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Dementia has become a major global public health challenge with a heavy economic
burden. It is urgently necessary to understand dementia pathogenesis and to identify
biomarkers predicting risk of dementia in the preclinical stage for prevention, monitoring,
and treatment. Metabolomics provides a novel approach for the identification of
biomarkers of dementia. This systematic review aimed to examine and summarize
recent retrospective cohort human studies assessing circulating metabolite markers,
detected using high-throughput metabolomics, in the context of disease progression
to dementia, including incident mild cognitive impairment, all-cause dementia, and
cognitive decline. We systematically searched the PubMed, Embase, and Cochrane
databases for retrospective cohort human studies assessing associations between
blood (plasma or serum) metabolomics profile and cognitive decline and risk of
dementia from inception through October 15, 2018. We identified 16 studies
reporting circulating metabolites and risk of dementia, and six regarding cognitive
performance change. Concentrations of several blood metabolites, including lipids
(higher phosphatidylcholines, sphingomyelins, and lysophophatidylcholine, and lower
docosahexaenoic acid and high-density lipoprotein subfractions), amino acids (lower
branched-chain amino acids, creatinine, and taurine, and higher glutamate, glutamine,
and anthranilic acid), and steroids were associated with cognitive decline and the
incidence or progression of dementia. Circulating metabolites appear to be associated
with the risk of dementia. Metabolomics could be a promising tool in dementia biomarker
discovery. However, standardization and consensus guidelines for study design and
analytical techniques require future development.
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INTRODUCTION

Dementia has become a major global public health challenge,
and brings a heavy economic burden to the patients, their
families, and society. More than 46 million people worldwide
suffered from dementia in 2015; this figure is predicted to
increase to 131.5 million by 2050 (Prince et al., 2015). The
annual global cost for dementia care was estimated to be
one trillion dollars by 2018, which is more than 1.1% of the
global gross domestic product (Wimo et al., 2017). There is
currently no effective disease-modifying treatment for dementia.
Because of the long preclinical phase, in which there are early
pathogenic changes but no cognitive impairment, prevention
of dementia through management of modifiable risk factors
is likely a better therapeutic strategy than developing a cure
(Livingston et al., 2017). Therefore, there is an urgent need to
understand the pathophysiological process of dementia and to
identify biomarkers predicting risk of dementia in the preclinical
stage, which could facilitate disease prevention, monitoring, and
treatment (Livingston et al., 2017).

The definition of accurate preclinical biomarkers is essential to
the early recognition of dementia. Clinical methods currently in
use for the detection of dementia include evaluation of structural
imaging (CT or MRI) for brain atrophy, functional MRI (fMRI)
for brain connectivity, positron emission tomography (PET) for
amyloid deposits, proton magnetic resonance spectroscopy (‘H-
MRS) for brain metabolites, and levels of cerebrospinal fluid
(CSF) p-amyloid (AB) and tau (Ahmed et al., 2014). However,
these means are limited because they are costly, partly invasive,
time-consuming, and are not suitable for community-based
population screening for early detection. Extensive deposition
of AB was observed when MRI changes occurred, and targeting
of AP failed to improve cognition in patients with Alzheimer’s
disease (AD) in phase III trials of anti-amyloid antibody
treatments (Mullard, 2016), which highlighted the importance
of early identification of dementia and discovery of additional
biomarkers. Determination of reliable blood- or urine-based
biomarkers could be an attractive development (Thambisetty
and Lovestone, 2010; Ahmed et al., 2014; Fiandaca et al., 2014;
Henriksen et al., 2014).

Metabolomics, an “omics” science, is based on high-
throughput identification and quantification of small molecule
metabolites in cells, tissues, and biofluids, and is a powerful
tool for mapping global biochemical changes and discovery
of new biomarkers in disease (German et al., 2005). Recently,
metabolomics in animal models and human participants (in
postmortem brain tissue, CSF, or blood) have attracted interest
for the understanding of pathophysiology and identification of
biomarkers of dementia (Kaddurah-Daouk et al., 2008; Xu et al.,
2012; Fiandaca et al, 2014). Many metabolic changes in the
brain or CSF could be reflected in blood profiles; metabolites
in blood (serum or plasma) are therefore promising candidates
for biomarkers of dementia (Fiandaca et al., 2014; Varma et al.,
2018). Using proton (*H) nuclear magnetic resonance (NMR)
or mass spectrometry (MS) metabolomics platforms, blood
concentrations of many small molecule metabolites and lipids
were found to be altered in patients with dementia relative to
healthy controls (Xu et al, 2012; Wang et al., 2014; Proitsi

et al,, 2015; Li et al, 2016). However, these studies primarily
aimed at differentiating patients with cognitive impairment
from controls. This kind of cross-sectional design ignores the
long preclinical phase of dementia that may be presented as
a reverse causation, since the progression of dementia and
many chronic complications associated with dementia could alter
metabolite concentrations in peripheral blood (Thambisetty and
Lovestone, 2010). Longitudinal studies allow direct assessment
of pathobiology during transition periods, and identification
of biomarkers for prediction of dementia. Several studies have
fueled speculation of the discovery of circulating metabolites
that influence cognition and the future development of dementia
(Mapstone et al., 2014; Casanova et al., 2016; Bressler et al., 2017;
Chouraki et al., 2017; Li et al., 2017; van der Lee et al., 2018;
Varma et al, 2018). Identifying serum metabolic biomarkers
of dementia in the preclinical stage would be a significant
step forward, as such non-invasive blood-based biomarkers
would reflect the disease-related pathophysiological process, and
could be easily performed to identify individuals at risk, thus
prevention and treatments could be initiated (Mielke et al., 2010;
Oresic et al,, 2011). However, no systematic review or meta-
analysis of the use of metabolomics in prospective studies on
dementia progression has been published.

