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Linking oxysterols and different stages of mild
cognitive impairment: insights from gut
metabolites and N6-methyladenosine
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Abstract

Background Oxysterols, gut metabolites, and N6-methyladenosine (m6A) are extensively implicated in the
pathogenesis of cognitive dysfunction, while their alterations in different stages of mild cognitive impairment
(MCl) have not been elucidated. Therefore, this study was conducted to explore the associations of oxysterols, gut
metabolites, and m6A methylation profiles in early MCI (EMCI) and late MCI (LMCI) individuals.

Methods Liquid chromatography-mass spectrometry, untargeted metabolomic analysis, and m6A mRNA
Epitranscriptomic Microarray were used to detect the characteristics of serum oxysterols (n=35/group), fecal gut
metabolites (n=30/group), and m6A in whole blood (n=4/group) respectively. The concentration of serum B-amyloid
(AB) was detected with ELISA (n=25/group). The gene expression of amyloid precursor protein (APP) and its key
enzyme [(3-secretase (BACE1) in whole blood were measured by quantitative real-time PCR (n=25/group).

Results EMCls and LMCls, especially LMCls, exhibited poorer performance in almost all global and multidimensional
cognitive tests. Serum 27-hydroxycholesterol (27-OHC) and 24S-hydroxycholesterol (24S-OHC) were elevated in EMCI
and LMCI groups. Changes in gut metabolites occurred mainly in the EMCI group, in which several gut metabolites,
including Procyanidin dimer B7 and Phorbol myristate, were significantly decreased. The m6A methylation landscape
of EMCls and LMCls obviously differed from Controls. Hypomethylated mRNAs accounted for the majority and

were mainly accompanied by downregulated mRNAs, which was consistent with the downregulated expression of
the m6A writer methyltransferase-like 4 (METTL4). 27-OHC and 24S-OHC combined with various gut metabolites
significantly distinguished between MCI subgroups from healthy controls (EMCl/Control: AUC=0.877; LMCl/Control:
AUC=0.952). Heatmap revealed the correlation between Phorbol myristate and differentially méA-methylated
mRNAs. Differentially expressed gut metabolites and methylated mRNAs were commonly enriched in 34 KEGG
metabolic pathways, including cholesterol metabolism and neurodegenerative disease-related pathways.

Conclusions Our study explored the altered oxysterols, gut metabolites, and m6A methylation and their associations
in different stages of MCl. The potential function of aberrant gut metabolites in oxysterols and mé6A methylation
driving MCl progression warrants further mechanistic investigation.
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Introduction

Mild cognitive impairment (MCI), as the transitional
stage of Alzheimer’s disease (AD), is characterized by a
complex cognitive syndrome between normal aging and
dementia without notable interference with activities of
daily life [1]. Based on the degree of cognitive dysfunc-
tion, MCI is subcategorized into early MCI (EMCI) and
late MCI (LMCI), with the latter characterized by a more
severe cognitive decline [2]. Among the various risk fac-
tors for MCI, cholesterol homeostasis and its oxidative
metabolites, oxysterols, have been widely demonstrated
to contribute to the development of cognitive impair-
ment [3]. In particular, 27-hydroxycholesterol (27-OHC),
the prominent oxysterol in peripheral circulation, has
been demonstrated to remarkably increase in the blood
of MCI patients in our previous studies, following higher
serum concentrations of amyloid-p (Ap) [4, 5]. However,
the alteration of oxysterols and AP in the comparison of
EMCI and LMCI deserves to be further explored.

Disordered gut microbiota has been confirmed to be
one of the key mechanisms of cognitive dysfunction, and
theories related to gut microbiota and metabolites are
gradually improved [6]. The specific changes in the gut
microbiota profile of MCI subjects have been described
comprehensively in our previous study [7]. A wide variety
of gut microbiota can produce multitudinous metabolites
to exert neuroprotective or neurodamaging functions,
such as bile acids, short-chain fatty acids (SCFAs), amino
acids, and so on [8]. A large number of gut metabolites
have been screened by metabolomics [9]. However, what
are the characteristics of gut metabolite profiles in indi-
viduals with different cognitive levels? In our published
research, disturbed gut metabolites were detected in mice
with impaired learning and memory induced by 27-OHC
[10]. However, whether there is an association between
gut metabolites and oxysterols in the progression of MCI
has not been well elucidated, which is another question
to be explored in this study.

N6-methyladenosine (m6A), the most usual and abun-
dant eukaryotic methylation in RNA, contributes to RNA
splicing and degradation, translation, and nuclear export
[11]. The dynamic modification of m6A is regulated by
writer (methyltransferases), eraser (demethylases), and
reader (methylation-binding proteins) [12]. Among them,
methyltransferase-like 4 (METTL4), one of the methyl-
transferases, has been proven to be decreased in the brain
of 27-OHC-treated mice, followed by memory decline
[13]. The specific changes of m6A methylation in AD
have gradually attracted attention [14—16]. Besides, some
gut metabolites, such as bile acids, have been discovered
to regulate the landscape of host m6A epitranscriptome

directly through their metabolism pathway [17]. Another
gut metabolite, butyrate, was also found to alter the
expression of m6A methylated mRNA, which has proven
the tight connection between gut metabolites and m6A
methylation [18]. In fact, the specific alteration of m6A
methylation in EMCI and LMCI subjects and its associa-
tion with gut metabolites remain unclear.

This case-control study was conducted to explore the
alteration in oxysterols with the risk of EMCI and LMCI,
to confirm the metabolic spectrum of gut metabolites
and transcriptome-wide profile of m6A that specifically
are altered in individuals with different cognitive levels,
and to excavate the potential correlation of oxysterols,
gut metabolites, and m6A methylation in the progression
of different stages of MCI. Our study aims to provide new
supporting evidence for early detection and intervention
of microbial and epigenetic regulators in the develop-
ment of cognitive impairment.

Methods

Study population

The study subjects were recruited from a prospective,
multicenter cohort consisting of community-dwelling
volunteers aged 50 ~ 75 years in Shanxi Province, China.
Based on the detailed inclusion and exclusion crite-
ria described earlier [7], 367 Controls, 312 EMCI par-
ticipants, and 244 LMCI participants were included.
Face-to-face interviews were conducted to collect demo-
graphic data, lifestyle information, and chronic medi-
cal history, as well as the outcomes of tests measuring
global and multidimensional cognitive function. Fasting
peripheral blood was drawn. From this, one tube was
centrifuged after coagulation to collect serum, followed
by subpackaging and storage at -80 °C. The remaining
2 mL of fresh whole blood (EDTA- anticoagulated) was
immediately mixed with three volumes of RNA LOCK
reagent (TTANGEN, DP440) to protect RNA. The mixed
system was lysed for 2 h at room temperature before
being stored at -80°C, and RNA was extracted within 6
months to carry out m6A detection and quantitative real-
time PCR (RT-qPCR). On the same day, fresh fecal sam-
ples were collected immediately and stored at -80°C until
detected. The experiment was approved by the Ethics
Committee of Capital Medical University (Z22023S5Y024)
in accordance with the Declaration of Helsinki, with
signed informed consent from all individuals before each
examination.

