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Pathologically, loss of synapses and neurons, extracellular senile plaques and intracellular neurofibrillary
tangles (NFTs) are observed in the brains of patients with Alzheimer’s disease (AD). These features are
associated with changes A� (amyloid �) 40, A�42, total tau and phosphorylated tau (p-tau), which are
as definitely biomarkers for severe AD state. However, biomarkers for effectively diagnosing AD in the
pre-clinical state for directing therapeutic strategies are lacking. Metabolic profiling as a powerful tool to
identify new biomarkers is receiving increasing attention in AD. This review will focus on metabolomics-
based detection of promising candidate biomarkers and pathways in AD to facilitate the discovery of new
medicines and disease pathways.

1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease involv-
ing complex progressive conditions that are loss of memory,
impairment of cognition, behavioral disorder, and completely
losing ability of self-sufficiency in the final stage (Li et al. 2014).
AD is the most frequent form of dementia in the elderly with
prevalence of 25∼50% over the age of 85 (Hong-Qi et al. 2012).
In China impacts of AD get more broaden as older population
increases, which gives a great economic burden on both public
and private payers, and reduces life qualities of AD patients.
AD is characterized by amyloid-� (A�) aggregation with plaque
development, and the hyperphosphorylation and aggregation of
tau protein with formation of tangles (Ballard et al. 2011; Yan
et al. 2014). The current diagnostic criteria are used to iden-
tify patients with AD who have overt dementia. Actually, these
noticeable clinical symptoms are observed 20-30 years later than
those pathologic changes in the brain. These pathologic changes
in the brain have begun to accrue in many “cognitively nor-
mal” elderly individuals. However, there is no clinical method
to diagnose AD definitively before symptoms become apparent.
In addition, there is also no method to determine whether mild
cognitive impairment (MCI) individuals will progress to AD or
not, because approximately 11% of MCI individuals progress
to apparent dementia after a 3-year follow-up period (Petersen
et al. 1999). Early diagnosis of MCI individual and therapeutic
intervention at this stage will effectively slow disease progres-
sion and reduce the cost burden. There is a growing need for
biomarker identification of AD in preclinical stages when there
is no significant brain damage.
Imaging techniques like structural magnetic resonance imaging
(MRI), functional MRI (fMRI), magnetic resonance spec-
troscopy (MRS) and positron emission tomography (PET),
provide information on the regional distribution of changes
(Hampel et al. 2010; Perrin et al. 2009). Biochemical biomarkers

include: 1) core biomarkers that are the fundamental pathogenic
factors in AD such as A�40, A�42, total tau and phosphorylated
tau (p-tau); 2) downstream biomarkers that reflect secondary
pathologic changes such as axonal degeneration (Panza et al.
2014). Up to now, A�40, A�42, total tau and p-tau are the
important elements of the AD progression and have emerged as
currently leading diagnostic and prognostic biomarkers in brain
tissues, cerebrospinal fluid (CSF) and plasma/serum. However,
it has been described that plasma A�40 and A�42 cannot reflect
A� processing in the brain (Irizarry 2004; Vanderstichele et al.
2000).
There is increasing evidence suggesting that inflammation and
oxidative stress also contribute to the pathological changes.
Because by-products of inflammation and oxidative stress medi-
ate toxicity in AD to induce loss of synaptic integrity and
progressive neurodegeneration (Doty et al. 2014). Polyunsat-
urated fatty acids (targets for free radical attack), isoprostanes,
and 8-hydroxy-guanine (representing oxidized RNA), have been
reported to be changed in AD (Montine and Morrow 2005;
Pratico et al. 1998; Weidner et al. 2011). Both inflammatory
cells and their secreted products are involved in AD. For exam-
ple, �-1-antichymotrypsin (ACT), �-2-macroglobulin (�2 M),
activated factors of the classical pathway of complement, and
cytokines such as IL-1� and TNF-�, contribute to the patho-
physiology of AD (Blacker et al. 1998; Emmerling et al.
2000; Eriksson et al. 1995; Rubio-Perez and Morillas-Ruiz
2012). Indeed, although many potential candidate biomarkers
were identified, some results showed no consistence or had no
follow-up studies. Thus, more promising biomarkers have to be
identified by simple, noninvasive and reliable methods.
Metabolomics, or metabonomics, offer powerful tools to study
perturbations of the metabolic network by identifying numer-
ous small molecules in biochemical processes. Metabolomics
presents an accurate biochemical phenotype in different states
of the living system. Metabolomic profiling reflects changes of
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gene expression or environmental factors under disease states,
and different life style and diet in humans or other animals under
healthy states. Metabolomic profiling is performed in body
fluids, plasma/serum, different tissues, and cerebrospinal fluid
(CSF). Samples mostly used in AD are urine, CSF, plasma/serum
and brain tissues. Common technologies used for metabolomics
include 1H NMR spectroscopy and mass spectrometry (MS).
MS methods are always connected with separation techniques
such as liquid chromatography (LC), gas chromatography (GC),
and capillary electrophoresis (CE), or ultra-high-pressure LC
(UPLC) for a pre-separation. Metabolites generated from MS
or NMR are analyzed by different statistical methods accord-
ing to different purposes. Principal components analysis (PCA)
using Pareto-scaled data is performed to reduce the dimension-
ality of the data and to reveal any clustering of study groups in an
unsupervised manner, which provides a summary or overview
of all observation or samples in the data table. Partial least
squares (PLS) and orthogonal-PLS (OPLS) represent two mod-
eling methods to construct a predictive model to camper and
evaluate diseases condition or/and progression based on the
differential metabolites accountable for disease.
Although several MRI, PET-based markers for AD are currently
available, they are less useful for identifying and monitoring
the effect of drugs on the neurodegenerative process, as well
as identifying alternative disease mechanisms and associated
biomarkers that can help to diagnose AD in the preclinical and
early clinical stages (i.e., MCI). Thus, biomarkers that clearly
discriminate between different states of disease and between
remission and flare-ups would be enormously useful for clinical
practice. The biomarkers that are important to support diagnosis
and to provide an insight into the underlying pathophysiologi-
cal mechanisms of AD, are far from clear at present. Here, we
review the current status of biomarker candidates AD based on
metabolomics analysis.

