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Abstract: The molecular process of biological aging might be accompanied by significant metabolic derangement,
especially in the central nervous system (CNS), since the brain has an enormous energy demand. However, the met-
abolic signature of the aging process in cerebrospinal fluid (CSF) has not been thoroughly investigated, especially
in the Asian population. In this prospective cohort study on CSF metabolomics using proton nuclear magnetic reso-
nance (NMR) spectroscopy, fasting CSF samples from 75 cognitively unimpaired patients aged 20-92 years without
diabetes or obesity, undergoing spinal anesthesia for elective surgery were analyzed. Several metabolites in CSF
samples were identified as having a significant association with the aging process in cerebral circulation; among the
metabolites, the levels of alanine, citrate, creatinine, lactate, leucine, tyrosine, and valine significantly increased in
old patients compared to those in young patients. The combined CSF metabolite alterations in citrate, lactate, leu-
cine, tyrosine, and valine had a superior correlation with the aging process in all age groups. In conclusion, our pilot
study of aging CSF metabolomics in the Taiwanese population presents significantly altered CSF metabolites with
potential relevance to the aging process. These metabolic alterations in CSF samples might imply increasing anaero-
bic glycolysis, mitochondrial dysfunction, and decreasing glucose utilization in cerebral circulation in aged patients.
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Introduction

With an increase in world population and an
improvement in life expectancy, there has been
a worldwide increase in the aging population.
According to a 2020 United Nations report on
global population aging, the number of people
aged above 65 years worldwide is projected to
be more than double by 2050, reaching 1.5 bil-
lion persons or 16 percent of the total popula-
tion [1]. The increasing trend of global aging
has become a serious socioeconomic chal-
lenge due to chronic diseases such as cardio-
vascular disease, diabetes, cancer, and neuro-
degenerative diseases accompanying popula-
tion aging.

Aging is a complex process that is featured by
a gradual decline in cellular and organ func-
tions, and is modulated by multiple factors
including genetics, environment, diet, and life-
style [2]. Although accumulated oxidative stress
and DNA damage both contribute to aging, pro-
gressive metabolic dysfunction is a more gener-
alized hallmark of biological aging [2]. Previous
research on aging has identified aging path-
ways such as mTOR and AMPK to be involved,
which are major targets of anti-aging interven-
tions, including rapamycin, metformin, exercise
training, and intermittent fasting, aimed at reg-
ulating these metabolic pathways [3].

The human brain is extremely energy-consum-
ing and metabolizes approximately one-quarter
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of systemic glucose for energy production, al-
though it only comprises 2% of the total body
mass [4]. During brain aging, compromised
bioenergetics, neuroplasticity, oxidative stress,
and neuroinflammation in the brain render the
aging brain vulnerable to neurodegenerative
disorders including Alzheimer’s disease (AD),
Parkinson’s disease (PD) and ischemic stroke
[B]. Age-related accumulation of oxidative stre-
ss may lead to functional decrements in cere-
bral energy metabolism, including glucose tr-
ansport, mitochondrial oxidative phosphoryla-
tion, DNA repair, and redox regulation [6]. Pre-
vious experiments have shown that mice with
reduced glucose transporter 1 (GLUT1) levels
display an age-dependent decline in cerebral
blood flow and an increased blood-brain barrier
(BBB) permeability [7]. Additionally, brain hypo-
perfusion and BBB leakage in elderly individu-
als can contribute to diminished nutrient im-
port and toxin removal, leading to cognitive
decline [8]. Furthermore, progressive brain in-
sulin resistance during the aging process may
share a common feature of metabolic derange-
ments observed in patients with diabetes, obe-
sity, and dementia [9-11].

