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Mild cognitive impairment (MCI) is an early stage in the progression toward dementia. Lipids are central to neurodegeneration, yet
the biomarker potential of lipidomics from saliva, plasma, and feces remains underexplored. As part of the Microbiome in Aging Gut
and Brain (MiaGB) consortium, saliva, plasma, and fecal samples were collected from older adults with MCl and healthy controls.
Samples were analyzed by high-performance liquid chromatography coupled with high-resolution mass spectrometry (LC/MS), to
profile lipidomic alterations and identify candidate biomarkers. Lipidomic profiling annotated over 200 molecular species spanning
five major lipid classes. Compared with controls, MCl patients exhibited increased oxidized triacylglycerols (oxTGs) in saliva, reduced
cholesteryl linoleate (CE 18:2) in plasma, and decreased fatty acid esters of hydroxy fatty acids (FAHFAs) in feces. Receiver operating
characteristic (ROC) analysis identified a-linolenic acid (FA 18:3), docosapentaenoic acid (FA 22:5), and CE 18:2 as discriminatory
metabolites with notable diagnostic performance. Moreover, elevated fecal triacylglycerols containing medium-chain fatty acids
(TG-MCFAs) were observed in MCI, suggesting impaired lipid absorption or altered metabolism. This multi-sample lipidomics
strategy highlights TG-MCFAs as fecal biomarkers for MCl detection, supporting further mechanistic and longitudinal validation.
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INTRODUCTION
Alzheimer's disease (AD) is the most common progressive
neurodegenerative disorder and the leading cause of dementia
in older populations, characterized by gradual memory loss and
cognitive decline, posing a growing global health concern and
economic burden [1]. The World Health Organization estimates
that over 55 million people suffer from dementia globally. In the
absence of effective therapeutic interventions, this number is
expected to increase to 152 million by 2050. AD pathology is
defined by the cerebral deposition of amyloid-3 (AB) plagques and
phosphorylated tau (p-tau) neurofibrillary tangles [2]. The disease
follows a progressive course, beginning with a preclinical
asymptomatic phase, advancing to mild cognitive impairment
(MCI), and eventually culminating in dementia [3]. MCl affects over
15% of the older adult population and represents a critical
window for interventions aimed at mitigating risk factors for
cognitive decline and dementia [4, 5]. Early diagnosis of MCl is
limited [6], highlighting the need for effective biomarkers, since
current AD diagnostics rely on invasive procedures, neuropsycho-
logical tests, and neuroimaging that lack disease specificity [7, 8].
Lipidomics offers significant potential for identifying novel lipid
biomarkers for early dementia diagnosis [9]. Lipids constitute
~50% of brain dry weight and support neuronal membrane
functions, including proliferation, apoptosis, structure, and signal-
ing [10, 11]. Disrupted brain lipid metabolism impairs membrane

integrity and synaptic function, promoting AP aggregation and
tau hyperphosphorylation [12]. Alteration in plasma lipid home-
ostasis is linked to AD development, positioning lipids as potential
biomarkers for its early detection [13, 14]. Recent case-control
analysis revealed that lower plasma membrane lipids and
triacylglycerol (TG) levels correlate with an increased risk of
cognitive decline over 12 years, especially in older adults carrying
the APOE-¢4 allele [15]. However, current research has failed to
clarify the relationship between AD progression and alterations in
host lipid homeostasis, particularly during the MCI phase [16].
Liquid chromatography/mass spectrometry (LC/MS) is a widely
applied approach in lipidomics, enabling simultaneous character-
ization of diverse lipid species that may reveal metabolic
alterations relevant to AD detection [17]. Prior studies have
reported significant alterations in sphingomyelin (SM), cholesterol
esters (CE), phosphatidylcholine (PC), lysophosphatidylcholine
(LPC), phosphatidylethanolamine (PE), lysophosphatidylethanola-
mine (LPE), phosphatidylinositol (Pl), monoacylglycerol (MG),
diacylglycerol (DG), and TG in AD plasma using LC/MS [18, 19].
Furthermore, longitudinal plasma lipidome profiling has demon-
strated a notable reduction in ether-phospholipids in individuals
converting to dementia compared to control and MCI groups [20].
Additionally, a panel of ten blood phospholipids predicted
phenoconversion from normal cognition to amnestic MCl or AD
with over 90% accuracy within 2-3 years [21]. Moreover, lipidomic
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profiling of cerebrospinal fluid (CSF) samples from individuals with
MCI and dementia revealed significant reductions in phosphati-
dylglycerol (PG), monohexosyl ceramide, SM, PI, PC, PE, and CE
levels [11].

