein
activity, lowering HDL-C further and impairing in-
sulin secretion and glucose uptake [14]. Notably,
small HDL particles can cross the blood—brain bar-
rier, suggesting that peripheral HDL-C levels may
influence brain function. Higher HDL-C concentra-
tions have been linked to a lower risk of cognitive
decline, likely by reducing cerebrovascular inflam-
mation and preserving neuronal activity [15].

Therefore, this study aimed to identify a shared
biomarker for assessing the risk of T2D-related
cognitive impairment and to evaluate a non-phar-
macological intervention for its regulation. We
investigated the causal role of HDL-C and its reg-
ulatory gene at the metabolic-cognitive interface.

This integrated approach provides novel insights
into potential strategies for the prevention and
treatment of comorbid T2D and MCI.

Material and methods
Study design

The study was structured in four stages. Ini-
tially, disease-associated indicators were iden-
tified by comparing individuals with T2D and
MCI to healthy controls, using data from the Na-
tional Health and Nutrition Examination Survey
(NHANES). Genetic causality of key indicators
was subsequently assessed through Mendelian
randomization (MR), supported by transcriptomic
analysis. The clinical efficacy of modified fasting
therapy (MFT) was then evaluated in a prospec-
tive cohort. Finally, functional validation of can-
didate genes was carried out through cellular ex-
periments.

NHANES data analysis

NHANES datasets from 1999 to 2018 were ana-
lyzed to evaluate health and nutritional status. Par-
ticipants were excluded if aged under 18, missing
essential clinical variables, or lacking survival infor-
mation. For MCl-related analysis, only individuals
with valid Digit Symbol Substitution Test (DSST)
scores were included (Supplementary Figure S1).

Definitions of T2D and prediabetes

T2D was defined by hemoglobin A (HbA )
levels > 6.5% or current use of glucose-lowering
medication. Prediabetes was defined by HbA
levels ranging from 5.7% to 6.5%. Participants not
meeting either criterion were classified as normo-
glycemic [16, 17].

MCI diagnosis

MCI was defined in individuals aged > 65
years with DSST scores within the lowest quartile
during the 1999-2000, 2001-2002, 2011-2012,
or 2013-2014 NHANES cycles [18].

Statistical analysis of NHANES

Statistical analyses were conducted using R
software (version 4.2.3) with the application of
appropriate survey weights. Continuous variables
were reported as means + standard deviations or
medians with interquartile ranges, while categori-
cal variables were expressed as percentages. Group
comparisons were performed using x? tests for
categorical variables and ANOVA or Kruskal-Wallis
tests for continuous variables. Spearman correla-
tion was employed to examine associations. Sta-
tistical significance was defined as p < 0.05.
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Mendelian randomization

A two-sample MR analysis was conducted us-
ing single nucleotide polymorphisms (SNPs) from
the GWAS Catalog, filtered by genome-wide sig-
nificance (p < 5 x 107%), low linkage disequilibrium
(r* < 0.05), and a 10,000 kb window. Alzheimer’
s GWAS summary statistics were used as a proxy
for MCI. SNPs associated with confounders were
excluded using LDlink. The inverse-variance
weighted (IVW) method was used as the primary
analytic approach, complemented by MR-Egger re-
gression, weighted median, and mode-based es-
timators. Horizontal pleiotropy and heterogeneity
were assessed using the MR-Egger intercept, Co-
chran’s Q test, and MR-PRESSO. All analyses were
performed using the “TwoSampleMR” and “MR-
PRESSO” R packages (Supplementary Table SI).

Transcriptomic analysis

The RNA-seq datasets from peripheral blood
samples of patients with type 2 diabetes in the
GEO database (GSE151683, GSE19790, GSE23561,
GSE41767, and GSE69528; n = 151) were ana-
lyzed. Differentially expressed genes (DEGs) were
identified using the “limma” and “sva” packages,
applying thresholds of |log FC| > 0.3 and p < 0.05.
Heatmaps were generated using the “pheatmap”
package. Functional enrichment analysis was per-
formed with “clusterProfiler” and “org.Hs.eg.db”.
HDL-C—related genes were retrieved from the Gen-
eCards database.