Given the heterogeneity in study participants, samples (serum
or plasma), and metabolite profiling analytical platforms, the aim
of this systematic review is to examine and summarize recent
human cohort studies assessing circulating metabolite markers,
detected using high-throughput metabolomics, in the context
of disease progression to dementia, including incident mild
cognitive impairment (MCI), all-cause dementia, and cognitive
decline (i.e., decline in neuropsychological test scores).

METHODS

Data Sources and Search Strategy

The systematic search followed the Cochrane Handbook of
Systematic Reviews (https://training.cochrane.org/handbook)
and used the MOOSE (Meta-analysis Of Observational Studies
in Epidemiology) checklist (Stroup et al., 2000). The review
protocol has been registered in the PROSPERO International
prospective register of systematic reviews (https://www.crd.
york.ac.uk/PROSPERO/display_record.php?RecordID=111004).
A comprehensive search of published literature in English
was conducted in three databases: PubMed, Embase, and the
Cochrane Library, from inception through October 15, 2018.
The complete search strategy is listed in Supplementary Table 1.
We also manually searched references of relevant articles and
reviews during screening.

Study Selection

All titles and abstracts were screened by two independent
reviewers (Y.F.J. and Z.Z.); disagreements between them were
resolved by full-text review and consensus. Studies were
considered eligible for inclusion based on the following
criteria: (1) cohort studies or other original studies in humans
(e.g., cohort studies, case-cohort studies, nested case-control
studies, or clinical trials); (2) metabolites in blood (plasma or
serum) detected by high-throughput MS or NMR analytical
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ADAPT, Alzheimer’s Disease Anti-inflammatory Prevention Trial; ADAS-Cog13, Alzheimer’s Disease Assessment Scale—Cognition, lower levels indicate better cognition; ADNI, Alzheimer’s Disease Neuroimaging Initiative; AgeCoDe,

German Study on Aging, Cognition, and Dementia; AGES-RS, Age, Gene/Environment Susceptibility-Reykjavik Study; ARIC-NS, Atherosclerosis Risk in Communities-Neurocognitive Study; BLSA-(NI), Baltimore Longitudinal Study
of Aging-(neuroimaging substudy); BVRT, Benton Visual Retention Test; CDT, Clock Drawing Test; CLF, Category and Letter Fluency Test; CRT, Card Rotation Test; CVLT, California Verbal Learning Test; DILGOM, Dietary, Lifestyle

and Genetic determinants of Obesity and Metabolic Syndrome Study; DSM, Diagnostic and Statistical Manual of Mental Disorders; DSST, Digit Symbol Substitution Test; DWRT, Delayed Word Recall Test; EGCUT, Estonian Biobank
(Estonian Genome Center, University of Tartu); ERF, Erasmus Rucphen Family study; FHS, Framingham Heart Study; HVLT, Hopkins Verbal Learning Test; MCADRC, Mayo Clinic Alzheimer’s Disease Research Center; MCI, mild cognitive
impairment; MMSE, Mini-Mental State Examination; NINCDS-ADRDA, National Institute of Neurologic and Communicative Disorders and Stroke, and Alzheimer’s Disease and Related Disorders Association criteria; NTR, Netherlands

Twin Registry; NR, not reported; RS, Rotterdam Study; SHIP-Trend, Study of Health in Pomerania—Trend; TMT, Trail Making Test; VUMC ADC, VUMC Amsterdam Dementia Cohort; WFT, Word Fluency Test; WH II, Whitehall Il studly;

WHAS Il, Women'’s Health and Aging Study (WHAS) Il; yrs, years.

platforms; (3) report of incident cognitive impairment (MCI
or all-cause dementia) or cognitive decline (i.e., decline in
neuropsychological test scores). Metabolomics studies in CSE,
saliva, and urine samples and those using MRS for the
quantification of brain metabolites were excluded. We also
excluded cross-sectional studies, studies in unrelated patients,
non-original studies (e.g., case reports, editorials, letter to
editors, commentaries, expert opinions, and any type of reviews),
experimental studies in animals, and duplicate publication of the
same data.

Data Extraction

Study characteristics (Table 1), including first author, year
of publication and journal, study population and location,
participant characteristics, sample size, duration of follow-
up, biospecimens (plasma or serum), analytical technique and
metabolite targets, outcome and ascertainment, number of
observed events, statistical method, covariates included in the
fully adjusted model, and a summary of key findings (analyzed
metabolites and effect estimates), were extracted from each
included study independently by two investigators (Y.F.]. and
Z.Z.), and cross-checked by a third investigator (J.S.).