To date, lipidomic investigations aimed at identifying diagnostic
lipid biomarkers in both invasive (plasma) and non-invasive (saliva
and fecal) samples from patients with MCl remain limited. In this
study, high-performance liquid chromatography coupled with
linear trap quadrupole-Orbitrap mass spectrometry (HPLC/LTQ-
Orbitrap-MS) was employed to comprehensively characterize
lipidomic alterations in saliva, plasma, and feces from healthy
controls, individuals with MCl, and dementia patients. Further-
more, sex- and weight-dependent lipid changes were evaluated
within the MCI cohort, as illustrated in Fig. 1A.

METHODS

Chemicals

This study employed LC/MS grade solvents- specifically isopropanol,
methanol, 1 M aqueous solution of ammonium acetate, and chloroform-
sourced from Wako Pure Chemical Industries, Ltd. (Osaka, Japan) and
Sigma-Aldrich (St. Louis, MO, USA). Oleic acid-d9 and EquiSPLASH
LIPIDOMIX (Lot: 330731-1EA-013) quantitative standard mixtures were
obtained from Avanti Polar Lipids (Alabaster, AL, USA).

Sample information

The study utilized saliva, plasma, and fecal samples collected from same
participants of healthy controls (saliva: n=281; plasma: n=60; feces:
n = 87), patients with MCI (saliva: n=37; plasma: n = 26; feces: n=37),
and patients with dementia (saliva: n = 6; plasma: n = 4; feces: n = 4) from
the Microbiome in Aging Gut and Brain (MiaGB) consortium cohort,
comprising community-dwelling older adults aged 65 to 85 years old in
the United states of America. The samples were collected from the
participants visiting the Department of Psychiatry and Behavioral
Neurosciences at Byrd Center and the USF Memory Disorders clinic, as
well as from the communities in different areas of the Tampa Bay area
between August 2022 to December 2023. Exclusion criteria of the
participants comprised brain and gut surgery within five years, recent
antibiotic use (past 30 days), neurological disorders (Epilepsy, Parkinson'’s
disease, and Amyotrophic Lateral Sclerosis), inflammatory bowel disease,
recent cancer treatment, diarrhea, extreme Body Mass Index (BMI) (>45 or
<18 kg/m?), recent significant weight loss, and inability to communicate in
English. Participants were grouped by sex, age, and cognitive function was
assessed using the Montreal Cognitive Assessment (MoCA) score, as
described previously [22-25]. BMI was used to classify the participants into
underweight (UW) (BMI<185kg/m?, normal weight (NW) (BMI
18.5-24.9 kg/m?), and overweight (OW) (BMI= 25 kg/m? groups. Ethical
approval was obtained from the Institutional Review Board of the
University of South Florida (approval no. 002365) and the Ethics
Committee of the Department of Health Sciences, Hokkaido University
(approval no. 22-87).

Extraction of lipids

Saliva, plasma, and fecal samples from healthy controls, MC| patients, and
dementia patients among older adults were subjected to total lipid
extraction. The samples were received and stored at —80 °C for subsequent
analysis. Saliva, plasma, and fecal samples were extracted using the Folch
technique [26], with minor modifications, as pioneered previously in our
laboratory [27, 28]. Briefly, saliva samples (150-200 pL) were added to a
2mL Eppendorf tube, to which ice-cold methanol (100 uL, with 0.01%
Butylated hydroxytoluene (BHT)) was added. Then, 100 uL of an internal
standard (IS) solution was mixed and vortexed for 1 min at 3500 rpm. The
IS solution consists of 10ug/mL of oleic acid-d9 and EquiSPLASH
LIPIDOMIX (1 pg/mL of PI (15:0/18:1(d7)), PC (15:0/18:1(d7)), PE (15:0/
18:1(d7)), PG (15:0/18:1(d7)), PS (15:0/18:1(d7)), LPE 18:1(d7), LPC 18:1(d7),
SM d18:1/18:0(d9), Cer (d18:1/15:0(d7)), TG (15:0/18:1(d7)/15:0), DG (15:0/
18:1(d7)), CE 18:1(d7), and MG 18:1(d7)) mixtures in methanol. Subse-
quently, chloroform (400 L) and Milli-Q (100 L) were added sequentially,
followed by vigorous vortexing for 5 min. The mixture was subsequently
centrifuged at 15000 rpm for 10 min, to form distinct biphasic layers. The
upper layer was re-extracted with chloroform, after which the pooled
extracts were combined and dried using a centrifuge evaporator at 4 °C for
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3 h. The dried extracts were then redissolved in methanol (100 pL). Prior to
transfer to LC vials, the lipid extracts in methanol were vortexed and
centrifuged at 15000 rpm for 10 min. Following the above-described
protocol, a plasma sample (50 uL) was used for lipid extraction. For fecal
samples, each sample (approximately 100 mg) was collected in a 2mL
Eppendorf tube, and then ice-cold methanol (0.5 mL, with 0.01% BHT) was
added. The mixture was then homogenized using ceramic beads (1.4 mm,
catalog no. 15-340-159, Fisherbrand, Fisher Scientific, Pittsburgh, PA, USA)
for 1min (two repeated 30scycles) using a Bead Mill 4 homogenizer
(Fisherbrand, Tokyo, Japan); for extraction, a 100 uL aliquot of the
homogenate was used according to the protocol described above. The
extracted samples were injected into the LC/MS with an injection volume
of 10 pL per run.