Cognitive assessment
Both global and multidimensional cognitive functions
were measured. The former was evaluated by standard
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cognitive tests, including the Mini-Mental State Exami-
nation (MMSE) and Montreal Cognitive Assessment
(MoCA). As for multidimensional cognitive function,
simply put, the Auditory Verbal Learning Test (AVLT),
which consisted of immediate recall (AVLT-IR), short
recall (AVLT-SR), and long recall (AVLT-LR) was car-
ried out to assess verbal memory function [19]. The pro-
cessing speed was evaluated through the symbol digit
modalities test (SDMT) [20], while executive function
and attention were measured by the logical memory
test (LMT) [19]. Besides, digit span forwards (DSF) and
digit span backwards (DSB) were used to estimate work-
ing memory [19]. Trail making test-A (TMT-A) and B
(TMT-B) evaluated visual-spatial attention and divided
attention, respectively [21]. The Stroop color-word tests
(SCWT), including reaction interference effects (SCWT-
RIE) and time interference effects (SCWT-TIE) were
conducted to assess cognitive flexibility [22].

Diagnosis of EMCl and LMCI

First, subjects underwent MoCA and MMSE tests. The
full scores for both MoCA and MMSE were 30 points.
The MoCA screening threshold score was <14 points
for illiteracy, < 19 points for 1-6 years of education, and
<24 points for 7 years of education and above [7]. Indi-
viduals initially identified as suspected MCI were fur-
ther confirmed by neurologists. MCI individuals who
scored >24 points on the MMSE were further divided
into EMCI and LMCI depending on Wechsler Memory
Scale-recall (WMS-R) test, which was the recall of LMT
after an interval of 10 min. Specifically, the EMCI criteria
were 3—6 points for 0-7 years of education, 5-9 points
for 8-15 years, and 9-11 points for 16 years or more. For
LMCI subjects, the score was <2 for those with 07 years
of education, < 4 for those with 8-15 years of education,
and <8 for those with 16 years or more of education [23].

Lipids and oxysterols detection

Serum lipids, including total cholesterol (TC), triglycer-
ide (TG), high-density lipoprotein cholesterol (HDL-C),
and low-density lipoprotein cholesterol (LDL-C) were
measured by an automatic biochemistry analyzer (Roche
Hitachi 8000 C). Liquid chromatography-mass spectrom-
etry (LC-MS) was utilized to detect the serum concentra-
tion of oxysterols according to the published protocols
[24].

Gut metabolites identification

Untargeted LC-MS metabolomic analysis was performed
to characterize different metabolites and the related bio-
chemical pathways among groups (=30 per group, the
statistics of the characteristics were shown in TableS1-
S3). In brief, The metabolites from fecal samples were
extracted from a methanol aqueous solution (methanol:
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water=4:1, v: v) containing 0.02 mg/mL internal stan-
dard (L-2-chlorophenylalanine). The sample was sepa-
rated using an HSS T3 column (100 mmx 2.1 mm i.d.,
1.8 um) and then detected by mass spectrometry. The
original data of LC-MS were imported into the metabo-
nomics processing software Progenesis QI (Waters Cor-
poration, Milford, USA) for filtering and identification,
resulting in the creation of a data matrix. Finally, data
were uploaded to the Majorbio cloud platform (https://c
loud.majorbio.com) for analysis. Differential metabolites
were identified when they met the conditions of Variable
Importance in Projection (VIP)>1, P<0.05 (adjusted via
Scheffé test) based on the VIP obtained by the orthogonal
least partial squares discriminant analysis (OPLS-DA)
model and the P-value generated by Student’s t-test in
pairwise comparison. Furthermore, different metabolites
were mapped into their biochemical pathways through
metabolic enrichment and pathway analysis based on the
KEGG database.

m6A methylation detection
m6A modification was detected through m6A mRNA
Epitranscriptomic Microarray by Aksomics Inc., (Shang-
hai, China) (n=4/group, the statistics of the characteris-
tics were shown in Table S4-S6). Briefly, the total RNAs of
samples were immunoprecipitated with anti-m6A anti-
body, in which the modified RNAs were eluted as the “IP’,
while unmodified RNAs were recovered from the super-
natant as “Sup”. The “IP” and “Sup” RNAs were labeled
with Cy5 and Cy3 respectively as cRNAs in separate reac-
tions using Arraystar RNA Labeling Protocol. The cRNAs
were combined and hybridized onto Arraystar Human
mRNA Epitranscriptomic Microarray (8x60 K, Array-
star). After washing the slides, the arrays were scanned in
two-color channels by an Agilent Scanner G2505C.
Agilent Feature Extraction software (version 11.0.1.1)
was used to analyze the obtained array images. Raw
intensities of IP and Sup were normalized with an aver-
age of log2-scaled Spike-in RNA intensities. After Spike-
in normalization, the probe signals having Present (P)
or Marginal (M) QC flags in at least 4 out of 24 samples
were retained for further “m6A quantity” analyses, which
was calculated for the m6A modification amount based
on the IP normalized intensities. Differentially m6A-
modified RNAs between two comparison groups were
identified by filtering with the fold change and statistical
significance (P-value, adjusted by FDR) thresholds. Hier-
archical Clustering was performed to show the distin-
guishable m6A-modification pattern among samples.

The gene expression of m6A and AP related enzymes

The serum expression levels of m6A-modifying enzyme
and cognitive biomarkers were detected by RT-qPCR.
The specific primers used in this study are presented in
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Table 1 Primers used in this study for RT-gPCR
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Primer Forward sequence (5’-3)

Reverse sequence (5’-3)

m6A modifying enzymes

METTL3 CTATCTCCTGGCACTCGCAAGA GCTTGAACCGTGCAACCACATC
METTL4 AGTGCCGACAGCATTGGTG GGAGCAGAGGTATCATAGGAAGC

FTO TTGGACGGTACAGATATGGAACATTTT TCTTTTAGTTTCTTTGCCTTTGGGGAT
ALKBH5 CCAGCTATGCTTCAGATCGCCT GGTTCTCTTCCTTGTCCATCTCC
Cognitive biomarkers

APP ATGCTGCCCGGTTTGGCA CTAGTTCTGCATCTGCTCAAAGAACTTG
BACE1 TACCAACCAGTCCTTCCGC CTCCCATAACAGTGCCCGT

B-actin AAGTGTGACGTTGACATCCG GATCCACATCTGCTGGAAGG

Abbreviations: METTL3, methyltransferase-like 3; METTL4, methyltransferase-like 4; FTO, fat mass and obesity-associated; ALKBH5, AIkB homolog 5; APP, amyloid

precursor protein; BACE1, B-secretase

Table 2 Demographic data of control, EMCI, and LMCI subjects

Variables Control EMCI LMCI P Adjusted P value for pairwise comparisons
Male, n (%) 153 (41.7) 132 (42.3) 101 (41.4) 0.0512

Age,y 65+8 65+8 65+7 0.153'

Education year, y 12+3 9+3 9+3 0.006' LMCI < Control

P=0.005

Smoker, n (%) 84 (22.9) 87 (27.9) 63 (25.8) 03232

Drinker, n (%) 88 (24.0) 69 (22.1) 54(22.1) 0.8067

Hypertension, n (%) 131 (35.7) 126 (40.4) 102 (41.8) 0.254?

Diabetes, n (%) 66 (18.0) 76 (24.4) 42(17.2) 0.054°

Hyperlipemia, n (%) 113 (30.8) 103 (33.0) 90 (36.9) 0.2922

CHD, n (%) 35(9.5) 43(13.8) 36 (14.8) 0.1012

'Pvalue for Kruskal-Wallis rank sum test for continuous variables with skewed distribution, which were presented as medians +interquartile range. Adjusted P value

by Bonferroni correction

2P value for Chi-square tests for categorical variables, which were presented as n (%)

Abbreviations: EMCI, early mild cognitive impairment; LMCI, late mild cognitive impairment; CHD, coronary heart disease

Table 1. Total RNA was extracted using RNAprep pure
high-efficiency total RNA extraction kit (TIANGEN,
DP443) in strict accordance with the manufacturer’s pro-
cedures. RT-qPCR experiments were performed using
the KAPA SYBR® PCR kit (Kapa Biosystems, Woburn,
MA, USA). A minimum of three experiments were per-
formed for each sample.