Modified fasting therapy

MFT was implemented in three phases:
(1) a 1-2-day pre-fasting period with a fruit-only
diet; (2) a 5-day fasting phase with <550 kcal/day
and 3 |/day of water or herbal tea; and (3) a struc-
tured refeeding phase. Intravenous L-carnitine
(2 g, twice daily) was administered to reduce hun-
ger and promote lipid metabolism [19-21].

Patient recruitment and data collection

A total of 27 patients diagnosed with type 2 di-
abetes were recruited from the Seventh Affiliated
Hospital of Sun Yat-sen University (Ethics Approv-
al No. KY-2021-108-01). Informed consent was ob-
tained from all participants. Clinical parameters,
laboratory results, and cognitive assessments
were collected before and after the intervention.
Diabetes diagnoses were established according to
standardized clinical criteria [16].

Cognitive assessment

Cognitive function was assessed before and
after the intervention using the Montreal Cog-
nitive Assessment (MoCA) and the DSST. MoCA

biomarkers and mechanistic insights

scores below 26 were interpreted as indicative of
cognitive impairment. Higher DSST scores were
considered reflective of better cognitive perfor-
mance [22].

Transcriptome sequencing

Total RNA was extracted using Vazyme re-
agents, quantified with Nanodrop and Qubit in-
struments, and assessed for integrity. Sequencing
libraries with approximately 300 bp inserts were
prepared and sequenced on the Illlumina Nova-
Seq 6000 platform. Sequence reads were aligned
to the human reference genome, and differen-
tial expression analysis was conducted using the
“DESeq2” package.

Cell culture

HepG2 and 293T cells were maintained in
DMEM supplemented with 10% fetal bovine se-
rum and 1% penicillin-streptomycin at 37°C in
a 5% CO, incubator. SH-SY5Y cells were main-
tained in DMEM/F12 with the same supplements
and conditions. Cells were seeded at 60-80% con-
fluency prior to experimental procedures.

Western blotting

Proteins were extracted, separated by SDS-
PAGE, and transferred to PVDF membranes. Im-
munoblotting was performed using primary an-
tibodies against NFIA, p65, phosphorylated p65
(p-p65), IxBa, phosphorylated IkBa. (p-IkBa), and
GAPDH (Cell Signaling Technology). Detection was
carried out using HRP-conjugated secondary an-
tibodies (ABclonal) and enhanced chemilumines-
cence reagents (Vazyme).

Quantitative RT-PCR

Complementary DNA was synthesized using
the HiScript Ill RT Kit (Vazyme). Quantitative PCR
was performed with SYBR Green Master Mix (Va-
zyme). Relative gene expression was normalized
to GAPDH and calculated using the 24t method.
Primer sequences are provided in Supplementary
Table SII.

Detection of intracellular HDL-C

Cells were washed with PBS, lysed via sonica-
tion, and analyzed using a commercial HDL-C as-
say kit (Nanjing Jiancheng) following the manufac-
turer’s protocol.

Nuclear factor | A (NFIA) siRNA and
overexpression plasmid transfection

HepG2 and SH-SY5Y cells were transfected
with either NFIA-specific siRNA (si-NFIA) or neg-
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ative control siRNA (si-NC) or a plasmid encoding
NFIA for overexpression using Lipofectamine 3000
(Invitrogen), following the manufacturer’s instruc-
tions. Plasmid DNA or siRNA and transfection
reagent was diluted in Opti-MEM, incubated for
complex formation, and applied to cells. After 6 h,
the medium was replaced. Cells were harvested
48 h after transfection for subsequent qPCR and
Western blot analysis.

APOE and APOA1 quantification by enzyme-
linked immunosorbent assay (ELISA)

Cellular APOE and APOA1 levels were mea-
sured using ELISA kits (FineTest). After lysis, sam-
ples were centrifuged at 1000 x g for 10 min at
4°C to remove debris. Supernatants (100 ul) and
standards were added to antibody-coated 96-well
plates and incubated at 37°C for 1.5 h. Following
washing, 100 pl of detection antibody was added
and incubated for another hour. After additional
washes, 100 pl of HRP-conjugated secondary anti-
body was applied and incubated for 30 min. Then
90 pl of substrate solution was added and incu-
bated in the dark for 10-20 min. Reactions were
stopped with 50 pl of stop solution. Absorbance
was measured at 450 nm, and concentrations
were calculated using standard curves.