Quality Assessment

The quality of the studies were assessed and scored independently
by two researchers (Z.Z. and J.S.) by using a modified
Newcastle-Ottawa Scale (Wells et al,, 2014). Cohort studies
were scored on the following criteria: (1) Selection, including
representativeness of source population (exposed and non-
exposed cohort), ascertainment of exposure and definition of
controls (1 point per criterion); (2) Comparability—2 points if
the analysis was adjusted for most potential confounders, and
1 point if the analysis was only adjusted for age and sex (or
age and sex matched); (3) Outcome, including assessment of
outcome and duration of follow-up (1 point per criterion). Since
all studies involved participants with baseline metabolic profiling
and cognitive follow-up status, we removed attrition from
the criteria. Case-control studies were rated on the following
criteria: (1) Selection, including adequate definition of cases,
representativeness of cases, and selection and definition of
controls (1 point per criterion); (2) Comparability, same as
cohort studies; (3) Exposure, including assessment of exposure,
and same method of ascertainment for cases and controls (1
point per criterion). Points were summed and ranged from 0 to 8;
studies with summed scores <4 were considered of low quality,
while summed scores 5-8 were considered of high quality.
Details of these criteria and score of each study are presented in
Supplementary Tables 2, 3. Disagreements between reviewers in
quality assessment were resolved through consensus.

RESULTS

Literature Retrieval

In the initial search, 1,693 unique studies were identified after
removal of duplicates (Figure 1). Following the review of titles
and abstracts, 263 articles were selected for careful full-text
screening. Fourteen were eligible. Most of the 249 studies
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A 4
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(n = 1693)

Records left for title and abstract revive
after duplicates removal

Records excluded after title

and abstract review (n = 1430)

\ 4

3 not in English
1427 unrelated scope

(n=263)

Full-text articles assessed

Hand search
(n=2)

A 4

A 4

71 unrelated scope

2 not in English

13 non-original studies (e.g., review, editorials...)
109 cross-sectional studies

32 in patients (e.g., psychosis, AIDS...)

15 in animals

6 in other biospecimens (CSF and brain in vivo)
1 duplicated

Full-text articles excluded (n = 249)

\4

systematic review
(n=16)

Studies included in qualitative

FIGURE 1 | Flow diagram of literature search and study selection.

excluded were excluded because of unrelated scope, cross-
sectional design, or they were conducted in patients or in animals,
or were non-original studies. Six studies were conducted using
other types of biological samples (i.e., CSF and brain in vivo).
We also excluded a sub-analysis study (Fiandaca et al., 2015)
using the same participants as a previous publication (Mapstone
et al,, 2014). In total, 16 full-text articles were eligible, with an
additional two included after a hand search, for inclusion in this
qualitative systematic review (Mielke et al., 2010; Oresic et al.,
2011; Mapstone et al., 2014; Mousavi et al., 2014; Graham et al.,
2015; Casanova et al., 2016; Simpson et al., 2016; Abdullah et al.,
2017; Bressler et al., 2017; Chouraki et al., 2017; Li et al., 2017;
Toledo etal., 2017; Dorninger et al., 2018; Tynkkynen et al., 2018;
van der Lee et al., 2018; Varma et al., 2018).

Study Characteristics

The characteristics of the 16 included studies are summarized
in Table 1. All included studies were conducted in European or
the US populations, and more than half (9/16) were published

after 2016. The total number of participants was 61,345, ranging
from 72 to 27,000, with mean age at baseline ranging from 48.0
to 84.1 years, and studies generally including more women than
men (overall: 52.3% women).

Of the 16 longitudinal analyses, 10 studies used a retrospective
cohort design (Mielke et al., 2010; Oresic et al., 2011; Simpson
et al., 2016; Bressler et al., 2017; Chouraki et al., 2017; Li et al,,
2017; Toledo et al., 2017; Tynkkynen et al., 2018; van der Lee
et al., 2018; Varma et al., 2018), four were case-control designs
embedded in population-based cohort studies (Mapstone et al.,
2014; Mousavi et al, 2014; Casanova et al., 2016; Dorninger
et al., 2018), and the other two analyses were based on an
outpatient cohort (Graham et al., 2015) and a placebo-controlled
primary prevention trial (Abdullah et al, 2017), respectively.
Validations in external independent cohorts were conducted in
only three of the studies (Table1). Four studies included an
internal replication analysis in randomly selected samples in
the same population (Oresic et al., 2011; Mapstone et al., 2014;
Graham et al., 2015; Casanova et al., 2016). Two articles aimed at
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replicating previously reported findings by Mapstone et al. (2014)
using the same metabolite panels (Casanova et al., 2016; Li et al.,
2017). Only three studies calculated and reported the sample size
and expected statistical power (Mapstone et al., 2014; Casanova
et al., 2016; Bressler et al., 2017), six articles acknowledged their
small sample size as a limitation (Mielke et al., 2010; Oresic et al.,
2011; Simpson et al., 2016; Abdullah et al., 2017; Toledo et al.,
2017; Varma et al., 2018), and three analyses had a relatively large
sample size or listed it as their strength (2,067, 22,623, and 27,000
respectively; Chouraki et al., 2017; Tynkkynen et al., 2018; van der
Lee et al., 2018). The other four studies did not explicitly mention
sample size (Mousavi et al., 2014; Graham et al., 2015; Li et al.,
2017; Dorninger et al., 2018).