Chronic oxidative stress, bioenergetic deficits,
and neuroinflammatory changes are major con-
tributors to cognitive decline and have been
detected in neurodegenerative diseases such
as AD as well as in normal aging [12]. Functional
neuroimaging studies using PET-based mea-
surements in cognitively normal adults have
found that aging produces glucose hypometab-
olism in the brain [13]. In addition, a series of
population-based brain autopsy studies in el-
derly people without known neurological dis-
eases also consistently reported the presence
of misfolded protein aggregates such as amy-
loid plagues and the loss of brain volume in the
majority of these aging brains [14]. In the
Baltimore brain autopsy cohort, it was found
that glucose hypometabolism in the brain may
precede AD, with evidence that the severity of
AD is associated with higher glucose concen-
tration in brain tissue, reduced glycolytic flux,
and lower GLUT3 levels [15]. Given that neuro-
degenerative diseases are common in the
elderly and the disease features are wide-
spread in the aged brain, even in patients with-
out cognitive dysfunction, it is plausible to con-
clude that normal brain aging might form a
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continuum with neurodegenerative diseases
[14].

Metabolomic analysis provides abundant in-
formation on small metabolite alterations and
provides clear insight into the metabolic pertur-
bations in the aging process. Previous metabo-
lomics studies on aging mostly focused on
plasma, serum, and urine samples obtained
from model organisms and humans, most of
which found that aging-related metabolites are
largely associated with carbohydrates, lipids,
amino acids, and redox metabolism [16]. Stu-
dies of aging metabolomics in plasma samples
have found that ceramide, fatty acids, methio-
nine, and nitric oxide pathways are associated
with the aging process and are the main regula-
tors of health span in healthy adults [17]. Me-
tabolomic analysis of neurodegenerative dis-
eases focusing on AD found that sphingolipid
perturbations affecting tau phosphorylation
and amyloid pathology are associated with pre-
clinical AD and AD pathology at biopsy [18].

Cerebrospinal fluid (CSF) exchanges metabo-
lites between the cerebral and systemic circula-
tion; however, transcellular transport is limited
by the specialized tight junctions of the BBB
[19]. Therefore, CSF metabolomics may reflect
brain-specific metabolite alterations during the
aging process and provide more comprehen-
sive cerebral metabolomic information [20,
21]. However, the metabolomic dysregulation in
CSF samples during the aging process had not
been published until recently by Carlsson et al.
in February 2021. In a small Swedish study
conducted by Carlsson et al., 23 claimed he-
althy subjects (aged 30-74 years) underwent
CSF metabolomic analysis for health aging
using liquid chromatography mass spectrome-
try [22]. They found ten metabolites with a
significant association with aging: acetylcarni-
tine, glutarylcarnitine, hippurate, 5-hydroxytr-
yptophan, isoleucine, ketoleucine, methionine,
and pipecolate, all of which were observed to
have increasing levels in the elderly. On the
contrary, methylthioadenosine and 3-methy-
ladenine showed decreasing levels in older
patients [22]. However, due to limited case
numbers and case information (only sex and
age), further cohort studies are required to gain
a deeper insight into the CSF metabolomics of
health aging. Therefore, we presented our
metabolomic study to profile the CSF metabolic
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alterations during the aging process in cogni-
tively unimpaired patients using NMR spectro-
scopy.

Materials and methods

In this metabolomic study, we compared the
metabolomic profiles of CSF samples in cogni-
tively unimpaired patients in different age gr-
oups to examine possible biomarkers of the
aging process in cerebral circulation. This clini-
cal study was registered in the Clinical Trials
Registry (ClinicalTrials.gov Identifier: NCT 043-
15038) and was permitted by the Institutional
Review Board of Chang Gung Medical Foun-
dation, Taiwan (approval number: 2018019-
31A3). Before enroliment into the study, the
study protocol was clearly explained to every
participant, and written informed consent was
obtained from each patient.

Study population

In this study, we enrolled cognitively unimpaired
participants (without neurological or psychiat-
ric diseases) scheduled for elective surgery
who underwent optional spinal anesthesia at
Linkou Chang Gung Memorial Hospital, an
international medical center in Northern Tai-
wan, and divided them into three different age
groups: young (age 20-30 years), middle-aged
(45-55 years), and old (aged 70-100 years). We
excluded patients with a known history of dia-
betes and obesity because insulin resistance in
these patients might confound the metabolo-
mic analysis of the aging process. From June 1,
2019 to March 31, 2020, a total of 81 par-
ticipants completed the initial evaluation and
received CSF sampling for metabolomic analy-
sis. All enrolled participants belonged to the
American Society of Anesthesiologists physical
status classification of <3. They were admitted
for elective surgeries such as urologic or ortho-
pedic surgery (for the lower extremity) and fast-
ed for =28 hours before CSF sampling. Cognitive
assessment was based on the exclusion of
neurological or psychiatric diseases and peri-
operative conversation, and mild cognitive im-
pairment might be overlooked. After the initial
examination, we excluded six participants with
fasting blood glucose >126 mg/dL or BMI >30
kg/m? for further analysis because these
patients were generally recognized as having
diabetes or obesity according to the diagnos-
tic criteria [23]. The final analyzed cohort was
divided into young, middle, and old age groups
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with 25, 26, and 24 patients in each group,
respectively. Their demographics, including
age, sex, body height, body weight, and hospi-
tal records were recorded. Biochemical data,
such as plasma glucose and creatinine levels,
were recorded from the latest laboratory results
before CSF sampling.