Untargeted LC/MS analysis

High performance liquid chromatography system (Shimadzu Corp., Kyoto,
Japan) attached to a linear trap quadrupole Orbitrap XL mass spectrometer
(Thermo Fisher Scientific Inc,, San Jose, CA, USA) was used for lipid analysis.
An Atlantis T3 C18 column (2.1 mm x 150 mm, 3 um, Waters, Milford, MA)
was used for the separation of lipids with a flow rate of 200 uL/min and an
oven temperature kept at 40 °C. The mobile phase consisted of A: aqueous
10 mM CH3COONH,, B: isopropanol, and C: methanol. The elution gradient
conditions were set as outlined in our previous study. All the MS
parameters were identical to those described in our previous study [29].
The investigation was carried out in negative and positive ionization
modes using electrospray ionization with the following parameters:
nitrogen sheath gas flow, 50 units; capillary temperature, 330°C; and
nitrogen auxiliary gas flow, 20 units. The capillary and source voltages were
set to 10V and 3 kV in negative ionization mode, with the range set to m/z
160-1900, and to 25V and 4 kV in positive ionization mode, with the range
set to m/z 150-1950. The analysis was conducted in Fourier transform
mode with a resolving power of 60,000 to acquire the MS spectra, whereas
MS/MS spectra were obtained in ion-trap mode using a collision energy of
40V.

Lipid annotation and quantification

Lipid molecular species were identified using MS-DIAL software (version
4.9) for data alignment, peak extraction, and annotation. Accurate mass
spectral analysis and data integration were performed using Xcalibur
software (version 2.2; Thermo Fisher Scientific, Waltham, USA) to ensure
reliable lipid identification. Lipids concentration was determined semi-
quantitatively based on the amount of internal standard added during
extraction. The relative concentrations were normalized by the amount of
the sample used for analysis.

Statistical analysis

Data visualization was performed using Microsoft Excel 2021, and results
were plotted with GraphPad Prism (version 8.0.1). To evaluate data
variation, orthogonal partial least squares discriminant analysis (OPLS-DA)
was conducted in MetaboAnalyst 6.0 (https://www.metaboanalyst.ca,
accessed December 4, 2024). As a supervised method, OPLS-DA enhances
classification accuracy while reducing the risk of overfitting [30]. Score
plots were generated to assess intergroup similarities, and variable
importance in projection (VIP) plots were used to identify discriminatory
lipid features. Statistical analyses included two-way ANOVA with Sidak’s
multiple comparison test, as well as unpaired t-tests and with Welch’s
correction for pairwise comparisons. A significance threshold of p < 0.05
was applied. Data are reported as meanzstandard error of the
mean (SEM).

RESULTS

Lipid class distribution and fatty acyl composition in saliva,
plasma, and fecal samples from older adults