Quality Assessment of Studies

The results of quality assessment of the included studies
using a modified version of the Newcastle-Ottawa Scale are
shown in Supplementary Tables 2,3. Most studies (14/16)
were considered high quality, with a total score >6. Low-
quality studies with a total score of 4, mainly due to the
representativeness of cases and controls, comparability, or not
long enough duration of follow-up (<5 years), were present
among the cohort and case-control studies.

Biological Samples and Analytical Platform
Seven studies analyzed fasting plasma (except one non-fasting)
and nine serum samples [five fasting and four non-fasting,
while one study also used fasting plasma in the validation
cohort (Tynkkynen et al., 2018)]. Variations of MS platforms
were used in 13 studies, and three used both MS and NMR
platforms (Table 2). More than half the studies used untargeted
metabolomics analysis (n = 8). Targeted approaches were
adopted in eight studies, and the BIOCRATES AbsoluteIDQ p180
platform was used in five of these analyses (Mapstone et al,
2014; Casanova et al,, 2016; Li et al., 2017; Toledo et al., 2017;
Varma et al., 2018).

Outcome and Ascertainment

Six studies evaluated the relationship between baseline
metabolites and cognitive performance changes, relying on
a number of neuropsychological tests (Mielke et al., 2010;
Simpson et al., 2016; Bressler et al., 2017; Li et al., 2017; Toledo
et al., 2017; Varma et al., 2018). Conversion from MCI to
AD/dementia was assessed in four of these studies (Oresic et al.,
2011; Graham et al., 2015; Toledo et al., 2017; Varma et al., 2018),
and 14 studies determined risk of MCI and/or all-cause dementia
in cognitively normal populations, mainly nested in prospective
population-based cohorts (Mapstone et al., 2014; Mousavi et al.,
2014; Casanova et al., 2016; Abdullah et al., 2017; Bressler et al.,
2017; Chouraki et al., 2017; Li et al., 2017; Dorninger et al., 2018;
Tynkkynen et al.,, 2018; van der Lee et al, 2018; Varma et al,,
2018). The neuropsychological test battery (Table 1) used in
these studies included Mini-Mental State Examination (MMSE),
California Verbal Learning Test (CVLT), Delayed Word Recall
Test (DWRT), and Trail Making Test A/B (TMT-A/B). Various
criteria were used to classify MCI based on cognitive tests, such as
the one proposed by Petersen (Petersen et al., 1999). Assessment

of dementia varied across studies from examination based on the
Diagnostic and Statistical Manual of Mental Disorders (DSM, 4
MI-R, 51V, and 1 V; Association, 1987, 1994, 2013) criteria only,
examination with complementary medical records (Tynkkynen
et al,, 2018; van der Lee et al, 2018), or health records only
(Bressler et al., 2017). All the classifications of AD were based
on the National Institute of Neurological and Communication
Disorders and Stroke-Alzheimer’s Disease and Related Disorders
Association (NINCDS-ADRDA) criteria (McKhann et al., 1984).

Participants in 13 studies were free of dementia at baseline
(Mielke et al., 2010; Mapstone et al., 2014; Mousavi et al., 2014;
Casanova et al., 2016; Simpson et al., 2016; Abdullah et al.,
2017; Bressler et al., 2017; Chouraki et al., 2017; Li et al., 2017;
Dorninger et al, 2018; Tynkkynen et al., 2018; van der Lee
et al.,, 2018; Varma et al., 2018), while one of them contained a
validation analysis in converters from MCI to AD (Varma et al.,
2018). Individuals were diagnosed with MCI at baseline in three
studies, which aimed to assess the baseline metabolites associated
with progression to AD (Oresic et al., 2011; Graham et al., 2015;
Toledo et al., 2017). The mean or median follow-up time after
sample collection ranged from 2.0 to 17.9 years. The number of
converters from MCI to AD, MCI, AD, and all-cause dementia in
these studies ranged from 19 to 185, 15 to 77, 8 to 1356, and 18 to
1990, respectively (Table 1).