CSF sample collection

After obtaining adequate informed consent,
spinal anesthesia was performed with a 26-
gauge spinal needle at the L4 and L5 inter-
space. Once there was successful outflow of
clear CSF from the spinal needle, 1.2 mL CSF
was drained into a polypropylene tube before
administration of spinal anesthesia and stored
as aliquots at -80°C for further analyses. No
complications or patient discomfort were re-
ported during the whole CSF sample collection
procedures.

Sample preparation and NMR spectra acquisi-
tion

Most of the CSF sample preparation and NMR
spectra processing were the same as in our
previous CSF metabolomic analysis [21]. The
630 pL CSF samples were mixed with 70 pL of
solution (1 mM TSP, 3 mM NaN, in D,0).

The CSF NMR spectra were acquired at Bruker
Avance Il HD 600 MHz (Bruker Biospin GmbH,
Rheinstetten, Germany). This spectrometer po-
ssessed 5 mm probe (*H/*C/**N) and a
SampleJet system. The spectra were automati-
cally acquired and processed by using Topspin
software (version 3.6.2; Bruker Biospin GmbH,
Rheinstetten, Germany).

The Carr-Purcell-Meiboom-Gill pulse sequence
with water suppression was set up for spectra
data acquisition. The broad signals from pro-
teins were filtered by an 80 ms T, relaxation
time. The 32 transients CSF NMR spectra were
acquired with 64 k data points in a 20 ppm.
The NMR spectral region (between 9.50 and
0.50 ppm) was segmented into separated bins
with a bin width of 0.01 ppm and the water
region (5.10-4.20 ppm) was removed by using
AMIX software (version 3.9.14; Bruker Biospin
GmbH, Rheinstetten, Germany). The final multi-
variate analysis was performed by using soft-
ware (SIMCA-P+, version 13.0; Umetrics, Umea,
Sweden) under Pareto scaling conditions.
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Inclusion criteria: Cognitively unimpaired patients admitted for elective surgery
(urological, or orthopedic for lower extremity) aged = 20 yrs, fasted 2 8 hrs pre -
operatively, denied medical history of type 2 diabetes, neurological or psyc hiatric

variables. The statistical analy-
ses in our study were based on
acquired NMR signal integra-

three age groups:

Young group: aged 20-30 yrs
Middle group: aged 45-55 yrs
Old group: age = 70 yrs

diseases, and agreed for CSF sampling. Included patients were classified into

tion of each metabolite, and
between-group comparisons
were performed using the
Student’s t-test or x? tests (for
two-group comparison) and

i

analysis of variance (ANOVA)
(for multiple-group compari-

subsequent analyses.

Total of 81 participants completed the baseline history evaluation and underwent
optional spinal anesthesia for elective surgery from June 1, 2019 to March 31,
2020. During spinal anesthesia, 1.2 mL CSF were drawn from each participant for

son). The between-group differ-
ences of a specific metabolite
were compared using the
OPLS-DA coefficients in NMR

Age comparison

Figure 1. Flow chart for

signals, and the variable in
OPLS-DA score plots was com-
pared with goodness of fit (R2X,

the study design and
group separation.

Exclude: 6 patients had
fasting plasma glucose > 126
mg/dL or BMI 2 30 kg/m?

R2Y, and Q?).