The concentrations of serum AP and oxidized lipoproteins
The concentrations of AP (Elabscience, E-EL-H0543),
oxidized LDL (ox-LDL) (Elabscience, E-EL-H6021), and
oxidized HDL (ox-HDL) (JINGMEI, JM-7052H1) in
serum were quantified by ELISA Kit based on the manu-
facturer’s instructions.

Statistical analysis

All data were analyzed by R4.3.3, IBM SPSS 23.0, Orig-
inPro 2024, and GraphPad Prism 9 software. Demo-
graphic and biochemical measures were expressed as
means + standard deviations or medians * interquartile
ranges, depending on the type of data distribution. Dif-
ferences between groups were compared using one-way
ANOVA, Kruskal-Wallis rank sum test, or chi-square
test. Logistic regression analysis and receiver operating

characteristic (ROC) curve were used to distinguish dif-
ferent stages of MCI by oxysterols and gut metabolites.
Differentially methylated mRNAs among the groups were
chosen to further screen the altered methylated tran-
scripts based on the value of fold change (FC), in which
the top 5 mRNAs with the largest absolute values of
log,, (EC) were selected for subsequent analysis. Spear-
man correlation analysis was conducted to evaluate the
correlation between gut metabolites and differentially
methylated mRNAs. P<0.05 was considered to indicate
statistical significance.

Results

Study population characteristics

Demographic characteristics are presented in Table 2. A
significant difference was observed in education years. It
was found that individuals in the LMCI group had fewer
years of education than the Control group (P=0.005),
suggesting the remarkable effect of educational qualifica-
tions on cognition. No difference was found in the factors
of gender, age, smoker or drinker, as well as the history of
chronic diseases such as hypertension, diabetes, hyperli-
pemia, or coronary heart disease (CHD).
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Cognitive functions tests and indicators in EMCI and LMCI
participants
As shown in Table 3, all cognitive tests in the global and
multidimensional domains exhibited significant varia-
tions. Specifically, lower scores on MMSE and DSB tests,
along with higher scores on SCWT-TIE and SCWT-RIE
tests were found in EMCIs and LMCIs compared with
the Control group (P<0.001). In addition, the scores for
MoCA, WMS-R, AVLT-IR, AVLT-SR, AVLT-LR, SDMT,
LMT, and DSF decreased remarkably in order from the
Control, EMCI to LMCI groups. Similarly, the duration
of TMT-A and TMT-B tests increased from the Control
group, EMCI group to the LMCI group (P<0.001). All
the test results indicated that, although EMCI and LMCI
were only defined by MoCA and WMS-R tests, both
EMCI and LMCI subjects exhibited varying degrees of
multi-domain cognitive impairment, where LMClIs per-
formed worse in most tests.

Besides, AP serum concentration, mRNA expres-
sion level of amyloid precursor protein (APP), and its

Table 3 Cognitive tests of control, EMCI, and LMCI subjects
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rate-limiting enzyme B-secretase (BACE1) were detected.
As shown in Fig. 1A-C, the serum level of AP in the
LMCI group increased in comparison with the Con-
trol and EMCI groups (P=0.002), which was consistent
with the worse cognitive function results in the LMCI
group. The expression of APP, which is the precursor of
AP, was lower in the EMCI group than in the Control
group (P=0.007), but there was an increasing trend in the
LMCI group compared with the EMCI group.

Serum lipids and oxysterols level in EMCI and LMCI
participants

Serum lipids and oxysterols were detected, as shown in
Table 4. Compared with the Control group, the serum
TC (P=0.043) and LDL-C (P=0.024) were higher in the
EMCI group. In addition, the levels of 27-OHC in the
LMCI (P=0.006) groups were increased, and 24S-OHC
concentration in the Control group was lower than those
in the EMCI (P=0.007) and LMCI (P=0.018) groups.
Serum ox-LDL increased in the LMCI group compared

Control EMCI LMCI P! Adjusted P value for pairwise comparisons

Global cognition
MMSE 28+2 2743 265+3 <0.001 EMCI < Control, P<0.001

LMCl < Control, P<0.001
MoCA 26+2 22+3 2143 <0.001 EMCI < Control, P<0.001

LMClI < Control, P<0.001

LMCI < EMCI, P=0.008
Multidimensional function
AVLT-IR 157 13£5 11£5 <0.001 LMCI< EMCI < Control, all P<0.001
AVLT-SR 5+4 + +2 <0.001 LMCl < EMCI < Control, all P<0.001
AVLT-LR 5+4 3+4 <0.001 LMCl < EMCl < Control, all P<0.001
SDMT 36+15 31+13 +11 <0.001 EMCl < Control, P<0.001

LMClI < Control, P<0.001

LMCI<EMCI, P=0.015
LMT 10.5+59 + + <0.001 LMCI < EMCl < Control, all P<0.001
WMS-R 95+7 7425 2542 <0.001 LMCI < EMCI < Control, all P<0.001
DSF 8+1 7%2 7%2 <0.001 EMCI < Control, P=0.001

LMCl < Control, P<0.001

LMCI < EMCI, P=0.004
DSB 4+1 4+1 4+1 <0.001 EMCI < Control, P<0.001

LMCl < Control, P<0.001
TMT-A 64.7+335 714+30.1 81.8+394 <0.001 Control <EMCI, P<0.001

Control < LMCI, P<0.001

EMCI < LMCI, P=0.004
TMT-B 178.1+£98.8 204.2+92.3 236.0+123.5 <0.001 Control < EMCl < LMC], all P<0.001
SCWT-TIE 325+16.5 39042238 37.1+200 <0.001 Control < EMCI, P<0.001

Control < LMCI, P=0.001
SCWT-RIE 1+2 2+4 2+5 <0.001 Control <EMCI, P<0.001

Control <LMCI, P<0.001

1P value for Kruskal-Wallis rank sum test for continuous variables with skewed distribution, which were presented as medians * interquartile range. Adjusted P value

by Bonferroni correction

Abbreviations: EMCI, early mild cognitive impairment; LMCI, late mild cognitive impairment; MMSE, mini-mental state examination; MoCA, Montreal cognitive
assessment; WMS-R, Wechsler memory scale-recall; AVLT-IR, auditory verbal learning test-immediate recall; AVLT-SR, auditory verbal learning test -short recall;
AVLT-LR, auditory verbal learning test-long recall; SDMT, symbol digit modalities test; LMT, logical memory test; DSF, digit span forwards; DSB, digit span backwards;
TMT-A, trail making test-A; TMT-B, trail making test-B; SCWT-TIE, Stroop color-word test-time interfered effects; SCWT-RIE, Stroop color-word test-reaction interfered

effects
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Table 4 Serum lipids, lipoproteins, and oxysterols among groups

Control EMCI LMCI P Adjusted P value for pairwise comparisons

TC (mmol/L) 460£152 4.80£1.50 4.63+1.46 0.033' Control <EMCI, P=0.043

TG (mmol/L) 142+0.97 1.59+£1.01 1.45+£0.90 0.184!