2. Metabolomics-based lipid profiling in plasma/serum
of AD patients

Lipid-mediated signaling involves a large number of physio-
logical processes, including metabolic disorders, cardiovascular
diseases, and neurodegenerative disorders such as AD (Lemaitre
et al. 2014; Reed 2011; Sahebkar et al. 2014). Since the �4
allele of the apolipoprotein E (ApoE) gene was identified as the
strongest known genetic risk factor for sporadic AD, a direct link
of lipid metabolism and AD was established (Corder et al. 1993).
ApoE is a component of lipoproteins in plasma and brain, and
acts as crossroads between the lipidome and dementia. ApoE
encodes a ∼34 kDa protein that is mostly secreted by glial
cells (>95%) and serves as a mediator that affects the uptake of
lipoprotein particles in the brain via the low density lipoprotein
receptor related protein (LRP) and the very low-density fam-
ily lipoprotein receptor (Krieger and Herz 1994). ApoE plays
direct or indirect roles in the amyloid metabolism which are
supported by the evidence that ApoE binds A� and results in a
toxic accumulation of the A�. Recently, Garai et al. (2014) found
that ApoE primarily bonded to oligomers and also affected their
growth that led to the nuclei required for fibril growth (Garai
et al. 2014). However, the results of linking between tau and
ApoE are discrepant (Morris et al. 2010; Shafaati et al. 2007).
Many researches using targeted experimental design have pro-
vided growing evidence that lipid molecules such as cholesterol
and phosphoinositides are related to AD pathogenesis (Gamba
et al. 2012; Martins et al. 2009; Mulder et al. 2003). However,
lipid metabolism pathways are complex and their perturbations
are not only observed in AD but in many diseases, especially
in cardiovascular diseases with high incidence in the elderly. In