In this study, CSF profiling of

the aging process in the cere-
bral circulation was the prima-

Final age comparison group:

-Young (20-30 yrs): 25 participants
-Middle (45-55 yrs): 26 participants
-old (70-92 yrs): 24 participants

75 participants denied history of type 2 diabetes and fasting plasma glucose <126
mg/dL. They were classified into three group for metabolomic analysis:

ry outcome. The overall struc-
ture for specifying the pri-
mary outcome was to identify
CSF metabolites that we could
use to distinguish between
the young and old age groups

Statistical analysis

Each metabolite was specified in the analyzed
NMR spectrum by comparing the chemical
shifts and multiplicity patterns of listed me-
tabolite in the Human Metabolome Database
(HMDB) or the laboratory library [25]. We then
selected significant variables in the Orthogonal
Projections to Latent Structures-Discriminant
Analysis (OPLS-DA) discriminative scores using
a threshold level of 0.05, and a correlation
coefficient of +0.396. Additionally, the predict-
ed values of the variable Y from the construct-
ed OPLS-DA model were applied to calculate
the Akaike information criterion (AIC) value for
further fitting comparison. The metabolites we-
re then analyzed and compared with their cal-
culated AIC values and fold changes. We then
applied an online tool, MetaboAnalyst 5.0, to
accomplish the other metabolomic analyses
including heatmap and enrichment analysis
[26].

The recorded data are presented as a percent-
age for qualitative variables (sex and medical
diseases) and as means + SD for continuous
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and then identify metabolite

combinations that could distin-
guish every age group. We constructed combi-
nations of significant metabolites and com-
pared their odds ratios (ORs) and P-values to
differentiate these age groups. Since it is
evident that diabetes, obesity, and other ne-
urological diseases might confound our analy-
sis, we excluded patients with these diseases
and utilized multivariate logistic regression
to adjust for significant variables including
sex, BMI, serum creatinine, and medical his-
tory of hypertension. All statistical analyses
were performed using SAS software (version
9.4; SAS Institute Inc. NC, USA), and a two-sid-
ed P value <0.05 was defined as statistically
significant.

Results

Patient groups and their demographic com-
parison

Our final cohort included 75 patients, and we
divided them into three age groups: 25 patients
in the young group, 26 in the middle group, and
24 in the old group. The study protocol is illus-
trated in Figure 1. The demographic and bio-
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Table 1. Demographic comparison among young, middle-aged, and old patients

Young (20-30 y/0) Middle (45-55y/0)  Old (70-92 y/0)

Group (n=25) (n=26) (n=24) P value*
Male sex, N (%) 4 (16.00%) 11 (42.31%) 17 (70.83%) <0.001"
Age (mean + SD, years) 24.92+3.72 51.31+3.86 78.50£7.29 <0.001"
BMI (kg/m?) 21.06+2.79 24.15+3.22 23.96+£2.97 <0.001"
Fasting blood glucose (mg/dL) 93.05+20.31 94.26+10.33 108.90+21.52 0.115

Serum creatinine (mg/dL) 0.64+0.20 0.75+0.21 1.05+0.56 0.003"
Hypertension 0 (0%) 0 (0%) 15 (62.50%) <0.001"
Hyperlipidemia 0 (0%) 2 (7.69%) 0 (0%) 0.325

Obesity 0 (0%) 0 (0%) 0 (0%) NA

Abbreviation: NA, non-applicable. #P value was calculated using Chi-square test for categorical variables and the analysis of

variance (ANOVA) for continuous variables. "P<0.05.
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Figure 2. Orthogonal partial least-squares discrimi-
nant analysis (OPLS-DA) score plots in CSF samples
obtained from (A) young patients versus old patients
(reliability: R2X=0.952, R2?Y=0.82, Q%=0.643), (B)
comparison between young, middle, and old pa-
tients (reliability: R?X=0.923, R?Y=0.34, Q?=0.22).
The OPLSDA plots show a clear separation between
young and old group in CSF samples.

chemical parameters of the enrolled partici-
pants are presented in Table 1. Demographic
comparison of the CSF samples showed that
patients in the old age group had significantly
higher male percentage, BMI, and serum cre-
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atinine level compared to the other age groups.
Moreover, older patients had a medical history
of hypertension compared to the other groups.
Due to these significant differences, subse-
quent analyses were adjusted for sex, BMI,
serum creatinine, and hypertension.