HDL-C (mmol/L) 1.22+037 1.23+£044 1194043 0315

LDL-C (mmol/L) 248+1.14 273+£1.10 253+1.17 0.029' Control < EMCI, P=0.024

ox-LDL (ng/mL) 288.08+183.06 290.83+12045 305.01+183.96 0.027° Control <LMCl, P=0.016
EMCI<LMCI, P=0.026

ox-HDL (ng/mL) 55.27+6.12 59.00£8.61 5397+£18.96 0.006' Control < EMCI, P=0.009
LMCI <EMCI, P=0.037

27-0OHC (umol/L) 14.87 £4.69 16.21+£4.28 17.21£4.14 0.006' Control < LMCI, P=0.006

245-OHC (umol/L) 2310741 27.27£896 26.19£7.13 0.004' Control < EMCI, P=0.007
Control <LMCl, P=0.018

27-CA (umol/L) 50.40+25.88 41.76+13.49 47.82+19.93 0.345'

7-HOCA (umol/L) 32.02+27.21 3430+14.95 35.32+1860 0437"

'P value for Kruskal-Wallis rank sum test for continuous variables with skewed distribution, which were presented as medians * interquartile range. Adjusted P value

by Bonferroni correction

2p value for one way ANOVA test for continuous variables with normal distribution, which were presented as means +SDs. Adjusted P value by LSD correction

Abbreviations: EMCI, early mild cognitive impairment; LMCI, late mild cognitive impairment; TC, total cholesterol; TG, triglyceride; HDL-C, high-density
lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; ox-LDL, oxidized low-density lipoprotein; ox-HDL, oxidized high-density lipoprotein; 27-OHC,
27-hydroxycholesterol; 24S-OHC, 24S-hydroxycholesterol; 27-CA, 3B-hydroxy-5-cholestenoic acid; 7-HOCA, 7a-hydroxy-3-oxo-4-cholestenoic acid

with the Control (P=0.016) and EMCI (P=0.026) groups,
whereas higher ox-HDL was found in the EMCI group
than Control (P=0.009) and LMCI (P=0.037) groups.

Alterations of gut metabolites in EMCI and LMCI
participants
To explore the characteristics of gut metabolites in each
group, untargeted gut microbiota metabolomics was
applied. Firstly, as shown in the Venn diagram (Fig. 2A),
1,128 metabolites were common to the three groups,
and 18, 23, and 24 metabolites were specific to the Con-
trol, EMCI, and LMCI groups, respectively. Partial Least
Squares-Discriminant Analysis (PLS-DA) (Fig. 2B-C)
showed the alteration in the gut metabolite profiles in the
comparison of Control, EMCI, and LMCI groups. The
above results indicated a gut-metabolite shift in different
stages of MCL

To understand the general information of gut metab-
olites, the metabolites were traced and annotated.

Metabolite traceability analysis (Fig. 2D) showed that the
amounts of metabolites characterized as host-unique,
intestinal-species-unique, as well as shared by host and
intestinal species were 28, 30, and 139, respectively.
Besides, Kyoto Encyclopedia of Genes and Genomes
(KEGG) compound classification identified 74 kinds
of metabolites involved in different biological func-
tions, among which 19 kinds of lipids and 10 kinds of
steroids were counted, including cholesterol (Fig. 2E).
In the results of KEGG pathway, 7 metabolite pathways
related to neurodegenerative diseases and 76 metabo-
lite pathways related to lipid metabolism were remark-
ably enriched (Fig. 2F), implying that the changes of gut
metabolites may be potentially related to the abnormality
of lipid metabolism and the development of neurodegen-
erative diseases.

A new set of differential metabolites between groups
was used for further analysis. Firstly, it was presented in
the volcano plot that there were 70 and 128 differential
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Venn plot
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Fig. 2 Quality analysis and metabolites annotation of metabolomics data in Control, EMCl and LMCI groups. A: Venn diagram of the differential metabo-
lites. The overlapping part indicated the same amounts of metabolites among groups. B: PLS-DA score plot. The x-axis and y-axis represented the explana-
tory degree of the first (Component1) and the second (Component2) principal components, respectively. C: PLS-DA permutation test was used to verify
the fitting effect of the model. The x-axis represented the retention of permutation test, the y-axis represented the values of R2 (red dot) and Q2 (blue
triangle) permutation test, and the two dotted lines respectively represented the regression lines of R2 and Q2. D: Traceability analysis of metabolites. The
x-axis represented the source of metabolites; The y-axis represented the number of metabolites. E: KEGG compound classification. The y-axis was KEGG
compound classification, and the x-axis was the number of compounds annotated to corresponding types; The color of the bar indicated the primary
class of the compound to which they belonged. F: KEGG pathway analysis. The y-axis was the secondary classification of KEGG metabolic pathway, and

the x-axis was the number of compounds annotated to this pathway

metabolites between the EMCI/Control and LMCI/
EMCI groups respectively, while only a few metabo-
lites were altered in the LMCI group compared with
the Control group (Fig. 3A-C). In detail, the concentra-
tions of Fasciculic acid B, N2-Fructopyranosylarginine,
Thymol-beta-d-glucoside, Thromboxane B2, Phorbol
myristate, Procyanidin dimer B7, 2,3-dinor, 6-keto-
pgflalpha, 3-Epipapyriferic acid and Cyclo (Leu-Phe)
in EMCI groups were remarkably lower than those in
Control and LMCI groups (Fig. 3D). Venn diagram
(Fig. 3E) showed that no metabolite was altered together
in all three comparisons, but EMCI/Control and LMCI/
EMCI had 39 common differential metabolites, suggest-
ing that the metabolite pattern of LMCI was more simi-
lar to Control rather than EMCI. VIP scores were used
to rank the discriminative contribution of metabolites
to each group (Fig. 3F-H). Tumonoic Acid E, Fissino-
lide, and Pegvaliase were the highest expressed differen-
tial metabolites in EMCI/Control, LMCI/Control, and
LMCI /EMCI, respectively. In the end, KEGG enrich-
ment analysis showed that neuroactive ligand-receptor
interactions were enriched in all comparison groups. In
addition, cholesterol metabolism, primary bile acid syn-
thesis, and Huntington’s disease were enriched in EMCI/
LMCI, while steroid biosynthesis and serotonergic syn-
apses were enriched in LMCI/Control. In LMCI/EMCI,
multiple amino acid metabolism and antibiotic synthesis
were found (Fig. 31-K). These metabolites may potentially
contribute to the progression of MCI through altered
pathways.

Characteristics of m6A methylated mRNAs

The differential expression patterns of regulatory factors
of m6A among EMCI and LMCI with healthy control
individuals were detected, including writers (METTL3
and METTL4) and erasers (FTO and ALKBH5) (Fig. 4).
As the results showed, in the EMCI group, upregu-
lated METTL3 (P=0.005) but downregulated METTL4
(P=0.038) were observed. Besides, there was a decreased
trend of METTL4 in the LMCI group than Control group
(P=0.071). Down-regulated ALKBH5 was measured in
EMCI and LMCI groups (P<0.001) while no difference
was found in FTO mRNA expression. Above all, dis-
turbed m6A methylation in mRNAs may be attributed to
the dynamic changes of writers and erasers.