Statistical Approaches

Cox proportional hazards regression models were applied in
eight analyses to estimate the association between metabolites
and the risk of incident all-cause dementia (Mielke et al., 2010;
Abdullah et al., 2017; Bressler et al., 2017; Chouraki et al., 2017;
Tynkkynen et al., 2018; van der Lee et al., 2018) or progression
from MCI to AD (Toledo et al., 2017; Varma et al., 2018). This
relationship was evaluated using logistic regression models in
another four studies (Oresic et al., 2011; Mapstone et al., 2014;
Casanova et al., 2016; Li et al., 2017). Linear models were typically
used to assess the association of baseline circulating metabolites
with changes in cognitive performance (Casanova et al., 2016;
Bressler et al., 2017; Li et al., 2017; Toledo et al., 2017). Casanova
et al. (2016) and Varma et al. (2018) additionally used several
machine-learning methods, such as support vector machine
(SVM) and random forest (RF), to evaluate the use of metabolites
in discriminating between patients with cognitive impairment
and healthy controls. Age and sex were adjusted or matched
as covariates in all analyses except in Dorninger et al. (2018);
some studies further adjusted for education, apolipoprotein E
(APOE €4), vascular risk factors (e.g., smoking, alcohol drinking,
body mass index [BMI], hypertension or blood pressure, diabetes
mellitus, and triglycerides), cardiovascular diseases, and lipid-
lowering medication (Table 2).

Metabolites Associated With Dementia
Risk

Table 2 shows the results of analyses associating metabolites
with dementia risk. Metabolites related to future cognitive
decline were estimated individually in two studies (Mielke et al.,
2010; Simpson et al., 2016) and nested in four other included
studies  (Bressler et al., 2017; Li et al., 2017; Toledo et al., 2017;
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Varma et al., 2018). Faster global cognitive decline risk was
observed in participants with lower concentrations of
acylcarnitine (Li et al, 2017), alpha-aminoadipic acid (a-
AAA) (Li et al., 2017; Toledo et al., 2017), valine (Toledo et al.,
2017), or higher concentrations of sphingomyelins (SM) and
phosphatidylcholines (PC) (Toledo et al, 2017) at baseline.
In terms of different cognitive domains, higher levels of SM,
PC, and lysophophatidylcholine (lysoPC) were associated with
deterioration in attention, language, and verbal memory (Mielke
et al., 2010; Varma et al., 2018). Elevated ceramides were related
to memory loss (Mielke et al., 2010), and amino acids such
as arginine and histidine were associated with impairment in
memory (Bressler et al., 2017), language, and visuospatial skills
(Varma et al., 2018). However, baseline and changes in plasma
PC concentrations were not associated with 7-year cognitive
performance change in the study of Simpson et al. (2016).

The majority of the studies aimed at investigating lipids,
biogenic amines, acylcarnitines (AC), and amino acids in the
context of risk of incident MCI or dementia (Mielke et al.,
2010; Oresic et al., 2011; Mapstone et al., 2014; Mousavi et al.,
2014; Graham et al., 2015; Casanova et al., 2016; Abdullah et al.,
2017; Bressler et al., 2017; Chouraki et al., 2017; Li et al., 2017;
Toledo et al., 2017; Dorninger et al., 2018; Tynkkynen et al.,
2018; van der Lee et al.,, 2018; Varma et al., 2018). Of the 16
studies, 10 assessed the association between lipid metabolites
and dementia. SM, PC, and lysoPC were the most commonly
identified potential biomarkers, and higher baseline levels of
these lipids are likely an important indicator of a higher risk of
MCI, and conversion from MCI to AD/dementia (Oresic et al.,
2011; Li et al.,, 2017; Toledo et al., 2017; Varma et al., 2018).
However, Mapstone et al. reported that PC was significantly
lower in participants who later showed a conversion to MCI/AD
compared to cognitively normal participants (Mapstone et al.,
2014). Further, docosahexaenoic acid (DHA), a well-known long-
chain omega-3 polyunsaturated fatty acid involved in brain
development in early life, was associated with good cognitive
performance and lower risk of dementia (Abdullah et al., 2017;
van der Lee et al., 2018). Moreover, van der Lee et al. (2018)
found that several high-density lipoprotein (HDL) subfractions
were associated with higher cognitive ability and lower risk
of dementia and AD. The triglycerides-to-total-lipids ratio and
other similar ratios were associated with incident dementia in
the study by Tynkkynen et al. (2018). However, we did not
find any metabolites that were consistently identified in all
studies. Only SM C16:0 and SM (OH) Cl14:1 were associated
with conversion from MCI to AD in an Alzheimer’s disease
Neuroimaging Initiative (ADNI) study (Toledo et al, 2017)
and incident AD in the Baltimore Longitudinal Study of Aging
(BLSA) (Varma et al., 2018).

Some essential and non-essential amino acids were
significantly associated with dementia. The study by Tynkkynen
et al. (2018) demonstrated that increases in branched-chain
amino acids (BCAAs, i.e., isoleucine, leucine, and valine), were
associated with lower dementia risk, and similar results were
found by Toledo et al. (2017), concerning valine. Glutamine
and glutamate were associated with higher dementia risk in two
studies (Chouraki et al., 2017; van der Lee et al., 2018). Creatinine

(Tynkkynen et al., 2018) and taurine (Chouraki et al., 2017) were
each associated with between 10 and 26% lower risk of dementia,
whereas higher plasma anthranilic acid levels were associated
with greater risk of dementia (Chouraki et al., 2017). In addition,
baseline blood concentrations of gamma-aminobutyric acid
(GABA), ornithine, and phenylalanine were lower (Mapstone
et al., 2014; Graham et al,, 2015), and dihydroxybutanoic acid
levels were higher (Oresic et al., 2011; Mousavi et al., 2014) in
dementia converters relative to healthy controls.