OPLS-DA score plots of NMR signals and the
OPLS-DA coefficient loading plot

The OPLS-DA score plots of the NMR spectros-
copy in CSF samples from older, middle-aged,
and young patients are compared in Figure 2.
The OPLS-DA score plots showed a clear dis-
crimination between the old and young groups
in CSF samples (reliability: R2X=0.952, R2Y=
0.82, Q>=0.643). The OPLS-DA coefficient load-
ing plots of NMR signals in CSF samples from
the old and young groups are shown in Figure
3. The significant metabolites discriminating
between the old and young groups were anno-
tated in the NMR spectra. The higher abun-
dance of alanine, acetate, citrate, creatinine,
glycine, lactate, leucine, and valine was ob-
served in the old group, while higher abun-
dance of glucose and histidine was observed in
the young group.

Metabolomic comparison between old patients
and young patients

The comparison of NMR signal integration in
CSF samples between old and young groups
is shown in Table 2, and comparisons be-
tween the other groups are listed in Table 3.
The NMR signal integration in old group had
significantly higher levels of alanine, citrate,
creatinine, glycine, lactate, leucine, and valine

Am J Transl Res 2021;13(11):12495-12508
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Figure 3. The OPLS-DA coefficient loading plots of NMR signals in CSF samples obtained from young age patients

versus old age patients.

Table 2. Comparison of CSF metabolites in young versus old patients

Chemical NMR signal integration (mean * SD) Adjusted Adjusted P
Metabolites in CSF shift (ppm) (x10%a.u.) fold change? value®#
Old Young Old/Young  Old vs. Young
Increased metabolite levels in old patients compared to young patients
Alanine 1.455 134.7+8.7 66.2+12.3 2.035 <0.001"
Glycine 3.556 572.3+£70.4 366.6198.8 1.561 0.071
Leucine 0.998 94.146.8 61.61£9.6 1.527 0.004*
Tyrosine 6.872 33.7+2.7 24.0+£3.9 1.403 0.031"
Citrate 2.537 1309.4+63.1 955.1+89.2 1.371 <0.001"
Valine 1.028 78.9+4.1 58.0+5.6 1.361 0.002"
Acetate 1.910 145.5+17.4 108.4+24.5 1.342 0.184
Creatinine 3.037 456.1+16.6 348.1+23.4 1.310 <0.001"
Pyruvate 2.366 244.3+20.6 192.6+29.0 1.268 0.119
Lactate 4.107 7689.8.1+376.8 6201.5£531.9 1.240 0.016"
3-hydroxyisovalerate 1.193 131.8+12.9 110.1+£18.2 1.197 0.294
Phenylalanine 7.410 56.9+3.6 48.0+5.1 1.184 0.125
Isoleucine 0.992 24.6+2.3 21.6+3.3 1.137 0.425
2-hydroxybutyrate 0.893 108.0+17.0 107.6+23.9 1.003 0.989
Glutamine 2.428 1060.2+74.6 1059.1+105.4 1.001 0.992
Decreased metabolite levels in old patients compared to young patients
Histidine 7.722 35.6+£2.7 35.8+3.7 0.993 0.958
Formate 8.450 19.1+1.4 20.4+2.0 0.936 0.571
Isobutyrate 1.065 32.7+6.8 38.9+9.6 0.839 0.564
Acetone 2.223 78.4+22.1 98.1+31.2 0.798 0.576
Glucose 5.233 1953.3+513.4 2528.5+724.8 0.773 0.483

aP value was adjusted for sex, body mass index (BMI), serum creatinine, and hypertension. #P value was calculated using two

sample t test. "P<0.05.

compared to young patients (with adjusted
fold change >1.2 and P value <0.05). Figure
4 shows the metabolite heatmaps in CSF
samples of old and young patients for each
metabolite according to their coefficients of
NMR signals. The age-related metabolite varia-
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tions between these groups could be visualiz-
ed in the heatmaps combined with Hierarchi-
cal Cluster Analysis. Significantly higher abun-
dance of citrate, lactate, leucine, tyrosine,
and valine was observed in old patients (Figure
4A).
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Table 3. Comparison of CSF metabolites in middle age patients to young or old patients