Statistical analysis

Data were analyzed using t-tests or Mann-Whit-
ney U tests for two-group comparisons, and one-
way ANOVA or Kruskal-Wallis tests with post hoc
analysis for multiple groups. Paired t-tests or Wil-
coxon signed-rank tests were used for pre- vs.
post-treatment comparisons. Statistical signifi-
cance was defined as p < 0.05.

Results
Baseline characteristics

This study included 49,078 participants (23,916
men and 25,169 women), categorized as normal,
prediabetic, or T2D based on HbA, levels and
medication use. As summarized in Table |, 66.4%
were normal (n = 32,586), 20.7% were prediabet-
ic (n = 10,316), and 13.0% had T2D (n = 6,356).
Mean age increased significantly across groups
(41.78, 55.67 and 58.86 years; p < 0.001). Most
participants were non-Hispanic White with a high
school education. The prevalence of hypertension,
overweight/obesity, and central obesity, as well as
mean values of blood pressure, BMI, waist circum-
ference, triglycerides, and HbA, , all differed sig-
nificantly among groups (p < 0.001).

Cognitive data were available for 5,011 in-
dividuals (2,539 women, 2,471 men), of whom
1,138 (22.7%) were classified with MCl and 3,873

(77.3%) as cognitively normal. As shown in Table |,
the MCl group was older and had lower education-
al attainment, consistent with prior studies [23].
HbA,_levels and rates of hypertension and T2D
were significantly higher in the MCI group, while
BMI and overweight/obesity status showed no
significant differences.

Observational analysis of T2D and MCI
indicators in NHANES

NHANES examination and laboratory data were
analyzed by quartiles (Supplementary Table SlII).
Q4 values were used for comparative analysis
of T2D and MCl-related biomarkers (Supplemen-
tary Table SIV) as well as for subgroup analysis
(Supplementary Tables SV=SVIII). Most biomark-
ers varied significantly across T2D groups (p <
0.001), while fewer differences were observed in
MCI. Shared indicators are listed in Table Il. This
disparity likely reflects the systemic nature of
T2D — characterized by metabolic dysfunction and
multi-organ involvement — whereas MCl is primar-
ily a neurocognitive condition with more localized
physiological effects.

Correlation between key biomarkers
and T2D or MCI

Indicators showing significant group differenc-
es were further analyzed for correlations with T2D
and MCI outcomes. As anticipated, glycohemoglo-
bin, fasting glucose, C-peptide, and two-hour plas-
ma glucose were strongly correlated with T2D (r >
0.55, p < 0.01) (Supplementary Table SIX). Blood
urea nitrogen and red cell distribution width also
showed positive correlations (r > 0.4) (Figure 1 A).
In the MCI group, globulin levels were positively
associated (r > 0.4), whereas vitamin D and creat-
inine were negatively correlated (r < —0.3). These
moderate correlations (r= 0.3-0.5) indicate poten-
tial biochemical differences in cognitive impair-
ment, though their clinical significance is limited.

Causal effects of HDL-C on T2D and MCI:
Mendelian randomization analysis

Given the established causal role of blood glu-
cose and insulin in T2D, we investigated additional
factors potentially influencing both T2D and MCI.
Biomarkers significantly correlated with either
condition (Jr] > 0.3, p < 0.05), such as direct HDL-C
and uric acid, were selected for MR to assess po-
tential causality.

As presented in Table Ill, IVW MR identified
a significant causal link between HDL-C and
both outcomes. Genetically higher HDL-C levels
were associated with a lower risk of T2D (odds
ratio [OR] = 0.9059, 95% Cl: 0.8666-0.9470) but
a higher risk of MCI (OR = 1.0482,95% Cl: 1.0216~
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Table I. Demographic and individual characteristics