To clarify the specific alterations of m6A transcripts
in the peripheral blood of individuals with different
cognitive levels, the m6A mRNA Epitranscriptomic
Microarray (n=4/group) was carried out, probing
42,508 mRNAs. By labeling differentially methylated
mRNAs with Cy5 fluorescent dye, microarray profiling
revealed that there were 21,756, 21,624, and 7,557 dif-
ferentially methylated mRNA transcripts in compari-
sons among EMCI/Control, LMCI/Control, and LMCI/
EMCI, respectively (fold change>1.5 or <0.7; P<0.05).
Specifically, 7,065 hypermethylated mRNAs and 14,691
hypomethylated mRNAs were found in EMCI/Con-
trol. In similar cases, there were 7,104 hypermethylated
mRNAs and 14,520 hypomethylated mRNAs in LMCI/
Control. These results suggested that there may be simi-
lar methylation patterns in the EMCI and LMCI groups
when compared with the Control group. Whereas in the
LMCI/EMCI comparison, the number of differentially
methylated genes decreased remarkably, in which 2,569
mRNAs were hypermethylated and 4,988 mRNAs were
hypomethylated. The hierarchical clustering heatmap
determined the interaction between samples and classi-
fied them according to the similarity of m6A methylation
level (Fig. 5A-C). As the data suggested, hypomethylation
was the major m6A modification mode in different com-
parison schemes (EMCI/Control: 67.5%; LMCI/Control:
67.1%; LMCI/EMCI: 66.0%).

Furthermore, the total mRNAs were labeled with
Cy3 fluorescent dye to compare the differential expres-
sion patterns of mRNAs in microarray. As shown in the
volcano map (Fig. 5D-F), a total of 5,369 mRNAs were
differentially expressed in EMCI/Control (3364 were
upregulated and 2005 downregulated). When LMCI was
compared with the Control group, as many as 15,922
differentially expressed genes were detected, includ-
ing 8,912 upregulated mRNAs and 7,010 downregulated
mRNAs. This number was 12,250 in LMCI/EMCI (6907
regulated and 5343 downregulated). (fold change>1.5 or
<0.7, P<0.05).

The intersection of differential methylation and dif-
ferentially expressed mRNAs was presented by the four-
quadrant diagram in Fig. 5G-I. The results showed that
hypermethylated mRNAs with up-regulated expression
(Hyper-Up) and hypomethylated mRNAs with down-
regulated expression (Hypo-Down) accounted for the
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largest proportion of altered mRNAs. Notably, in EMCI/
Control and LMCI/Control, there were no hypermeth-
ylated downregulated (Hyper-Down) mRNAs and only
a few hypomethylated upregulated (Hypo-Up) mRNAs.
Similarly, in the comparison of LMCI/EMCI, only 3.45%
and 3.49% of mRNAs were Hyper-Down and Hypo-Up,
while the proportions of Hyper-Up and Hypo-Down
were 40.59% and 52.47% respectively. These results indi-
cated that hypermethylation was accompanied by upreg-
ulation of mRNAs expression, whereas hypomethylation
was associated with downregulation.

On the basis of the above correlation analysis, we fur-
ther analyzed the intersection of mRNAs with common
changes as well as the specific alteration in each com-
parison, which was shown in the form of Venn diagrams
(Fig. 5J-L). In detail, a total of 487 mRNAs were Hyper-
Up while 341 mRNAs were Hypo-Down, but no mRNA
was Hyper-Down or Hypo-Up in all three groups. It is
worth noting that the intersection of LMCI/EMCI and
EMCI/Control had no common altered mRNAs in any of
the four interaction patterns, intimating that the LMCI
group exhibited more divergent methylation and gene
expression patterns compared to the Control group.

GO analysis was conducted to scan potential gene func-
tions associated with differentially methylated mRNAs.
The top 10 GO items of hypermethylation and hypo-
methylation in pairwise comparison were presented in
Fig. 6A-F. Briefly, in EMCI/Control and LMCI/Control,
hypermethylated mRNAs were widely distributed in the
nucleus, organelles, and cytosol, along with participat-
ing in the regulation of RNA biosynthetic and metabolic
processes by binding nucleic acid and DNA components.
Similarly, in LMCI/EMCI, hypermethylated mRNAs
were involved in regulating nitrogen compound meta-
bolic process and cellular components through binding
proteins and transcription factors, with the location of
organelles and cytoplasm. Among the hypomethylated
mRNAs, EMCI/Control and LMCI/Control were distrib-
uted in organelles and cytosol. The former was involved
in protein transport and protein metabolism by binding
proteins and lipids. The latter was bound to a variety of
functional proteins involved in phosphorus metabolism
and localization. Notably, the hypomethylated mRNAs
in LMCI/EMCI were widely distributed in neurons, syn-
apses, and cell junctions, which were involved in organ
development and signal transduction processes such as
the nervous system through ion channels and enzymes.

To explore the possible molecular pathways of dif-
ferentially methylated mRNAs, KEGG analysis was car-
ried out. The top 10 enriched pathways were shown in
Fig. 7A-F. Among the hypermethylated mRNAs, 123,
139, and 74 pathways were enriched in EMCI/Control,
LMCI/Control, and LMCI/EMCI, respectively. The first
two were mainly related to pathogen infection, lipids, and
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atherosclerosis, while the last one was involved in path-
ways such as bacterial infection, choline metabolism in
cancer, and platelet activation. However, relatively few
pathways were enriched in the hypomethylated mRNAs.
But remarkably, key pathways of AD and cholesterol
metabolism have been found in 52 pathways of EMCI/
Control and 45 pathways of LMCI/Control (Fig. 8),
as well as Parkinson’s disease and Huntington’s dis-
ease. These results recommended that hypomethylated
mRNAs may be involved in the development of neurode-
generative diseases such as AD, Parkinson’s disease, and
Huntington’s disease, in which the related signal mol-
ecules may be crucial targets for further exploration and
intervention of cognitive dysfunction.

Prediction of oxysterols, gut metabolites, and m6A in EMCI
and LMCl individuals

To investigate the roles of oxysterols, gut metabolites,
and their combination on the risk of different stages of
MCI, logistic regression analysis and receiver operat-
ing characteristics (ROC) were conducted. As shown in
Tables 5, 27-OHC was associated with increased risk of
EMCI (OR: 1.272; 95% CI: 1.056, 1.532) and LMCI (OR:
1.364; 95% CIL: 1.119, 1.663), so was 24S-OHC (EMCI,
OR: 1.132; 95% CI: 1.029, 1.245; LMCI, OR=1.145; 95%
CI: 1.038, 1.264). Notably, the area under curve (AUC)
indicated that the combination of 27-OHC with 24S-
OHC performed better than either one of the two in both
EMCI (27-OHC: 0.630; 24S-OHC: 0.696; 27-OHC + 24S-
OHC: 0.729) and LMCI (27-OHC: 0.707; 24S-OHC:
0.697; 27-OHC + 24S-OHC: 0.774) (Fig. 9A-C).

Further, 10 typical gut metabolites whose relative lev-
els differed among groups were also analyzed in relation
to the diagnosis of MCI (Fig. 9D-F). When comparing
EMCI with Control, Fasciculic acid B (OR: 0.404; 95% CI:
0.195, 0.837; AUC: 0.700), Phorbol myristate (OR: 0.306;
95% CIL: 0.114, 0.817; AUC: 0.692), 2,3-dinor, 6-keto-
pgflalpha (OR: 0.371; 95% CI: 0.144, 0.955; AUC: 0.622)
could be considered protective factors for the occurrence
of EMCI. Whereas, elevated Biochanin a 8-c-glucoside
(OR: 7.640; 95% CI: 1.792, 32.573; AUC: 0.723), Procy-
anidin dimer B7 (OR: 2.877; 95% CI: 1.117, 7.409; AUC:
0.664), Thymol-beta-d-glucoside (OR: 2.967; 95% CI:
1.052, 8.363; AUC: 0.637), and N2-Fructopyranosylargi-
nine (OR: 4.138; 95% CI: 1.147, 14.934; AUC: 0.664) were
risk factors for the occurrence of LMCI. Interestingly, all
10 gut metabolites could be used to differentiate between
EMCI and LMCI (Table 6). The diagnostic checks for the
regression models of oxysterols and gut metabolites were
presented in Figure S1 and Table S7-S8.