The study included saliva, plasma, and fecal specimens collected
from the same individuals of healthy controls and patients
diagnosed with MCl and dementia. Due to the limited number
of dementia samples, these were excluded from comparative
analyses. Both control and MCI participants are often character-
ized by an age of approximately 65 to 85 years old. Across sample
types, both control and MClI groups were predominated by
females (control: 60/43/64, MCl: 22/15/23) compared to males
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Fig. 1 Comprehensive multi-sample lipidomic profiling in control and MCI cohorts. A Study design for lipidomic analysis of invasive
(plasma) and non-invasive (saliva, feces) samples from healthy controls, MCl, and dementia patients. B Donut charts showing lipid class
distribution in saliva, plasma, and feces of control and MCI groups. C Violin plots of saturated fatty acids (SFAs), monounsaturated fatty acids
(MUFAs), and polyunsaturated fatty acids (PUFAs) in control vs. MCI groups. D Bar graphs of w-6:0-3 PUFAs ratios in saliva, plasma, and feces.
Statistical significance was determined using Ordinary two-way ANOVA with Sidak’s multiple comparison tests (***p < 0.001, p > 0.05 (ns), ns:
not significant). Data are shown as mean + standard error of the mean (SEM).
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(control: 21/17/23, MCl: 15/11/14). OW participants comprised the
majority in both groups (control: 50/33/53, MCI: 20/11/20)
compared to NW participants (control: 29/26/32, MCl: 17/15/17),
while UW participants were excluded from the study. MCI
participants had significantly lower MOCA scores compared to
controls in all three clinical samples, reflecting impaired cognitive
performance. Full demographic and clinical characteristics are
provided in Supporting Information Table S1.

Untargeted lipidomic profiling of saliva, plasma, and fecal samples
identified 266, 217, and 260 lipid molecular species, respectively,
spanning five major lipid classes: fatty acyls (FAs), glyceropho-
spholipids (GPs), glycerolipids (GLs), sphingolipids (SPs), and sterols
(STs). Comprehensive lists of lipid species and their relative
abundances are provided in Supplementary Information Tables
S2-S4. Donut charts (Fig. 1B) illustrate the percentage distribution
of lipid classes in saliva, plasma, and fecal samples from control and
MCI groups. In saliva, FAs were the predominant lipid class in both
groups, followed by GLs, GPs, SPs, and STs (Fig. 1Bi). In plasma, GPs
were the most abundant lipid class, followed by GLs, FAs, SPs, and STs
(Fig. 1Bii). In fecal samples, FAs were the dominant class in both
groups (Fig. 1Biii). Lipid class distributions in dementia samples are
presented in Supplementary Figure S1.

Figure 1C depicts violin plots of saturated fatty acids (SFAs),
monounsaturated fatty acids (MUFAs), and polyunsaturated fatty
acids (PUFAs) in saliva, plasma, and feces. No statistically
significant differences were observed between MCI and controls.
Nonetheless, slightly higher SFAs, MUFAs, and PUFAs levels were
noted in saliva and plasma of the MCl group (Fig. 1Ci and Cii),
whereas levels were modestly lower in fecal samples (Fig. 1Ciii).
PUFAs were further subclassified into w-3 and w-6 fatty acids, and
the corresponding w-6:w-3 ratios are shown in Fig. 1D. A
significant decrease in the w-6:w-3 ratio (approximately 12:1)
was detected in saliva from MCI patients compared to controls. By
contrast, no significant differences in w-6:w-3 ratios were observed
in plasma or fecal samples.

Multivariate and volcanic plot analysis of the saliva, plasma,
and fecal lipidomes

Multivariate analysis was performed to identify group-specific
lipidomic differences between control and MCI cohorts in saliva,
plasma, and fecal samples. The OPLS-DA models and their
corresponding score and VIP plots are shown in Figure 2Ai-iii. In
saliva, the score plot demonstrated modest group separation
between control and MCI groups, explaining 45.6% of total model
variance (Fig. 2Ai). The associated VIP plot identified the lipid
species contributing to this variation. Similarly, plasma analysis
revealed minor group separation, with the model accounting for
32.4% of the variance (Fig. 2Aii), while fecal analysis demonstrated
weaker separation between groups, explaining 13.1% of the
variance (Fig. 2Aiii). In each case, the VIP plots highlight lipid
species driving the observed group differences.

Volcano plot analysis (Fig. 2Bi-iii) was employed to evaluate
lipid alterations between control and MCI groups, where red
indicates increased and blue indicates decreased lipid species in
MCI, based on —log,o(p-value) plotted against log,(fold change).
In saliva, multiple TG molecular species, particularly those
containing oleic acid (FA 18:1), linoleic acid (FA 18:2), oxidized
TGs (oxTGs), and PUFAs, including FA 20:5, FA 22:5, and FA 204,
were increased in MCl compared with controls (Fig. 2Bi). In plasma,
several fatty acids (FA 12:0, FA 20:4, FA 20:5, FA 22:5) and
lysophospholipids (LPC 14:0, LPC 22:5, LPE 22:5) were increased in
MCI, whereas cholesteryl linoleate (CE 18:2) was decreased
(Fig. 2Bii). In feces, the majority of TG and DG molecular species,
particularly those containing medium-chain fatty acids (MCFAs),
were increased in MCl, while several fatty acid esters of hydroxy
fatty acids (FAHFAs) were reduced relative to controls (Fig. 2Biii).
Additional multivariate and volcano plot comparisons of control
vs. dementia and MCl vs. dementia samples are presented in
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Supplementary Figures S2 and S3. Supplementary Figures
S4 and S5 provide bar plots of selected altered lipids between
control and MCI groups, as well as heatmaps showing the top 50
altered lipid species across control, MCl, and dementia cohorts in
saliva, plasma, and fecal samples.