biomarkers and mechanistic insights

Parameter Normal Prediabetes T2D P-value Normal Mcl P-value
N = 32586, N =10136, N = 6356, N = 3873, N = 1138,
66.40% 20.65% 12.95% 77.30% 22.70%
Sex, n (%)
Female 17042 (51.5) 5049 (52.2) 3076 (48.2) <0.001 2027 (55.1) 512 (54.1)  0.67
Male 15544 (48.5) 5087 (47.8) 3280 (51.8) 1846 (44.9) 626 (45.9)
T2D (%)
Normal - - - - 1859 (51.9) 428 (41.3) < 0.001
Prediabetes - - - 1218 (30.7) 364 (29.2)
Type 2 diabetes - - - 796 (17.5) 346 (29.5)
Age, mean (SD) 41.78 (16.17) 55.67 (15.38) 58.86 (13.83) < 0.001 69.01 (6.69) 73.19 (7.38) < 0.001
Race/ethnicity, n (%)
Mexican American 6165(8.2) 1702 (8.5) 1333 (9.5) <0.001 414 (2.3) 299 (9.0) < 0.001
Other Hispanic 2522 (5.5) 905 (5.7) 598 (6.1) 215 (2.7) 157 (13.2)
Non-Hispanic White 15318 (71.2) 3849 (62.4) 2166 (60.5) 2341 (85.3) 333 (55.6)
Non-Hispanic Black 5769 (8.8) 2706 (15.6) 1635 (15.0) 634 (5.6) 306 (18.4)
Other 2812 (6.3) 974 (7.7) 624 (8.9) 269 (4.1) 43 (3.9)
Education level, n (%)
< High school 8085 (15.5) 3075(21.1) 2358 (25.5) < 0.001 802 (15.3) 787 (59.1) < 0.001
> High school 16655 (60.7) 4554 (51.9) 2571 (49.5) 2072 (59.0) 152 (18.2)
High school 7819 (23.7) 2496 (26.9) 1418 (25.0) 997 (25.7) 194 (22.3)
Others 27 (0.1) 10 (0.1) 9(0.1) 2 (0.0) 4(0.4)
Na 0 (0.0) 1(0.0) 0.0 (0.0) 0 (0.0) 1(0.0)
Hypertension, n (%)
Normal 20645 (63.1) 3419 (35.9) 1080(17.9) <0.001 773 (21.4) 155 (13.4) < 0.001
Hypertension 11941 (36.9) 6717 (64.1) 5276 (82.1) 3100 (78.6) 983 (86.6)
Obesity/overweight, n (%)
Normal 10121 (30.3) 1534 (14.9) 580 (8.0) <0.001 774 (20.3) 228 (22.2) 0.472
Overweight 13400 (41.6) 4079 (39.1) 2124 (29.2) 45.5 (44.4) 521 (45.3)
Obesity 9065 (28.1) 4523 (46.0) 3652 (62.8) 34.5 (35.2) 389 (32.5)
Central obesity, n (%)
Normal 17812 (54.0) 3321 (30.1) 1343 (17.6) <0.001 1377 (32.6) 417 (33.6) 0.628
Central obesity 14774 (46.0) 6815 (69.9) 5013 (82.4) 2496 (67.4) 721 (66.4)
SBP [mm Hg] 116.70 125.30 128.00 < 0.001 131.30 139.30 < 0.001
[108.70, [115.30, [117.30, [120.00, [126.00,
127.30] 137.30] 141.00] 145.30] 155.86]
DBP [mm Hg] 70.70 72.70 70.70 < 0.001 70.70 67.30 < 0.001
[64.00, 78.00] [64.70, 79.30] [62.00, 78.00] [62.70, 77.30] [59.30, 76.00]
BMI [kg/m?] 26.59 29.30 31.80 < 0.001 27.81 27.60 0.237
[23.30, 30.65] [25.76, 34.00] [27.90, 37.14] [24.63, 31.60] [24.20, 31.53]
Waist circumference 93.50 102.40 110.30 < 0.001 100.60 100.10 0.646
[em] [83.60, [93.20, [100.00, [91.50, [91.50,
104.20] 112.30] 121.50] 109.77] 109.50]
HbA (%) 5.20 5.80 7.00 < 0.001 5.60 5.80 < 0.001
[5.00, 5.40] [5.70, 6.00] [6.40, 8.10] [5.40, 6.00]  [5.40, 6.40]

1.0755). These results were consistent across four
additional MR methods, reinforcing their reliability
(Figures 1 B, Q).

MR-Egger analysis revealed significant hetero-
geneity in HDL-C’s effects on T2D (p = 1.10 x 1079)

and MCI (p = 0.0367), prompting the use of a mul-
tiplicative random-effects IVW model to account
for this variability. Tests for horizontal pleiotropy
using MR-Egger (p > 0.05) and MR-PRESSO indi-
cated potential pleiotropy but detected no outlier
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SNPs. Leave-one-out analysis confirmed that the

é <§ § § § é é § § § § associations were not driven by any single SNP
a1 1212 (212121222 but rather reflected contributions from multiple
variants. Supplementary Figure S2 and Supple-

_ |9lg |9 = _ _ mentary Table SX provide detailed SNP informa-

= Qe ~N e [S) S) . .