The correlation analysis of oxysterols and gut metabo-
lites was conducted, as presented in Fig. 9G, negative
correlation was found between 24S-OHC and N2-Fruc-
topyranosylarginine (r = -0.281, P=0.018). Besides,
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Fig. 3 Differential metabolites and metabolomics analysis. A-C: Volcano diagrams analysis of differential metabolites in EMCI/Control (A), LMCI/Control
(B), and LMCI/EMCI (C). D: Multi-groups comparative analysis. The y-axis represented the names of metabolites, and the x-axis represented the average
relative abundance of metabolites in different groups. E: Venn diagram of differential metabolisms in pairwise comparison, the number of overlapping
parts represented the amounts of metabolites shared by multiple control groups, and the number of non-overlapping parts represented the amounts
of metabolites unique to the corresponding groups. F-H: VIP diagrams were used to rank the differential contribution of metabolites to EMCl/Control (F),
LMCI/Control (G), and LMCI/EMCI (H). The y-axis was the name of the metabolites, and the x-axis was the VIP value corresponding to the metabolites. The
left and right color blocks on the right represented corresponding groups. Red and blue represented the high and low expression level of the metabolites
in the group, respectively. I-K: KEGG pathway analyses of differential metabolites in EMCl vs. Control (I), LMCl vs. Control (J), and LMCl vs. EMCI (K)

the above meaningful gut metabolites combined with
27-OHC and 24S-OHC were added to different models
together to differentiate between EMCI and LMCI, and
the results were shown in Fig. 9H-J. The AUC of com-
bined 27-OHC and 24S-OHC with Fasciculic acid B,
Phorbol myristate, and 2,3-dinor, 6-keto-pgflalpha when
diagnosed with EMCI was 0.877 (sensitivity: 0.727, speci-
ficity: 0.857) while the 4 gut metabolites with 27-OHC
and 24S-OHC had a combined AUC of 0.952 (sensitivity:
0.84, specificity: 0.952). In distinguishing between EMCI
and LMCI, the AUC of the top 3 gut metabolites (Procy-
anidin dimer B7, Thromboxane B2, and 2,3-dinor, 6-keto-
pgflalpha) combined with 27-OHC and 24S-OHC was
0.765, which was lower than the combination without
oxysterols (AUC=0.813). It suggested that the combina-
tion of oxysterols with gut metabolites were considerable
biomarkers to be taken into account for distinguishing
different stages of cognitive impairment from healthy
controls.

Besides, heatmaps were used to evaluate the correla-
tion between gut metabolites and differentially m6A-
methylated mRNAs. Among the hypermethylated and
up-regulated mRNAs (Fig. 10A), negative correlations
were found between Phorbol myristate with SMC3 (r =
-0.622, P=0.031) and JAKMIP2 (r = -0.615, P=0.033).
Whereas, among the hypomethylated and down-regu-
lated mRNAs (Fig. 10B), positive correlations were dis-
covered between Phorbol myristate with CACNA1G
(r=0.713, P=0.009), CSF3 (r=0.650, P=0.022), and
QPRT (r=0.622, P=0.031). The results suggested that
Phorbol myristate may be a key metabolite very closely
related to aberrant m6A modifications.

To deeply explore the possible association of gut
metabolites with differentially m6A methylated tran-
scripts, their enriched KEGG metabolic pathways were
compared. A total of 34 metabolic pathways were shared
between gut metabolites and m6A methylation, in which
the metabolism of various substances such as cholesterol,
various amino acids, and nucleotides were included.
Through various organismal systems such as dopami-
nergic synapse and serotonergic synapse, a variety of
neurodegenerative diseases like Parkinson’s disease and
Huntington’s disease were enriched, indicating that the
altered gut metabolites may participate in the dynamic
modification of m6A through a shared metabolic

pathway, which may be the essential processes of oxyster-
ols-induced cognitive impairment (Table 7).

Discussion

In this study, we explored the changes in oxysterols, gut
metabolites, and m6A methylation, as well as their cor-
relations in different stages of MCI. Our study confirmed
that LMCI had worse performance than EMCI in almost
all cognitive assessments and was accompanied by ele-
vated serum oxysterols and AB. Furthermore, the altera-
tions of gut metabolites and m6A methylation in EMCI
and LMCI groups were described in detail. Representa-
tive gut metabolites not only presented better ability to
distinguish EMCI and LMCI combined with 27-OHC
and 24S-OHC, but also shared multiple KEGG-enriched
pathways with m6A methylation for cholesterol metabo-
lism and neurodegenerative diseases.

According to the severity of MCI, MCI is divided into
EMCI and LMCI. LMCI is recognized as the transition
stage between the post-MCI state and the pre-AD state,
with more cognitive domain dysfunction and a higher
AD conversion rate [25-27]. Although EMCI and LMCI
are distinguished only by the delayed recall test of LMT
(WMS-R) and education years, LMCI subjects perform
worse than EMCI in several tests of global and multi-
dimensional cognitive function in our study, including
MoCA, AVLT, SDMT, LMT, DSE, and SCWT, indicating
that LMCI individuals are not only impaired by delayed
memory in LMT but also damaged in verbal function,
processing speed, executive function, working memory
and so on. Lin et al. have certified that the LMCI group
not only performed worse than EMCI in serious multi-
dimensional cognitive function tests but also declined
faster annually in these tests [27]. Another 6-year longi-
tudinal study also confirmed that the LMCI group had
the highest risk of transforming into AD, and EMCI also
remained an at-risk situation [26]. It is indicated that pre-
AD risk conditions should be expanded from LMCI to
EMCIL.

AP deposition is recognized as the driving factor of
the pathological process of AD [28]. It is produced by
the sequential cleavage of APP by BACE1. Our previous
study has confirmed that the serum A level is increased
in the MCI group [5], but few studies have extended the
changes of serum AP concentration to the EMCI and
LMCI stages. It was demonstrated in our results that
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serum AP level was evidently increased in the LMCI
group, while the Control and EMCI groups presented
similar concentrations, implying that during the progres-
sion of MCI, the rise of Ap serum concentrations may
occur in the late stage. In addition, the mRNA expression
of APP in the EMCI group was notably reduced com-
pared with the Control group but tended to rise again
in the LMCI group, which was inconsistent with Rama-
samy et al’s conclusion that serum APP levels increased
in MCI and AD patients [29]. However, given that their
study did not further group MCI patients, whether the
level of APP fluctuates in the process from normal cogni-
tion to EMCI and LMCI should be evaluated by repeated
experiments with more samples.

As the main oxidative metabolite of cholesterol in the
peripheral circulation, 27-OHC initially played an impor-
tant role in the growth and metastasis of breast cancer
acting as estrogen receptor and liver X receptor (LXR)
ligand [30]. Due to the property that 27-OHC can freely
cross the blood-brain barrier (BBB), its potential function
in cognition-related diseases such as AD has gradually
attracted attention. Our published works have reported
27-OHC as an independent risk factor for MCI [31],

which promotes Ap accumulation through various mech-
anisms such as immune imbalance [4] and gut-brain axis
[10]. Oxysterols including 27-OHC are also quantified in
ox-LDL, which is a new complex formed after oxidation
modification of native LDL [32]. Ox-LDL is a prominent
biomarker of cardiovascular disease because of its strong
ability to promote oxidative stress [33]. The clearance of
ox-LDL could be inhibited by A, which led to the extra-
cellular accumulation of ox-LDL and the perpetuation
of lipid peroxidation [34]. However, whether ox-LDL is
a differential metabolite in cognition has not been con-
cluded [35, 36]. Compared with diabetes patients without
MCI, the increased serum ox-LDL in diabetes patients
with MCI suggested that ox-LDL may be a promoter in
the development of MCI [37]. Above all, as derivative
metabolites of cholesterol, disturbed oxysterols, and ox-
LDL, their role in accelerating the progression of MCI
should be made a point.