Identification of lipid biomarkers for early-stage MCI
diagnosis in older adults

Given the pronounced elevation of TG-MCFAs and DG-MCFAs in
fecal samples from MCI patients, we compared their levels across
saliva, plasma, and feces from control and MCI groups to evaluate
their potential as early diagnostic biomarkers (Fig. 3A). In saliva,
TG-MCFAs showed a non-significant reduction in the MCI group
relative to controls (Fig. 3Ai). In plasma, TG-MCFAs exhibited a
non-significant increase in MCI (Fig. 3Aii), while DG-MCFAs were
exclusively detected in fecal samples. Notably, fecal samples
demonstrated elevated levels of both TG-MCFAs and DG-MCFAs,
in MCI compared to controls (Fig. 3Aiii), suggesting that fecal TG-
MCFAs and DG-MCFAs may serve as promising non-invasive
biomarkers for the detection of MCI.

To further evaluate diagnostic performance, receiver operating
characteristic (ROC) curve analysis was performed for key altered
lipids in saliva, plasma, and feces (Fig. 3B). A ranked list of the top
30 discriminatory lipids, along with their specificity and corre-
sponding area under the curve (AUC) values, is provided in
Supplementary Information Tables S5-S7. In saliva, FA 18:3
(AUC = 0.6947) showed the highest discriminatory power, while
FA 22:5 (AUC = 0.5526) and CE 18:2 (AUC = 0.5475) demonstrated
moderate accuracy (Fig. 3Bi). In plasma, CE 18:2 (AUC = 0.6865)
exhibited the strongest diagnostic potential, followed by FA 22:5
(AUC = 0.6090), whereas FA 18:3 (AUC =0.5840) had moderate
predictive value (Fig. 3Bii). In feces, CE 18:2 (AUC=0.6095)
showed notable discriminatory capacity, while FA 18:3 (AUC=
0.5166) and FA 22:5 (AUC=0.5026) displayed moderate diag-
nostic efficacy (Fig. 3Biii). Together, these findings indicate that
specific lipid metabolites, including FA 18:3, FA 22:5, CE 18:2, and
fecal TG-MCFAs, may represent candidate biomarkers for the early
diagnosis of MCl in older adults.

Sex-specific alterations in lipid metabolites of saliva, plasma,
and feces in MCI patients

Sex-dependent differences in lipidomic alterations between the
control and MCI groups are presented in Fig. 4. The OPLS-DA score
plots for saliva (Fig. 4Ai and Aii) revealed subtle separation
between control and MCI groups in both male and female
participants, with corresponding VIP plots identifying discrimina-
tive lipid species (Supplementary Figure S6A). In plasma, male
participants exhibited marked group separation (28.6% of variance
explained; Fig. 4Aiii), with discriminatory lipids highlighted in
Supplementary Figure S6B, whereas female participants showed
only minimal separation (Fig. 4Aiv), suggesting fewer lipid
perturbations. For fecal samples, minor group separation was
observed in both sexes (Fig. 4Av and vi), with contributing lipids
shown in Supplementary Figure S6C.

Volcano plot analyses further delineated sex-specific lipid
alterations (Fig. 4B). In saliva, no significant lipid changes were
observed in males (Fig. 4Bi), whereas female MCI samples
exhibited increased levels of FA 18:3 and TG molecular species
containing FA 18:1 and FA 18:2 (Fig. 4Bii). Plasma samples of male
participants with MCI displayed increased levels of Pl (20:4/
17:1;01), LPC 14:0, and several additional lipid species, alongside
reduced HexCer (d18:1/23:1;0) (Fig. 4Biii). In contrast, female MCI
plasma samples exhibited increases in LPC 22:5, LPE 22:5, FA 12:0,
HexCer (d18:0/21:0;0), LPC 22:6, and PS (18:0/18:1), with con-
current decreases in CE 18:1 and CE 18:2 levels relative to controls
(Fig. 4Biv). In fecal samples, male MCl participants showed an
increase in FA 22:5;20H), FA 24:0;(20H), and FA 25:0;(20H),
accompanied by reductions in TG (16:0/16:0/18:1), FAHFA (18:1/
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Fig. 2 Multivariate and volcanic plot analysis of saliva, plasma, and fecal lipidomes. A Orthogonal partial least squares discriminant
analysis (OPLS-DA) and variable importance in projection (VIP) plots of lipid profiles in control and MCI groups for (i) saliva, (ii) plasma, and (iii)