N R Se|T g tion and MR results for other biomarkers.

o | Ylel 4 b S| ®| =

5 1818 19 wlo Slal=leg . . - . I
g3 (2|2 [215|2|8|¢|%|g Transcriptomic profiling and identification
2lg |88 |XJ|N|IL|gslg| = :

L e e R A R S A R B of HDL-C-related targets in T2D

o ~ < g
1S oo olo|~K|[8|wn|8|la
E 2le 1318 ; S S -~ To identify molecular targets linking HDL-C
S|EET and T2D, transcriptomic analysis was performed
I N using 151 samples from five GEO datasets. Batch

s 188 |8zl |= = effects were corrected before downstream analy-

E L |8 § 2 E N 5 S sis (Supplementary Figures S3 A, B). In total, 552
Sle |lolo |olsl Yol DEGs were identified in the T2D group compared
£/18 |2/ |/ ] g|8|7|R | N :

I NN to non-diabetic (ND) controls, with 232 genes up-
212 |zl (2252 < 2 S regulated and 320 downregulated (Figure 1 D).

2 |3 é E RS KEGG analysis of the DEGs revealed significant

Tolele | «” @ enrichment in pathways such as mitophagy, PI3K-
ol o . N Akt signaling, autophagy, cholinergic synapse, and
218 |8/8 |8/8/8/8/8/8]|8 apoptosis (Supplementary Figure S3 C). In parallel,
e ol ©|o|e|ojoloo GSEA demonstrated that these DEGs were closel
a, v v v v v v v v v v y

associated with Alzheimer’s disease (AD) (Figure

_ 5 |5 _ _ 1 E), suggesting a potential link between T2D and

s |g ; E AR EIRGE increased risk of AD.

S Sl= [T &858 28 2% To further explore HDL-C-related genes impli-
alg o8 |R|Y¥ s|S|<|S|m cated in T2D, genes associated with HDL-C (Gen-
R AR S AEAR A ECA R = eCards relevance score > 1, Supplementary Table

g |8 g o2l hlgl R g8 SXI) were cross-referenced with T2D DEGs and

g |53 |¢|% YNl SNP-annotated loci. This integrative approach

= < identified one candidate gene, NFIA (Figure 1 F),
potentially bridging HDL-C regulation with T2D

_ 3 |3|_ _ _ pathogenesis.
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gla |= = 5|52 8582 Therapeutic effects of MFT on T2D and MCI
v s ;18 |19dlslglglSle
5|2 g % E I E 2 f s § Forty participants (17 with T2D and 23 con-
R e R R R = ] ) e B trols) completed the MFT intervention. Baseline
a8 o oY% ¥|218 /2l .. . .

p o | S NS IQle = characteristics are provided in Supplementary

ST g ] v Table SXII. After MFT, significant reductions were

observed in BMI (p < 0.0001), fasting blood glu-
_ cose (FBG; p < 0.0006), and HDL-C (p < 0.0001),

s |z § Sz =l _|=| while B-hydroxybutyrate (B-HB) levels rose mark-

NN EE edly (p < 0.0001) (Figures 2 A-D). FBG decreased
== ~ ; S Z = 2 ° 2 ~N more substantially in the T2D group compared to
E18 |82 |33 |R|e|R|5|R controls (p = 0.0199) (Supplementary Figure S4 A).
o|lo o | R AR RAR AN RS
Sl =R = e Rt B o= e e e At 3 and 6 months, HDL-C levels rebounded above

S - o i T|oC n i i i _ i

AR Z[8]7121°08)7 | (e o £ 1. Copnitve funclion was assessed

— < y .
using the MoCA (n = 31) and the DSST (n = 27).
—_ v = _ Baseline MoCA scores were lower in the T2D group
> e — © S than in controls (p = 0.0248) (Figure 2 G). Follow-
= == E|l=| o

. —Eg gﬂ =3 E % > é ing MFT, MoCA scores improved significantly over-
S 88| |3 2lElEl= c|ElS all, with the most pronounced gains observed in
= »9l3leT :f gl g|= Sla|a _| T2D patients with MCI (p = 0.0109) (Figure 2 J).