Comparison Young age vs. Middle age Middle age vs. Old age
Significantly changed metabolites in CSF Adjusted fold AdjusteciP Adjusted fold Adjusted#P
change? value® change? value®
Alanine 1.179 0.091 1.419 0.041"
Citrate 1.174 0.019" 1.089 0.393
Creatinine 1.165 0.004" 1.152 0.018"
Formate 1121 0.069 0.816 0.037"
Glucose 0.892 0.389 0.934 0.829
Glycine 1.821 0.057 1.225 0.288
Isoleucine 1.343 0.032" 0.832 0.299
Lactate 1.067 0.258 1.165 0.076
Leucine 1.920 0.001" 1.070 0.605
Tyrosine 1.402 0.013" 1.119 0.397
Valine 1.436 <0.001" 0.966 0.725

aAdjusted for sex, body mass index (BMI), and hypertension. *P value was calculated using two sample t test. “P<0.05.

Metabolite combinations for correlating with
aging process in cerebral circulation

To identify biomarkers correlating with our pri-
mary outcome of the aging process in cerebral
circulation, we constructed metabolite combi-
nations using CSF metabolites with a signifi-
cant discrimination between old and young
patients. We then compared their AIC values
(Table 4) and adjusted ORs (Table 5) for dis-
criminating every age comparison (young vs.
middle, middle vs. old, and young vs. old age
groups) using stepwise ANOVA and multivariate
analysis. Among these combinations, a combi-
nation of citrate, lactate, leucine, tyrosine, and
valine had comparatively low AIC values and
significant adjusted ORs in every age compari-
son for discriminating the aging process.

Enrichment analysis and altered metabolic
pathways

Figure 5 shows the results of enrichment an-
alysis of altered metabolic pathways for these
significantly altered CSF metabolites during the
aging process. Among the altered pathways,
alanine metabolism and glutathione metabo-
lism showed significant enrichment ratios in
CSF samples. Since these significant metabo-
lites discriminating young age and old age
patients are all involved in glycolysis and the
mitochondrial tricarboxylic acid (TCA) cycle,
their specific metabolic change during the
aging process in cerebral circulation is depict-
ed in Figure 6. The observed significantly in-
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creased alanine, lactate, and citrate levels in
fasting CSF samples of older patients might
suggest increased anaerobic glycolysis, mito-
chondrial dysfunction (lower TCA cycle activity),
and decreased glucose utilization in aged brain
circulation.

Discussion

This cohort study aimed to profile the CSF
metabolomic signature of the aging process in
cognitively unimpaired patients in the Taiwane-
se population using proton NMR spectroscopy.
The metabolomic analysis of fasting CSF sam-
ples showed significantly increased alanine,
citrate, creatinine, lactate, leucine, tyrosine,
and valine levels in elderly patients than in
young patients, and the combination of citrate,
lactate, leucine, tyrosine, and valine demon-
strated superior correlation with the aging pro-
cess in all age groups. The profiled CSF metab-
olome of the aging process revealed glucose
hypometabolism and increased oxidative stress
in the cerebral circulation, implying higher an-
aerobic glycolysis and mitochondrial dysfunc-
tion during aging.

In our results, the identified CSF metabolites
with high correlation with the aging process
were mainly composed of branch-chained
amino acids (BCAAs) (leucine, valine), aromatic
amino acids (AAAs) (tyrosine), and carbohy-
drates (citrate, lactate). The higher CSF leucine
levels in the elderly might be explained by the
increased CSF concentration of leucine-rich

Am J Transl Res 2021;13(11):12495-12508
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12502 Am J Transl Res 2021;13(11):12495-12508



NMR metabolomics of human CSF in aging process

Table 4. CSF metabolite combinations for correlating aging process based on Akaike Information