feces. B Volcano plots showing altered lipids (Parametric t-test, p < 0.1) in the same groups of (i) saliva, (ii) plasma, and (iii) feces. Sample sizes:
saliva (81 controls, 37 MCI), plasma (60 controls, 26 MCI), feces (87 controls, 37 MCI).
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Fig. 3 Determination of lipid biomarkers for MCl diagnosis. A Bar graphs of TG-MCFA and DG-MCFA levels in (i) saliva, (ii) plasma, and (iii)
feces from controls and MCI patients. B Classical univariate receiver operating characteristic (ROC) curves analysis of top discriminatory lipids

in (i) saliva, (ii) plasma, and (iii) feces. Statistical significance was determined using unpaired Student’s t-test (**p < 0.01, *p < 0.05, p > 0.05 (ns)).
Data are shown as mean + SEM.
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Fig. 4 Sex-specific lipidomic analysis in control and MCI cohorts. A OPLS-DA score plots of sex-specific lipidomic profiles in control and MCI
iv) plasma, and (v-vi) feces from male and female participants. B Volcano plots of sex-specific altered lipids
iv) plasma, and (v-vi) feces. Sample sizes: saliva (males: 21 controls, 15 MCl;
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groups for (i-ii) saliva, (
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controls, 23 MCI).
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24:5;0), and PG (0-18:2/16:0) levels (Fig. 4Bv). Conversely, female
MCI participants demonstrated increased levels of FA 10:0, PE
(15:0/17:0), TG-MCFAs, and DG-MCFAs, alongside decreased
FAHFAs (Fig. 4Bvi). Bar plots of selected sex-specific lipid
alterations and a heatmap of the top 50 differentially abundant
lipids across sex-stratified control and MCI groups are provided in
Supplementary Figures S7 and S8.

BMI-specific alterations in lipid metabolites of saliva, plasma,
and feces in MCI patients

BMlI-stratified lipidomic alterations between control and MCI
participants are shown in Fig. 5. Due to a limited sample size,
UW participants were excluded from the analysis. In saliva, OPLS-
DA score plots revealed minor group separation between control
and MCI groups for both NW and OW participants (Fig. 5Ai and
Aii), with discriminatory lipids highlighted in Supplementary
Figure S9A. Plasma analysis also showed modest separation
across NW and OW groups (Fig. 5Aiii and Aiv; Supplementary
Figure S9B), while fecal analyses demonstrated similar minor
group separations in both NW and OW participants (Fig. 5Av and
Avi; Supplementary Figure S9Q).

Volcano plot analysis further revealed BMlI-specific lipid altera-
tions (Fig. 5B). In saliva, NW participants with MCl exhibited
increased FA 183, FA 20:4, FA 22:5, and reduced TG (0-17:1/18:1/
20:1) levels (Fig. 5Bi), whereas OW participants showed an increase
in TGs containing FA 18:1 and FA 18:2 levels (Fig. 5Bii). In plasma,
NW MCI participants displayed increased LPC 14:0, LPE 22:5, and
other species, but decreased CE 18:2 and CE 22:6 levels compared
to controls. OW participants exhibited elevated LPC 22:6, LPC 18:3,
and LPC 16:1, alongside reduced HexCer (d18:1/23:1;0) levels
(Fig. 5Biii and Biv). In fecal samples, NW participants with MCl
showed increased DGs, particularly DG-MCFAs, accompanied by
reduced FAHFA levels (Fig. 5Bv). In contrast, OW participants
exhibited increased levels of LPE 18:0, PE (15:0/17:0), HexCer (t18:0/
24:0(20H)), and DG (10:0/12:0), while FAHFA (18:1/24:4,0) and
FAHFA (18:1/24:5;0) were decreased (Fig. 5Bvi). Bar plots of selected
altered lipids and heatmaps of the top 50 discriminant lipids across
BMI groups are presented in Supplementary Figures S10 and S11.