Three sex steroid hormones (4- androsten-3 beta, 17 beta-diol
disulfate 1; 5 alpha-androstan-3 beta, 17 beta-diol disulfate; and
pregnen-diol disulfate; Bressler et al., 2017), and high arachidonic
acid (AA) to DHA ratios (Abdullah et al., 2017) were associated
with an increased risk of dementia, whereas hypoxanthine
(Chouraki et al., 2017) decreased dementia risk. Several other
circulating metabolites were also involved in the physiological
processes and progression of cognitive disorders (Table 2).

Predictive Analysis

Seven studies assessed whether circulating metabolites
significantly associated with dementia risk could be effectively
used to distinguish or/and improve the power to predict
MCl/dementia in a cognitively normal population (Oresic et al.,
2011; Mapstone et al., 2014; Mousavi et al., 2014; Graham et al.,
2015; Casanova et al.,, 2016; Abdullah et al., 2017; Li et al,
2017). Three studies reported a significant improvement in
dementia prediction using combinations of metabolites relative
to only traditional risk dementia factors (e.g., age, education,
APOE ¢4, AB, etc.; Oresic et al., 2011; Mapstone et al., 2014;
Abdullah et al., 2017). However, only a small improvement in
MCI/dementia prediction was observed in the study of Li et al,
with only 0.03 increase in the C statistic (a measure of predictive
ability; Li et al., 2017).

Using both untargeted and targeted MS-based platform
analysis of 4600 features, Mapstone et al. (2014) identified a set
of 10 lipids, after least absolute shrinkage and selection operator
(LASSO) selection, that predicted MCI/AD reasonably well with
an accuracy of >90% within a 3-year period. However, with
the same metabolomics platform, Casanova et al. (2016) and
Li et al. (2017) failed to replicate this 10-metabolite panel as
predictor of incident MCI/dementia in three cohorts (i.e., BLSA,
Age, Gene/Environment Susceptibility-Reykjavik Study [AGES-
RS], and Atherosclerosis Risk in Communities-Neurocognitive
Study [ARIC-NS]), with a C statistic of 0.642, 0.395, and
0.609, respectively.

DISCUSSION

Through our comprehensive systematic review, we identified
16 articles, including 22 analyses, which prospectively evaluated
the association between circulating metabolites and risk of
dementia, three of which reported good diagnostic or predictive
performance. All the included studies were conducted in
western populations, and most were population-based cohort
studies. MS-based approaches were predominantly applied to
profile metabolite features in these analyses. Generally, elevated
concentrations of some metabolites such as SM, PC, and

Frontiers in Neuroscience | www.frontiersin.org

13

April 2019 | Volume 13 | Article 343


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

Jiang et al.

Metabolomics in the Development of Dementia

glutamate were associated with a higher risk of dementia, whereas
other metabolites (e.g., DHA and BCAAs) were associated with a
lower risk. Most of the studies focused on lipids in blood samples
as promising biomarker candidates. However, the same set of
metabolites was rarely found in different populations, making it
difficult to draw consistent conclusions from these studies.

Variations in lipid, energy, amino acid, purine, and
neurotransmitter metabolism, and oxidative stress were
associated with dementia pathogenesis in many previous cross-
sectional animal models and human patient metabolomics
studies (Seshadri et al., 2002; Thambisetty and Lovestone,
2010; Xu et al.,, 2012; Ahmed et al., 2014; Jove et al.,, 2014;
Trushina and Mielke, 2014; Gonzalez-Dominguez et al., 2017;
Thambisetty, 2017; Yi et al., 2017). In this systematic review, we
confirmed that alterations in lipids, amino acids, hormones, and
some other circulating metabolites were associated with risk of
dementia, and could serve as potential biomarkers for screening
of individuals at risk of dementia and in the development of
future therapeutic strategies.

Lipids play critical roles in central nervous system
homeostasis, including formation of lipid rafts, maintenance of
cell membrane structure, and involvement in signal transduction
(Trushina and Mielke, 2014; Han, 2016; Yi et al, 2017).
Deficiencies of several lipid classes, such as phospholipid, PC,
phosphatidylinositol, sphingolipid, lysophospholipid, SM, and
sterols, were found in brain tissue, CSF, and blood in patients
with dementia (Oresic et al., 2011; Xu et al., 2012; Trushina and
Mielke, 2014; Yi et al., 2017). High levels of PC, SM, and lysoPC
were associated with dementia risk in our systematic review
(Oresic et al., 2011; Li et al., 2017; Toledo et al., 2017; Varma
et al,, 2018). Toledo et al. (2017) reported that PC and SM were
associated with abnormal CSF Af;_4, values, supporting the
theory that lipid rafts could facilitate the aggregation of AB, which
may indicate loss of membrane function and neurodegeneration
in early stage cognitive dysfunction (Rushworth and Hooper,
2010). Thus, SM- and PC- containing lipids varied with time with
the onset of dementia, with higher levels presymptomatically
and lower levels post-impairment (Mielke et al., 2010). DHA
needs to be supplied by diet, can cross the blood-brain barrier
via Mfsd2a (Nguyen et al., 2014), a component of the neuronal
cell membrane and anti-inflammatory factor (Cardoso et al,
2016), showed low concentrations in brains of patients with
AD (Soderberg et al.,, 1991), and is associated with cognitive
decline (Cardoso et al., 2016). High blood levels of DHA, which
are raised by eating fish, were beneficial for cognition and
reduced the risk of dementia (van der Lee et al., 2018). Moreover,
subclasses of HDL were related to good cognitive performance
and lower dementia risk in 11 cohorts (van der Lee et al., 2018).
Different HDL subspecies are involved in different functions,
including repairing damaged membranes, lipid metabolism, cell
signaling, and anti-oxidation, which lead to protective effects on
the brain (Shah et al., 2013; van der Lee et al., 2018). Therefore,
replication of blood lipid classes might be a more useful endeavor
for understanding the basic biology of the preclinical state of
dementia in the future.