Criterion (AIC) estimation

CSF metabolite combinations

Akaike Information Criterion (AIC)*

Comparison Young vs. Middle Middle vs. Old Young vs. Old
CSF Glucose 72.94 60.59 55.06
Alanine 68.40 57.49 38.49
Citrate 66.08 60.83 37.27
Creatinine 62.08 55.77 32.71
Lactate 71.21 59.86 50.95
Leucine 61.27 59.91 43.69
Tyrosine 63.52 59.89 43.66
Valine 55.66 60.74 30.18
Leucine, Tyrosine 55.18 71.65 28.32
Citrate, Valine, Leucine 49.07 71.23 28.56
Citrate, Leucine, Tyrosine, Valine 49.98 71.78 27.59
Citrate, Lactate, Leucine, Tyrosine, Valine 48.97 73.67 28.94
Alanine, Citrate, Lactate, Leucine, Tyrosine, Valine 49.63 70.94 29.69
Alanine, Citrate, Creatinine, Lactate, Leucine, Tyrosine, Valine 51.06 63.01 29.64

#AIC value was calculated using logistic regression model.

Table 5. Association of altered CSF metabolites with aging process

Comparison Young vs. Middle Middle vs. Old Young vs. Old
Significantly changed metabolites in CSF Adjusted OR®#  Adjusted OR?# Adjusted OR®#
CSF glucose 0.999 0.999 0.999
Alanine 1.014 1.011 1.043"
Citrate 1.002" 1.001 1.009"
Creatinine 1.018" 1.0127 1.032"
Lactate 1.001 1.001 1.006"
Leucine 1.043" 1.012 1.049"
Tyrosine 1.130" 1.036 1.182°
Valine 1.079" 0.989 1.197*
Leucine, Tyrosine 2.950" 2.374 2.794"
Citrate, Valine, Leucine 2.094" 2.219 3.591"
Citrate, Leucine, Tyrosine, Valine 2.371" 2.134 3.571"
Citrate, Lactate, Leucine, Tyrosine, Valine 2.062" 2,717 3.519"
Alanine, Citrate, Lactate, Leucine, Tyrosine, Valine 2.316 3.125" 3.178"
Alanine, Citrate, Creatinine, Lactate, Leucine, Tyrosine, Valine 2.319° 2.933 2.858"

Abbreviation: OR, odds ratio. ?Adjusted for age, sex, body mass index (BMI), and hypertension. Odds ratio was calculated us-

ing logistic regression model. “P<0.05.

a2-glycoprotein in advanced age found in previ-
ous human and animal studies which is asso-
ciated with synaptic dysfunction and cognitive
decline [27]. The accumulation of BCAAs and
AAAs in fasting CSF in elderly patients might
imply decreased catabolism of BCAAs and
AAAs, glucose hypometabolism, and mitoch-
ondrial dysfunction in the cerebral circulation
[28]. Lactate is a source of neuronal energy
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and it is produced by anaerobic glycolysis of
glucose in astrocytes. CSF lactate level reflects
anaerobic metabolism in the brain and high
CSF lactate levels has been found to have cor-
relation with cognitive decline in AD patients
[29]. The increase in CSF lactate concentrati-
on in the elderly patients in our results might
reflect the increase of anaerobic glycolysis and
decline of glucose utilization in their cerebral
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Figure 5. Enrichment analysis of involved metabolic pathways for significant CSF metabolites during aging process.

circulation during fasting [13]. On the other
hand, citrate is an intermediate of the mito-
chondrial TCA cycle, and CSF citrate accumula-
tion in the elderly might imply lower TCA cycle
activity than glycolytic rate thus leading to
decreased citrate utilization in aging brain cells
[30].

The other significantly altered metabolites dur-
ing the aging process in our study were alanine
and creatinine. Alanine participates in gluco-
neogenesis, and increasing alanine levels in
CSF samples of older patients might reflect
lower glucose utilization in the aged brain dur-
ing fasting. Altogether, the increased alanine,
lactate, and citrate levels in fasting CSF sam-
ples of older patients might suggest increased
anaerobic glycolysis, mitochondrial dysfunc-
tion, and decreased glucose utilization in aged
brain circulation. Our finding is in line with pre-
vious PET analysis of aging brain that decreas-
ed whole-brain glucose utilization, oxygen con-
sumption, and decreased aerobic glycolysis
during normal aging in humans [13]. Increased
CSF creatinine levels with age in our result
might be associated with muscle breakdown,
declined renal function, and BBB breakdown in

12504

elderly patients, which has been observed in
CSF metabolomic analysis of AD patients [31].
The above results might imply higher oxidative
stress and decreased oxidative phosphoryla-
tion in the aged brain circulation, but further
examination is required to validate our obser-
vations.