DISCUSSION
This study presents the first comprehensive untargeted lipidomic
profiling of plasma, saliva, and fecal samples to investigate lipid
alterations associated with AD progression and to identify
potential lipid biomarkers capable of distinguishing MCI from
normal aging. Previous lipidomic investigations have primarily
relied on invasive sample types such as plasma or CSF [31-33] and
dementia individuals [15, 34], limiting their ability to capture
dynamic lipid alteration and discover promising lipid biomarkers
for MCl. By employing a multi-biofluid approach, this study
overcomes the constraints posed by previous studies and provides
novel insights into lipid dysregulation in MCI, enhancing non-
invasive lipid biomarker discovery for diagnosing MCI.
Consistent with earlier studies reporting GPs as the predomi-
nant plasma lipids with decreased levels in MCI, our findings
confirmed similar reductions in GPs within plasma samples
(Fig. 1B) [18]. Fatty acids play essential roles in neurogenesis and
neurotransmitter synthesis, processes critical for brain develop-
ment and maintenance [35]. We observed a non-significant
elevation of SFAs in saliva and plasma of MCI patients compared
to controls (Fig. 1C), in agreement with earlier meta-analyses
documenting similar trends in serum/plasma SFAs [36]. Elevated
SFAs, often reflecting high dietary intake, have been recognized as
a major risk factor for MCl [37]. Moreover, prior studies link an
increased w-6:w-3 ratio with cognitive decline [38]. Intriguingly,
our saliva data demonstrated a reduced w-6:w-3 ratio in MCI
(Fig. 1D), suggesting potential PUFAs imbalances that may reflect
early inflammatory processes during disease progression [39].

SPRINGER NATURE

Several studies suggest that targeting w-6 and w-3 lipid pathways
may mitigate cognitive decline by modulating lipid metabolism
and inflammatory responses. Long-term w-3 fatty acid supple-
mentation improves cognitive performance in various AD animal
models [40, 41], were a-linolenic acid in the diet promotes the
nonamyloidogenic pathway in AB,s_3s injected mice [42]. Clinical
evidence further supports the protective role of w-3 supplements,
showing a 64% reduced AD risk in longitudinal cohorts and a 20%
reduction in meta-analyses of over 100,000 individuals [43]. Prior
trials report cognitive benefits in individuals receiving w-3 fatty
acids [44, 45], via modulating A deposition and suppression of
pro-inflammatory mediators through inhibition of lipoxygenases,
cyclooxygenases, nuclear factor-kB, and cytochrome P450 to
improve neuronal survival [46, 47]. However, dysregulation of w-3
and w-6 in the AD brain correlates with PUFA metabolism
imbalance driven by disease pathological factors [48]. These
underscore that balanced w-6:w-3 ratios associate with slower
cognitive decline and lower dementia risk [49]. Collectively,
mechanistic and clinical studies support targeting PUFAs lipid
pathways to attenuate AD-related neurodegeneration. Multi-
variate analyses (Fig. 2A) revealed only modest compositional
differences between control and MCI groups, likely reflecting
confounding influences of diet, lifestyle, and aging [50, 51].

GPs regulate neuronal membrane integrity, ion transport, and cell
proliferation [52]. Dysregulation of LPC and LPE metabolism has been
closely linked to neuroinflammation in AD [53]. Increased LPC levels
have been previously reported in AD plasma and mouse brain tissue
[54, 55], consistent with our observation of elevated specific LPC
species in MCI plasma (Fig. 2B). Early activation of phospholipase A2
by AP accumulation and oxidative stress may underlie these
increases [56]. GLs also play key roles in neuronal energy homeostasis
and structural stability of axons and myelin [57]. Previous cohort
studies reported elevated TG levels in the plasma and serum of
cognitively impaired and AD patients [58, 59], and increased TGs and
oxTGs in CSF and plasma of AD cases [60, 61], findings aligned with
our saliva and fecal lipidomic data in MClI (Fig. 2B). Such TG elevations
may represent early microglial responses to A3 deposition through
diacylglycerol O-acyltransferase-2 (DGAT2) upregulation [62]. Notably,
TG-MCFAs can be metabolized into ketone bodies, an alternative
energy source for neurons and astrocytes [63, 64], while dietary TG-
MCFAs supplementation has demonstrated cognitive benefits in AD
patients [65]. Our study observed increased fecal TG-MCFAs in MCl
(Fig. 3A), suggesting malabsorption or excessive excretion, thus
indicating their potential as non-invasive diagnostic biomarkers.
Interestingly, elevated TG-MCFAs were particularly pronounced in
female participants (Fig. 4B), consistent with reports of greater
vulnerability to AD-related pathology in women [66].