°© = c = . . .
r%; » Es.g § %% SlEl2 35 f‘ E %% DSST scores also improved in this subgroup (p =
= g £E5|s g% 23| E|8|§| 8 = 0.0237) (Figure 2 1), although group-level changes
il Bl el el el Bl el Bl Rl Bl were not statistically significant (Supplementary
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Figure 1. Integrated analysis of molecular correlates and gene signatures in T2D, MCl, and AD. A — Correlation
heatmap of differential indicators with T2D and MCI. B, C - Scatter plots showing the association between HDL-C
and the risk of T2D and MCI. D — Distribution of upregulated and downregulated genes. E — GSEA enrichment plot
for the Alzheimer disease-related gene set. F — Venn diagram showing the overlapping genes among ND-T2D DEGs
(orange), GeneCards (blue), and MR-SNPs (green). *p < 0.05, **p < 0.01, ***p < 0.001
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Figures S4 B, C). These results indicate that T2D
is associated with elevated MCl risk, and that MFT 5 §
can enhance both metabolic and cognitive out- E < 2
comes, especially in patients with comorbid T2D o =
and MCl. B
Expression of NFIA, a key gene identified C o W
through prior analyses, was significantly upregu- SR 33 ™
lated after MFT (p = 0.0002), particularly in partic- s2%(3 =
ipants with T2D (p = 0.0004) and MCI (p = 0.001), E < % < S
whereas changes in controls did not reach statis-
tical significance (p = 0.098) (Figure 2 K, Supple- _
mentary Figures S4 D-F). e 38l ©
e 18818 :
Transcriptomic analysis of MFT response E SE|C e
Peripheral blood RNA-seq was performed on
samples from eleven randomly selected partici- 8 o % "
pants (5 T2D and 6 control) before and after MFT. o go gl )
Using thresholds of |log,FC| > 0.3 and p < 0.05, Ts2 2 z
we identified 447 upregulated and 246 downreg- a2 -
ulated DEGs after MFT (Figure 3 A, Supplementa-
ry Table SXIII), with NFIA among the upregulated &5
genes. KEGG enrichment analysis revealed that sk |9 & § RITISg|g|als
upregulated DEGs were involved in pathways re- T8 |312/12/2/1g2|12/1g2/2/2/2
lated to unsaturated fatty acid biosynthesis, fatty d 3
acid metabolism, and PI3K-Akt signaling, suggest-
ing that MFT may improve metabolic function and
insulin sensitivity through these molecular path- ARRRNERRENEE
ways (Figure 3 B, Supplementary Figure S5). IR IXI3z2I512/3
N E R EEEE
Functional role of NFIA in HepG2 X So |8 SRS m NG|’
and SH-SY5Y cells i’ 3 g g 5 g ; \2, g g, g
o O g|am|ojwn|o|lN|lo|o
The NFIA gene plays a key role in the regulation BN S|I8|R|8IRI3|=|3
of HDL-C, which is primarily synthesized in the S|lo|c|o|c|=|—|—|—|-
liver [24]. To investigate its function, we overex-
pressed NFIA in HepG2 cells. Overexpression was
confirmed via gPCR and Western blotting (Supple- w § § § % § § % E E E
mentary Figures S6 A, B). Intracellular HDL-C levels @ zlsl1glglglglsligligls
were significantly higher in NFIA-overexpressing ololwlnlo
cells compared to controls (p = 0.0002; Figure 3 C). . R IR
Additionally, NFIA overexpression reduced phos- slols|o|sl 2212128
phorylation of NF-kB p65 and IxBa, indicating in- & AR
hibition of the NF-kB signaling pathway (Figures S|58
3 D-F). These findings suggest a potential anti-in- § £ o E\
flammatory mechanism. At the same time, follow- N2
ing NFIA knockdown in HepG2 and SH-SY5Y cells Téu - -
(Supplementary Figures S6 C, D), ELISA results Q 2 2
showed decreased levels of APOA1 (HepG2: p = =) s|2 e 32l
0.0228; SH-SY5Y: p = 0.0014) and APOE (HepG2: g |3 AEIHEEEEIHEE
p = 0.0097; SH-SY5Y: p = 0.0023) (Figures 3 G-J, £ | % Blolg HEE: 5| & HE:
Supplementary Figures S6 E, F). These findings g | 2252522585
suggest that NFIA may play a regulatory role in > |2 ol 5|5 g Tl o> g
HDL-C biosynthesis. § =5 =5
g £ £
Discussion § ”
Mounting evidence indicates a shared patho- 2 g 8 OE_) Y
genic pathway between T2D and MCI, driven CE= g8 €9
largely by hyperglycemia, chronic inflammation, o s <
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Figure 2. Analysis of key indicators before and after MFT. A — BMI (n = 40); B — FBG (n = 40); C — B-HB (n = 40);
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and neuronal dysfunction [25-27]. Hyperglycemia
promotes systemic inflammation, contributing to
widespread tissue damage, including the brain.
NHANES data revealed significant differences
in serum vitamin D, globulin, and HDL-C levels
among individuals with T2D, MCI, and healthy
controls. MR analysis showed that genetically el-
evated HDL-C is associated with a lower risk of
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T2D but a higher risk of MCI. Vitamin D levels were
inversely associated with both conditions. Supple-
mentation may reduce the incidence of T2D and
MCI, even in patients with existing diabetes. This
protective effect is likely mediated by the regu-
latory role of vitamin D in insulin signaling, par-
ticularly through inhibition of pathways such as
NF-kB and TLR4 [28]. Vitamin D receptors in pan-