Several amino acid variations, such as reduced BCAAs
(Toledo et al, 2017; Tynkkynen et al, 2018), creatinine

(Tynkkynen et al., 2018), and taurine (Chouraki et al., 2017),
and higher glutamate (Chouraki et al., 2017), glutamine (van
der Lee et al., 2018), and anthranilic acid (Chouraki et al,
2017), are associated with dementia. Alterations in BCAAs
were observed in AD-like animal models (Salek et al., 2010;
Pan et al, 2016) and patients with AD (Gonzalez-Dominguez
et al,, 2015; Yi et al.,, 2017). Essential amino acids could be
an energy source whose disruption could indicate nutritional
deficiencies and result in lipid membrane changes (Orsitto et al.,
2009; Toledo et al., 2017; Tynkkynen et al, 2018). Further,
aging caused changes in amino acid metabolism, which was
a risk factor for dementia (Kodaira et al., 2017). Notably, as
key factors of the glutamine-glutamate/GABA cycle, glutamine,
and glutamate were associated with increased risk of dementia
(Chouraki et al., 2017; van der Lee et al., 2018). Elevated
plasma levels of anthranilic acid and glutamate, and lower
levels of taurine were associated with a higher risk of dementia
via the tryptophan-kynurenine pathway, which was linked to
glutamate excitotoxicity in the pathogenesis of dementia in
the Framingham Heart Study (Chouraki et al., 2017). Excess
glutamate in brain is likely harmful whereas glutamine is
beneficial, since the latter is a non-neuroactive intermediate in
the recycling of amino acid neurotransmitters in the brain (Zhou
and Danbolt, 2014). All the glutamine in brain is converted
from glutamate in astrocytes; therefore, the glutamate and
glutamine complex (GIx) represents the integrated metabolism
and neurotransmitter functions of glutamate in the brain (Zhou
and Danbolt, 2014; Jahng et al, 2016; Huang et al., 2017).
Decreased glutamine was found in the brain in animal models
of AD (Trushina and Mielke, 2014) and in the serum of patients
with AD (Gonzalez-Dominguez et al., 2015; Yi et al.,, 2017),
whereas elevated glutamine was associated with dementia risk in
the analyses by van der Lee et al. (2018); this correlation and the
underlying mechanisms require further confirmation.

Our systematic review revealed the diversity and complexity
of current applications of metabolomics in dementia. Several
putative metabolites have been proposed as potential biomarkers
for preclinical dementia. However, it is difficult to reach a
consistent conclusion, since biomarker validation in different
populations is a major challenge.

Several aspects should be taken into consideration. First,
differences among articles in study design, populations, cognitive
testing, and outcome definitions introduce heterogeneity and
affect evaluations and replications in independent populations.
Most of these studies used cohort designs and recruited
participants from the community, while two analyses included
participants selected from memory clinics or prevention trials
(Graham et al., 2015; Abdullah et al., 2017). However, nearly
all of the relevant studies were based on retrospective analysis
of samples collected for other outcomes or samples that were
collected “just in case.” Prospective studies designed from
conception to look specifically at metabolomics in dementia with
appropriate participant recruitment, biological sample collection,
processing, and storage are warranted. Moreover, the baseline
cognitive status of participants [participants with MCI in three
analyses (Oresic et al., 2011; Graham et al., 2015; Toledo et al.,
2017)], methods used to identify outcomes, and durations of
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follow-up were different across all the included studies, and the
metabolic profile may be different in different phases of disease
(Trushina and Mielke, 2014). Further, age, sex, and race may also
contribute to disparities in metabolite profile and prevalence of
dementia (Jove et al., 2014; Trushina and Mielke, 2014; Gonzalez-
Dominguez et al., 2017; Li et al., 2017), which could result in
discrepancies in replication and predictive analyses.