Our identified CSF metabolic alterations are
somewhat different from previous observed
metabolic alterations in patients with neurode-
generative diseases such as AD and PD. In a
case-control study comparing AD patients and
cognitively healthy controls with paired plasma
and CSF samples, they found dysregulated sys-
temic energy metabolism, CNS-specific trypto-
phan pathway and creatinine alterations in AD
[31]. Their results showed higher creatinine
level in CSF of AD patients, but the levels of
several AAAs (tryptophan and phenylalanine)
and BCAAs (isoleucine and leucine) had signifi-
cant negative associations with CSF amyloid
pathology [31]. Another case-control study in
AD patients using PET and CSF lactate levels to
evaluate brain energy metabolism also found
increased CSF lactate levels and reduced glu-
cose consumption in AD patients [32]. Regar-
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ding PD, small case-control studies comparing
PD patients and healthy controls found decre-
ased alanine, lactate, mannose, and creatinine
levels but increased isoleucine, ketoleucine,
and leucine in CSF of PD patients, which is dif-
ferent from what we found in aging population
[33-35]. BBB breakdown might explain the par-
tial alignment of our findings with previous CSF
metabolomics in AD. Using high-resolution MRI
and CSF/plasma albumin ratio as measure-
ments of BBB integrity, BBB breakdown has
been identified in patients with advanced age
and patients with AD [8, 36]. However, the
integrity of BBB is not verified in this CSF me-
tabolomic study and it will be examined in our
further project.

To the best of our knowledge, this CSF metabo-
lomic study is the first to profile the metabolo-
mic signature of health aging in cerebral circu-
lation in an Asian population, and our meta-
bolomic analysis has expanded case numbers
and case information compared to previous
report on CSF metabolomics of healthy aging
[22]. Our CSF sampling methodology during
routine anesthesia procedure enabled us to
detect real-time metabolite alterations in the
cerebral circulation without additional discom-
fort or risks. Additionally, we minimized poten-
tial bias by excluding patients with diabetes
and obesity and adjusting for significant con-
founders.

However, this study had several limitations.
First, we only collected CSF samples from the
study participants, so we could not obtain fur-
ther information from other samples, such as
plasma. Second, our enrolled participants had
significant between-group differences in sex,
BMI, serum creatinine, and chronic diseases,
which might compromise our analysis even
though we adjusted for these confounders. Be-
sides, due to the complex nature of aging pro-
cess and many factors that could affect the
CSF metabolome, such as socioeconomic cir-
cumstances, diet, lifestyle, sleeping, and medi-
cations, our results require further validation in
larger cohort or longitudinal study to eliminate
these confounders. Third, there might be sex-
related differences in the aging process, but we
could not address this hypothesis in the current
study design and that issue will be explored in
a further analysis [37, 38]. Moreover, our re-
sults of CSF profiling of the aging process might
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reflect the combined effects of metabolic dys-
function, decreased CSF turnover, and BBB
breakdown in the elderly, but we could not
quantify these variables due to methodological
limitations [39, 40]. Our heterogeneous result
compared to earlier publications might be due
to different patient selection, technical differ-
ences, and population limitations. Therefore,
future multi-omics studies or larger cohort in
different populations are required to validate
our results and to establish possibly causal
relationships in the aging process.

Conclusion

In this prospective cohort of metabolomic pro-
filing of human CSF samples from cognitively
unimpaired patients in the Taiwanese popula-
tion, we presented novel insights into metabol-
ic dysregulation in cerebral circulation during
aging. The dysregulated metabolites in CSF
samples in our study are involved in amino acid
metabolism, energy metabolism, and synaptic
transmission. The profiled metabolic changes
during the aging process might imply enhanc-
ed anaerobic glycolysis, mitochondrial dysfunc-
tion, and higher oxidative stress in the cerebral
circulation. Furthermore, a combined alteration
of citrate, lactate, leucine, tyrosine, and valine
displayed a superior correlation with the aging
process in cerebral circulation, which may
deserve further investigation for causal rela-
tionships.
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