B

KEGG pathway enrichment of up-regulated Degs

MAPK signaling pathway - (]
PI3K-Akt signaling pathway - )
Phospholipase D signaling pathway - °
ECM-receptor interaction - Y
Aldosterone-regulated sodium reabsorption { e
Circadian entrainment { [
Hematopoietic cell lineage - °
Biosynthesis of unsaturated fatty acids - e
Regulation of actin cytoskeleton - [ ]
Transcriptional misregulation in cancer [ ]
Fatty acid metabolism 1 e
Ras signaling pathway [ ]
Adherens junction 4 [
Focal adhesion [ ]
Prostate cancer °

Pathways

Rap1 signaling pathway - [ ]
Choline metabolism in cancer - o
Calcium signaling pathway 7 °
Alcoholism - L]
Cocaine addiction ®

4 8 12 16
Gene number

P-value Count
e 3
-0.01
6
-0.02 o
-0.03 @
-0.04 o
@

Figure 3. Transcriptomic and functional validation analyses related to NFIA. A —Volcano plot of DEGs in peripheral
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**p < 0.01, **p < 0.001, ***p < 0.0001
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creatic B-cells, skeletal muscle, and adipose tissue
enhance insulin sensitivity and preserve B-cell
function, slowing T2D progression [29]. Addition-
ally, vitamin D supports neuroprotection, calcium
balance, antioxidant activity, and anti-inflam-
matory processes [30]. Clinical studies associate
higher serum vitamin D levels in older adults with
better cognitive function [31].

An apparent contradiction exists regarding
HDL-C. NHANES data suggest that higher HDL-C
is protective against MCI, while MR analyses indi-
cate that genetically elevated HDL-C increases MCI
risk. This discrepancy stems from methodological
differences: MR reflects lifelong genetic exposure
and minimizes confounding and reverse causality
[32, 33], whereas NHANES offers cross-sectional
snapshots influenced by age, lifestyle, and comor-
bidities [34]. Moreover, HDL composition differs
between the central nervous system (CNS) and
periphery. CNS HDL includes peripheral APOAl
and glial-derived APOE. The APOE4 isoform, a ma-
jor genetic risk factor for neurodegeneration, pro-
motes amyloid-p accumulation, tau pathology,
and blood-brain barrier disruption [35, 36]. There-
fore, if peripheral HDL-C primarily reflects APOA1
rather than APOE, the protective association ob-
served in NHANES remains biologically plausible.

To account for genetic effects driven by APOE,
APOEg4-related SNPs were excluded in the
two-sample MR analysis. Nonetheless, a direct
positive causal relationship between HDL-C and
MCI was still observed. This may be attributed to
the fact that APOE4 protein levels are regulated
not only at the transcriptional level by APOEe4
but also through post-transcriptional mecha-
nisms. While genes involved in these regulatory
processes may not directly cause MCI, they could
influence disease progression by modulating
APOE4 expression. In addition, HDL undergoes
post-translational modifications that can gener-
ate functionally abnormal forms such as oxidized
HDL and acetylated HDL [37, 38]. These altered
HDL particles may induce endothelial dysfunction
and elevate inflammation through multiple path-
ways, thereby contributing to neuronal injury and
cognitive decline.