Pathway-based lipid subclass distribution analysis, performed
using the Kyoto Encyclopedia of Genes and Genomes (KEGG) lipid
biosynthesis pathway, further illustrated altered lipid metabolism
(Fig. 6) [67]. Most lipid classes showed no significant changes;
however, FAHFAs a recently discovered novel class of endogenous
anti-inflammatory and antidiabetic lipids [68] were significantly
reduced in MClI feces. This is consistent with prior observations of
FAHFAs depletion in AD brain tissue [69]. Additionally, decreased
plasma CEs in MCI align with previous findings. The possible
reflecting impaired activity of cholesterol-esterifying enzymes,
lecithin—cholesterol acyltransferase (LCAT) and acyl-CoA:cholesterol
acyltransferase 1 (ACAT1) may underlie these decreases [70]. In
support of this observation, a previous study identified a
combination of 24 molecules, including CE/TG, that helps to
classify the AD patients with >70% accuracy, indicating a
promising AD biomarker in predicting the disease progression
and brain atrophy [34]. Overall, this study provides novel insights
into saliva, plasma, and fecal lipidome profiles in MCl older adults,
identifying 266, 217, and 260 lipid molecular species, respectively.
While multivariate analyses revealed only modest separations
between groups, ROC analysis identified FA 18:3, FA 22:5, and CE
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Fig. 5 Body-weight specific lipidomic analysis in control and MCI cohorts. A OPLS-DA score plots of weight-specific lipidomic profiles in
control and MCI groups for (i-ii) saliva, (iii-iv) plasma, and (v-vi) feces, stratified by normal weight (NW) and overweight (OW). B Volcano plots
of weight-specific altered lipids (Parametric t-test, p < 0.1) in the same groups of (i-ii) saliva, (iii-iv) plasma, and (v-vi) feces. Sample sizes:
saliva (NW: 29 controls, 17 MCl; OW: 50 controls, 20 MCI), plasma (NW: 26 controls, 13 MCl; OW: 50 controls, 11 MCI), feces (NW: 32 controls, 17
MCI; OW: 53 controls, 20 MCI).
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Fig. 6 Lipid mapping of saliva, plasma, and feces from control and MCI groups using biosynthesis pathway analysis. Data are shown as
mean + SEM (y-axis: lipid subclass concentration in ng/uL for fluids and ng/mg for feces; x-axis: control vs. MCI). Significance was assessed
using unpaired t-tests with Welch’s correction (***p < 0.001, *p < 0.05, p > 0.05 (ns)).

18:2 as promising candidate biomarkers for MCl. Moreover,
elevated fecal TG-MCFAs may represent a non-invasive biomarker
for MCl detection. Nevertheless, this study has several limitations.
First, this cross-sectional study design limits the ability to
determine cause-and-effect relationships and observe changes
over time of temporal associations with the progression of MCI.
Second, the relatively small sample size of MCl participants
reduces the statistical power, particularly in stratified analyses,
thereby constraining the robustness and generalizability of the
specific findings. Third, the study lacks replication and validation
test analysis, highlighting the need for future investigations to
confirm the study findings and establish their clinical utility. Given
the exploratory nature of this work, which aims to generate
preliminary hypotheses and identify potent biomarkers for MCl,
the results should be considered as a basis for future research.
Additionally, the present study did not include longitudinal data

SPRINGER NATURE

on conversion from MCI to dementia, which precludes assessment
of the association between observed lipidomic alterations with
disease progression and brain atrophy of AD. Furthermore, the
study relied on semi-quantitative lipidomic data. The lack of
control for potentially major confounding factors such as diet,
physical activity, medication use, and genetic background may
also influence the observed associations. Finally, the mechanistic
links between lipid dysregulation and MCI pathology remain
incompletely understood.

In summary, our study provides the first comprehensive compara-
tive lipidomic analysis of saliva, plasma, and fecal samples from
control, MCl, and dementia participants. The findings highlight
distinct lipid alterations associated with MCl, identifying FA 18:3, FA
22:5, CE 18:2, and fecal TG-MCFAs as promising biomarker candidates.
Further mechanistic and longitudinal studies are required to validate
these biomarkers and elucidate their roles in AD pathogenesis.
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