Alteration of gut metabolites in AD has been reported
in several studies [38], but few studies have investi-
gated the changes in gut metabolites in the MCI stage.
Gao et al. found that fecal SCFAs were reduced in MCI
patients and negatively correlated with AB deposition
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Fig. 5 m6A mRNA Epitranscriptomic Microarray analysis. A-C: Hierarchical clustering heatmap of EMCIl/Control (A), LMCI/Control (B), and LMCI/EMCI (C).
Each row represented one mRNA, and each column represented one sample. D-F: Volcano plot analysis of EMCI/Control (D), LMCI/Control (E), and LMCI/
EMCI (F). Red boxes represented upregulated transcripts (> 1.5-fold change, P<0.05), and blue boxes represented downregulated transcripts (< 0.7-fold
change, P<0.05). G-I: Four-quadrant diagram of changed transcripts in both m6A methylation and mRNA expression of EMCl/Control (G), LMCIl/Control
(H), and LMCI/EMCI (1). Red dots: hypermethylated-upregulated mRNAs; green dots: hypermethylated-downregulated mRNAs; purple dots: hypomethyl-
ated-upregulated mRNAs; blue dots: hypomethylated-downregulated mRNAs. P <0.05. J-L: The interaction between m6A methylation and mRNA expres-
sion. (J) Hypermethylation-upregulation, (K) Hypomethylation-upregulation, (L) Hypomethylation-downregulation

in brain regions [39], while the specific changes in gut
metabolite profiles in different stages of MCI have not
been expounded. Our study found that most metabolites
showed a common feature of a decrease in the EMCI
group, and the LMCI group exhibited a relatively close
profile to the Control group. Besides, metabolite trace-
ability analysis of gut metabolites showed that almost
half of the gut metabolites did not belong to the host or
gut microorganisms, of which the possible sources may
include food, plant extracts, herbal medicines as well as
drugs [40-43]. Thus, metabolite abnormalities disturbed
by exogenous pathways may be an important factor in the
development of MCI. As reported in our previous study,
the changes in gut metabolites could be attributed to dis-
ordered oxysterols, especially 27-OHC [10]. The correla-
tion and ROC curve suggested that serum 27-OHC and
24S-OHC can be used as the diagnostic basis of EMCI
and LMCI to distinguish Control combined with key
gut metabolites. Although no significant differences in
27-CA levels were observed in the overall comparison,
subgroup analysis revealed that the EMCI group exhib-
ited lower concentrations of 27-CA compared to the
Control group within the specific subset of gut microbial
metabolites. Notably, given that gut metabolites dem-
onstrated significant correlation solely with 24S-OHC,
these observations introduce complexity in interpreting
the interplay between oxysterols and gut metabolites.
However, as 27-CA constitutes a critical metabolic deriv-
ative of 27-OHC, its concentration dynamics serve as an
indirect indicator of the imbalance between oxysterols
27-OHC and 24S-OHC. Furthermore, these observa-
tions indicate that the association between oxysterols and
gut metabolites likely arises from coordinated variations
involving both 27-OHC (and its downstream metabo-
lites) and 24S-OHC, rather than isolated perturbations in
a single molecular entity. Besides, given that gut micro-
biota-derived metabolites are susceptible to environ-
mental influences, the gut metabolites identified in our
study may not represent optimal biomarkers. Subsequent
studies employing targeted metabolomics or animal
intervention experiments are warranted to elucidate key
metabolites mechanistically involved in cognitive func-
tion modulation.

Although abnormal m6A modification has been con-
firmed to be a vital epigenetic mark in AD pathogen-
esis, few studies have turned their attention forward
to the MCI stage. Du et al. found that m6A regulators

SNRPG and SNRPD2 can be used as potential biomark-
ers to predict the conversion of MCI to AD [14]. How-
ever, the m6A modification enzymes and abnormal
methylated mRNA transcripts profile in MCI individu-
als have not been comprehensively displayed. METTL4
is a newly identified m6A methyltransferase [44, 45].
Our study found that the mRNA expression of METTL4
was reduced in the MCI groups. Building upon prior evi-
dence that 27-OHC impairs memory via suppression of
m6A methylation [13], whether this effect is mediated
through METTL4-dependent regulation of the m6A epi-
transcriptomic landscape warrants further investigation.
Future studies should employ MET TL4-knockout mod-
els or selective m6A modulators to dissect this pathway.
By comparing the differentially methylated mRNAs, it
was found that the methylation patterns of EMCI and
LMCI were closer, in which hypomethylated and down-
regulated mRNAs accounted for the majority, suggesting
that abnormal decreased methylation of m6A occurred
in the early stage of MCI.

The cognitive impairment caused by oxysterols may be
the result of the combined action of gut metabolites and
m6A. A few studies have demonstrated the regulatory
effect of gut metabolite alterations on the m6A epitran-
scriptome landscape. Through fecal microbiota trans-
plantation, Yang et al. demonstrated that abnormal bile
acid metabolism drastically shifted the m6A methylation
in different tissues, proving a direct connection between
gut metabolites and m6A biology [17]. Besides, another
gut metabolite, trimethylamine N-oxide (TMAO) has
been found to increase the level of m6A and the proin-
flammatory state [46]. One of the mechanisms by which
TMAO promotes inflammation is inhibiting the expres-
sion of the demethylase FTO and the reader protein
IGF2BP2, leading to a decrease in the m6A level and
activation of NLRP3 in the microglia, which ultimately
exacerbated the neurological damage in ischaemic stroke
[47]. Butyric acid, a common SCFA, is one of the clas-
sical products of gut metabolites. It has been demon-
strated that butyric acid treatment can directly suppress
the expression of METTL3, leading to a reduction in the
methylation level and mRNA expression of its down-
stream target, FOSL2, which contributes to the improve-
ment of the inflammatory milieu in polycystic ovary
syndrome [48]. However, no article has yet identified
a biological function of the 10 kinds of gut metabolites
with oxysterols or RNA methylation, possibly because
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these gut metabolites are not common species, so there as potential bridges to oxysterol and m6A methylated
are fewer studies on them, and the cascade pathways and mRNAs could be considered. In the future, to enable
biological functions of these metabolites in combination  the use of oxysterols and gut metabolites as biomarkers
with RNA methylation could be explored subsequently for exploring the development of MCI, it is necessary to
using animal studies. Our study found that the combina-  validate the current study in a larger prospective cohort
tion of gut metabolites and 27-OHC and 24S-OHC pre-  of multiple populations. In addition, in vivo or in vitro
sented a better ability to distinguish EMCI and LMCI  biological experiments using combined interventions of
from Control. Furthermore, a comparison of KEGG- oxysterols and specific gut metabolites are necessary to
enriched pathways for differential gut metabolites and  determine their biological effects and potential mecha-
m6A methylation revealed 34 shared pathways, including  nisms on animal or cellular models of AD.

cholesterol metabolism and multiple neurodegenerative

diseases, indicating that the possibility of gut metabolites
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Table 5 Associations of oxysterols with risks of EMCl and LMCI

EMCI/CON LMCI/CON LMCI/EMCI

Oxysterols OR P OR P OR P

27-OHC 1272 0.011* 1.364 0.002* 1.066 0417
(1.056, 1.532) (1.119, 1.663) (0.913, 1.245)