Conventional lipid-lowering therapies have lim-
ited efficacy in elevating HDL-C. Although niacin
can increase HDL-C levels, its use is restricted by
adverse side effects. As an alternative, we imple-
mented MFT, a non-pharmacological intervention
widely used in the management of obesity and di-
abetes. MFT enhances fatty acid mobilization and
ketone body production, providing an alternative
energy source — particularly for the brain — during
fasting states [39]. Mild hyperketonemia, induced
by fasting or ketogenic diets, has been shown to
regulate inflammation, oxidative stress [40], glu-
cose metabolism, insulin sensitivity, and synaptic

biomarkers and mechanistic insights

plasticity [41, 42], thereby improving cognitive and
motor function [43, 44]. In our MFT cohort, short-
term improvements were observed in FBG, B-HB,
and cognitive performance. Although HDL-C levels
initially declined after the intervention, they in-
creased significantly at six months, consistent with
findings reported by Longo and Frigeri [45, 46].

Genome-wide association and transcriptom-
ic analyses identified NFIA as a key regulator of
HDL-C metabolism. Following MFT, NFIA expres-
sion was markedly upregulated in peripheral
blood. NFIA has been shown to enhance circu-
lating HDL-C [47, 48], suppress pro-inflammatory
cytokines [49], and protect against hyperglycemia
and weight gain in high-fat diet models [50]. It
also plays a role in mitigating T2D and obesity-re-
lated metabolic dysfunction [47]. In vitro, NFIA
overexpression elevated HDL-C levels and inhibit-
ed classical NF-kB signaling, suggesting dual roles
in lipid regulation and inflammation. These results
indicate that MFT may exert its beneficial effects,
in part, through NFIA-mediated pathways. Giv-
en the lack of effective treatments for MCI, MFT
offers a safe and promising strategy with thera-
peutic potential for both metabolic and cognitive
disorders.

Despite the novel association we report be-
tween NFIA expression and MCI in T2D, its im-
mediate clinical translatability is limited. NFIA re-
mains a tissue-level transcription factor without
validated circulating assays or prospective cohort
data supporting its biomarker role. Moreover, the
observed relationship between higher HDL-C and
increased MCI risk in our cohort likely reflects
qualitative HDL dysfunction rather than a true del-
eterious effect of cholesterol-rich lipoproteins. In
T2D, HDL undergoes glycation and oxidative mod-
ifications — mediated in part by myeloperoxidase
— that impair cholesterol efflux capacity and con-
fer pro-inflammatory properties, potentially exac-
erbating neuroinflammation and cognitive decline
[51, 52]. Thus, future studies should focus on as-
says of HDL functionality rather than HDL-C levels
alone. Finally, although intermittent fasting has
garnered considerable interest, large randomized
trials demonstrate that its benefits for weight loss
and metabolic health are not superior to those
achieved by equivalent caloric restriction [53].
However, intermittent fasting may be more fea-
sible over the long term than continuous caloric
restriction [54], and Arciero et al. have shown that
it is more effective at reducing visceral fat [55]. As
such, the mechanistic impact of fasting regimens
on HDL quality and neuroprotection in diabetic
patients warrants rigorous, targeted investigation.

This study has several limitations. First, in the
NHANES analysis, the number of participants who
completed the DSST cognitive test was limited,
resulting in a smaller MCI group compared to the
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T2D group. Second, the clinical study of MFT lacked
longitudinal cognitive follow-up, which precluded
the evaluation of its long-term effects on memory.

In conclusion, we identified HDL-C as an in-
dependent factor associated with both T2D and
MCI, and observed significant alterations in NFIA
expression among individuals with T2D. MFT,
a non-pharmacological dietary intervention, was
found to upregulate NFIA, leading to sustained in-
creases in HDL-C, suppression of NF-«xB signaling,
and concurrent improvements in glycemic control
and cognitive performance — particularly in T2D
patients with MCI. These results suggest that NFIA
and HDL-C may serve as dual biomarkers for early
detection of metabolic-cognitive comorbidity. MFT
offers a safe, practical approach to modulate this
pathway. Further longitudinal studies in diverse
populations are warranted to validate these find-
ings and assess the potential of NFIA-targeted
strategies in personalized prevention and treat-
ment of T2D and MCI.
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