Second, the utilization of diverse metabolomics analytical
platforms and different biological samples (plasma or serum)
resulted in variations in the data. MS-based methods coupled
with variations in separation technique (i.e., gas chromatography
[GC], liquid chromatography [LC], capillary electrophoresis
[CE], etc.) were applied in all 16 studies, MS and NMR were
both included in three articles (Toledo et al., 2017; Tynkkynen
et al., 2018; van der Lee et al., 2018) in different cohorts, and
only one cohort (the FINRISK 1997 study) used both LC-MS
and NMR in serum (Tynkkynen et al., 2018). Eight analyses used
untargeted approaches, while eight applied targeted approaches,
which could result in differences in metabolite coverage. Each
of these platforms has advantages and disadvantages, and none
could capture the entire metabolomics map, which results in
inconsistencies in the detected metabolites (Kaddurah-Daouk
et al,, 2008; Xu et al., 2012; Trushina and Mielke, 2014). Eight
studies used serum, seven used plasma, and one used both
(Tynkkynen et al., 2018). Samples were not collected in the
same conditions. In addition, sample collection and storage were
not uniform: the sample freeze time and freeze-and-thaw times
were different. All these factors could cause inconsistencies and
difficulties in the extrapolation of results (Breier et al., 2014).
To link these variables directly to the studies in this review,
for example, using the same metabolomics platform, Casanova
et al. (2016) failed to replicate the metabolite panel that could
predict AD found by Mapstone et al. (2014), which might largely
be due to the different biological samples used in the two
studies (plasma vs. serum).

Third, differences in statistical approach could be a further
source of inconsistency. All the studies included in this systematic
review aimed to identify individual circulating metabolites or
a combination of metabolites related to cognitive decline or
incident dementia (MCI or all-cause dementia). Cox (Mielke
et al., 2010; Abdullah et al., 2017; Bressler et al., 2017; Chouraki
et al,, 2017; Tynkkynen et al.,, 2018; van der Lee et al.,, 2018)
or logistic (Oresic et al., 2011; Mapstone et al., 2014; Casanova
et al.,, 2016; Li et al., 2017) regression models were applied to
evaluate the association of metabolites at baseline and incident
dementia, while linear models were used in terms of cognitive
decline (Casanova et al., 2016; Bressler et al., 2017; Li et al., 2017;
Toledo et al., 2017). Three studies used data-driven multivariate
methods, such as orthogonal to partial least squares discriminant
analysis (OPLS-DA) (Mousavi et al., 2014; Graham et al., 2015)
and machine learning (i.e., RE, SVM, etc.; Casanova et al., 2016;
Varma et al., 2018). Different data reduction approaches and
multiple testing correction were applied in some of the studies,
including principal component analysis (PCA) (Tynkkynen et al.,
2018), LASSO (Mapstone et al., 2014), Bayesian model-based
clustering (Oresic et al., 2011), Bonferroni or false discovery rate
(FDR) correction (Mapstone et al., 2014; Casanova et al., 2016;

Abdullah et al., 2017; Toledo et al., 2017; Dorninger et al., 2018),
and others (Bressler et al., 2017; Chouraki et al., 2017; van der
Lee et al.,, 2018). In addition, pretreatment of metabolite data,
including scaling, normalization and transformation, sample
size, and covariates in adjusted models were inconsistent across
different studies. All of these are critical aspects in data-mining,
and could affect the selection of metabolites (Guasch-Ferre et al.,
2016; Ruiz-Canela et al., 2017; Yi et al., 2017).

Taken together, there is a need to standardize the workflow for
study design, participant selection, sample collection and storage,
and experimental and data procedures (Lindon et al., 2005; Yi
et al., 2017). Application of combined analytical platforms is an
attractive prospect for future metabolomics studies (Xu et al.,
2012; Yi et al, 2017). Moreover, it is imperative to conduct
studies in larger, well-phenotyped, serial biospecimens, with
more genetic background cohorts to enhance the identification
of metabolites in the prediction of dementia, especially in stages
before MCIL.

Several limitations of this systematic review should be
acknowledged. First, our search was limited to English, which
excluded studies that were published in other languages.
However, most articles are published and indexed in English
in PubMed, Embase, and the Cochrane Library. Second, we
only included blood metabolites measured by high-throughput
analytical approaches, which would exclude studies evaluating
only one or several metabolites before the development of
metabolomics, or conducted in other types of biospecimens
related to risk of dementia. However, we aimed at identifying
circulating metabolites in metabolomics profiles associated with
cognitive decline or progression to dementia, which could be
promising biomarkers of preclinical dementia. Third, we were
unable to conduct a quantitative meta-analysis, owing to the
inconsistency of the results of the included articles.

CONCLUSION

Metabolomics is a promising novel approach to understand the
pathophysiology of dementia and identify biomarkers for the
risk of dementia. This systematic review provides evidence that
several metabolites, including lipids (mainly PC, lyso PC, SM,
and HDL subfractions), amino acids (BCAAs, glutamate, etc.),
and steroids are associated with cognitive performance change
and risk of dementia. These findings highlight the translational
strength of metabolomics and heterogeneities among current
studies. To improve the identification of potential biomarkers of
dementia, standardized designs, and experimental protocols for
metabolomics studies in larger number of participants, longer
follow-up time, and serial blood samples in diverse populations
are warranted.
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