245-OHC 1.132 0.011* 1.145 0.007* 1.003 0.948
(1.029, 1.245) (1.038, 1.264) (0.921,1.092)

27-CA 0.967 0.074 0.994 0.719 1.023 0.182
(0.931, 1.003) (0.963, 1.026) (0.989, 1.059)

7-HOCA 1.009 0.563 0.999 0.929 0.987 0.442
(0.980, 1.038) (0.967,1.031) (0.953,1.021)

Abbreviations: EMCI, early mild cognitive impairment; LMCI, late mild cognitive impairment; OR, odds ratio; 27-OHC, 27-hydroxycholesterol; 24S-OHC,
24S-hydroxycholesterol; 27-CA, 33-hydroxy-5-cholestenoic acid; 7-HOCA, 7a-hydroxy-3-oxo-4-cholestenoic acid. = P<0.05

Limitations

Due to the cost constraints of m6A methylation detec-
tion, it was not possible to perform m6A epitranscrip-
tome on a large number of samples, and therefore
regression analysis related to cognition could not be
conducted by differentially methylated mRNAs. Fur-
thermore, the correlation analysis between differen-
tially methylated mRNAs and gut metabolites provides
preliminary evidence suggesting a potential association
between phorbol myristate and m6A differential meth-
ylation. However, whether phorbol myristate functions
as a critical gut metabolite inducing differential meth-
ylation, as well as the mechanistic linkage between m6A
methylation and cognitive impairment, requires direct
validation through systematic animal intervention stud-
ies. Besides, the individuals included in this study were
made up of Chinese, which better represents the true sta-
tus of Chinese older adults, but limits the generalizabil-
ity of the findings to other populations around the world
to some extent, and more in-depth exploration in global
cohorts with multiple populations could be considered in
the future.

Conclusion

This study demonstrated that disordered oxysterols, gut
metabolites, and m6A methylation were correlated with
different stages of MCI. Gut metabolites may be the
potential link between oxysterols and m6A epitranscrip-
tome in the progress of cognitive impairment.
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Table 6 Associations of gut metabolites with risks of EMCl and LMCI

(2025) 17:102
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EMCI/CON LMCI/CON LMCI/EMCI

Gut metabolites OR P OR P OR P

3-Epipapyriferic acid 0.510 0.056 1.681 0.126 3.024 0.002*
(0.255,1.018) (0.864,3.271) (1.495,6.117)

Fasciculic acid B 0404 0.015* 1.455 0.363 4.721 0.001*
(0.195,0.837) (0.648, 3.266) (1.863, 11.965)

Phorbol myristate 0.306 0.018* 1.815 0.228 5341 0.002*
(0.114,0.817) (0.688,4.785) (1.844,15.470)

Biochanin a 8-c-glucoside 1.329 0.503 7.640 0.006* 3472 0.025%
(0.578,3.053) (1.792,32.573) (1.165,10.347)

Procyanidin dimer B7 0.630 0.288 2877 0.029* 5.739 0.003*
(0.268,1.477) (1.117,7.409) (1.843,17.867)

Thromboxane B2 0.544 0.112 2.523 0.068 5487 0.004*
(0.257,1.152) (0.934,6.816) (1.738,17.326)

2,3-dinor, 6-keto-pgfialpha 0.371 0.040* 4.057 0.069 7.101 0.008*
(0.144, 0.955) (0.896, 18.369) (1.662,30.337)

Thymol-beta-d-glucoside 0.528 0.144 2967 0.040% 5458 0.002%
(0.224,1.243) (1.052,8.363) (1.890, 15.759)

Cyclo(Leu-Phe) 0.692 0.112 1613 0.074 2.281 0.002%
(0.439, 1.090) (0.955,2.723) (1.339,3.886)

N2-Fructopyranosylarginine 0453 0.115 4.138 0.030* 8.819 0.003*

(0.170,1.211)

(1.147,14.934)

(2.133,36.459)

Abbreviations: EMCI, early mild cognitive impairment; LMCI, late mild cognitive impairment; OR, odds ratio. * P<0.05
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Table 7 Common KEGG pathways in gut metabolites and m6A related to cholesterol and cognition

First Category Second Category Pathway Description Pathway
ID
Human Diseases Neurodegenerative disease Spinocerebellar ataxia map05017
Parkinson disease map05012
Huntington disease map05016
Amyotrophic lateral sclerosis map05014
Infectious disease: bacterial Shigellosis map05131
Tuberculosis map05152
Infectious disease: parasitic African trypanosomiasis map05143
Metabolism Lipid metabolism Glycerophospholipid metabolism map00564
Amino acid metabolism Valine, leucine and isoleucine biosynthesis map00290
Cysteine and methionine metabolism map00270
Lysine degradation map00310
Carbohydrate metabolism Glyoxylate and dicarboxylate metabolism map00630
Metabolism of other amino acids Glutathione metabolism map00480
Nucleotide metabolism Purine metabolism map00230
Organismal Systems Nervous system Dopaminergic synapse map04728
Serotonergic synapse map04726
Retrograde endocannabinoid signaling map04723
Long-term potentiation map04720
Digestive system Cholesterol metabolism map04979
Mineral absorption map04978
Endocrine system Melanogenesis map04916
Parathyroid hormone synthesis, secretion and action map04928
Prolactin signaling pathway map04917
Environmental adaptation Circadian entrainment map04713
Immune system Fc epsilon Rl signaling pathway map04664
Cellular Processes Cell growth and death Ferroptosis map04216
Environmental Information Signal transduction FoxO signaling pathway map04068
Processing Phospholipase D signaling pathway map04072
Signaling molecules and interaction  Neuroactive ligand-receptor interaction map04080

Abbreviations

24S-0OHC
27-CA
27-OHC
7-HOCA
AD

APP
AUC
AVLT-IR
AVLT-LR
AVLT-SR
AB
BACE1
CHD
DSB
DSF
EMCI

FC
KEGG
LC-MS
LDL-C
LMCI
LMT
mo6A
MCI
METTL4
MMSE
MoCA
OPLS-DA
ox-HDL

24S-hydroxycholesterol
3f3-hydroxy-5-cholestenoic acid
27-hydroxycholesterol
7a-hydroxy-3-oxo-4-cholestenoic acid
Alzheimer's disease

Amyloid precursor protein

Area under curve

Auditory Verbal Learning Test-immediate recall
Auditory Verbal Learning Test-long recall
Auditory Verbal Learning Test-short recall
Amyloid-p

B-secretase

Coronary heart disease

Digit span backwards

Digit span forwards

Early MCl

Fold change

Kyoto Encyclopedia of Genes and Genomes
Liquid chromatography-mass spectrometry
Low-density lipoprotein cholesterol

Late MCl

Logical memory test

N6-methyladenosine

Mild cognitive impairment
Methyltransferase-like 4

Mini-Mental State Examination

Montreal Cognitive Assessment
Orthogonal least partial squares discriminant analysis
Oxidized HDL

ox-LDL Oxidized LDL

PLS-DA Partial Least squares-discriminant Analysis
RT-gPCR Quantitative real-time PCR

ROC Receiver operator characteristics

SCFAs Short-chain fatty acids

SCWT-RIE  Stroop color-word test-reaction interfered effects
SCWT-TIE  Stroop color-word test-time interfered effects

TC Total cholesterol

TMT-A Trail making test-A

TMT-B Trail making test-B

VIP Variable Importance in Projection

WMS-R Wechsler Memory Scale-recall
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