addition, AD patients are always characterized as losing weight,
which results in lower lipid levels. Therefore, lipid profiling
based on metabolomics analysis would be a promising method
to detect the specificity of a lipid class as accurate biomarkers
involved in AD pathogenesis.
Using LC/MC method, levels of desmosterol and desmos-
terol/cholesterol ratio in the plasma of AD patients have been
described to be significantly decreased compared with healthy
elder controls (Sato et al. 2012). Because LC/MS method does
not need derivatization and allows a good separation from
another endogenous desmosterol isomer, LC/MS method is bet-
ter than GC-MS for desmosterol identification. The authors
further confirmed that desmosterol/cholesterol ratio in CSF of
same patients correlated well with its plasma ratio. Additionally,
changes of the desmosterol/cholesterol ratio were not found in
neuronal disease patients’ plasma and CSF, suggesting the spe-
cific association of desmosterol with Alzheimer’s disease and/or
with cognitive decline. Although desmosterol/cholesterol ratio
can be expected to predict the AD progress, in this study plasma
levels of cholesterol showed no significant difference between
healthy elder controls and AD. Conversely, it is thought that both
the generation and clearance of A� are regulated by cholesterol,
and drugs that inhibit cholesterol synthesis can lower A� in
animal models of AD (Puglielli et al. 2003). Cholesterol accu-
mulation has been observed in senile plaques of AD patients, as
well as in transgenic APP (SW) mice (Mori et al. 2001). The
quantity of free cholesterol per senile plaque was similar to the
quantity of A� peptide (Panchal et al. 2010).
However, more recent studies focused on the specificity of lipid
subclasses associated with AD severity rather than an overall
lipid flux. Although identified biomarkers are different, these
biomarkers were shown to affect the same pathways, including
cholesterol biosynthesis and metabolism, sphingolipids trans-
port, lipid metabolism and other phospholipid and plasmalogen
pathways.
A global version of possible factors triggering membrane break-
down were exhibited in AD patients by identifying changes
of phosphatidylcholines, phosphatidylethanolamines, plas-
menylcholines, plasmenylethanolamines and different classes
of lysophospholipids (Gonzalez-Dominguez et al. 2014).
Lysophospholipids are transiently expressed by phospholipase
A2 and rapidly acylated with acyl-CoA in the deacylation-
reacylation cycle (Farooqui et al. 2000). In AD patients,
phospholipase A2 was significantly decreased (-35 to -53%)
in parietal and temporal cortices of patients with AD, while the
activities of lysophospholipid acyltransferase were increased by
approximately 50-70% in the same brain areas (Ross et al. 1998),
which suggested that a lysophospholipid metabolism disorder is
involved in the pathology of AD.
Alteration of phosphatidylcholines were also investigated
using MS and NMR methods; three phosphatidylcholine
molecules (phosphatidylcholine 16:0/20:5, 16:0/22:6, and
18:0/22:6) were significantly diminished in AD patients
(Whiley et al. 2014). Phosphatidylcholines are a class of 1,2-
diacylglycerophospholipids that are an essential component of
cell membranes (Frisardi et al. 2011). The type of fatty acid
linked to the phosphatidylcholine molecular moiety include
polyunsaturated fatty acid (PUFA) and saturated fatty acid
(SFA), which determines the levels of phosphatidylcholines. In
AD patients, polyunsaturated fatty acid (PUFA) phosphatidyl-
cholines decreased and SFA phosphatidylcholines increased
(Whiley et al. 2014). Actually, there are studies that reported
reduced PUFA-containing phospholipids reduced both in brain
and plasma from patients with AD (Cunnane et al. 2012; Martin
et al. 2010), and particularly in phosphatidylcholine species. The
degree of saturation in membrane lipids affects the cell mem-
brane fluidity, permeability and charge. Phosphatidylcholines
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also play as components of lipoprotein and interact with ApoE
as part of the HDL group involved in cholesterol transport.
In another study using ultra UPLC coupled to MS and com-
prehensive two-dimensional GC coupled to time-of-flight MS
also identified phosphatidylcholines, which were diminished in
the serum of AD patients (Oresic et al. 2011). In addition to
phosphatidylcholines, ether phospholipids, sphingomyelins and
sterols were also described to be reduced in the serum of AD
patients (Oresic et al. 2011).
As phosphatidylcholine is a precursor for sphingomyelin, it
is understandable that both phosphatidylcholines and sph-
ingomyelins are diminished in AD patients. Sphingomyelin
species are important cellular membrane constituents which
interact with cholesterol in construction, metabolism and
transport, and which are abundant in lipid rafts. However, sphin-
gomyelin levels in AD patients showed differences according to
time to onset of memory impairment and sample to different tis-
sues. For example, elevated sphingomyelin levels were found in
AD brain using 31P NMR, which correlated with neuropatholog-
ical hallmarks of the disease and measures of cognitive decline
(Pettegrew et al. 2001). Conversely, levels of sphingomyelins
were not significantly different in brain tissue samples from any
of the three AD patient groups (different stages of the disease
progression include mild, moderate, and severe) compared with
controls (Cutler et al. 2004). The conflicting results could be due
to the detection methods used. However, metabolomics-based
methods consistently showed lower levels of sphingomyelins
during memory impairment. Because sphingomyelin is a major
source of ceramide generated from sphingomyelin by sphin-
gomyelinases, changes of sphingomyelins are always associated
with changes of ceramides. Recent studies showed that in addi-
tion to lower levels of sphingolipids in early AD, levels of two
ceramide species (N16:0 and N21:0) were significantly higher
in early AD. Ratios of ceramide to sphingomyelin species con-
taining identical fatty acyl chains differed significantly between
AD patients and controls (Han et al. 2011).
1H NMR spectroscopy was used to analyze lipoprotein par-
ticles, various low-molecular-weight metabolites, and also
individual lipid molecules together with their degree of
(poly)(un)saturation in MCI (Tukiainen et al. 2008). These
results showed that a low relative amount of �-3 would be
more indicative of high risk for AD than low serum �-3 or
polyunsaturated fatty acid (PUFA) concentration. The results
also revealed that the low level of sphingomyelin phosphatidyl-
choline correlated with high levels of total cholesterol in MCI
patients.

3. Metabolites profiling in cerebrospinal fluid of
AD patients

As the composition of CSF is related to metabolite production
in the brain, CSF has become a preferred sample to investigate
central nervous system disorders. Research efforts have in gen-
eral been focused on lipid metabolites in serum of AD patients,
but most studies in CSF of AD primarily focused on amino acids
and related metabolites.
Using a nontargeted metabolomic approach based on CE-MS,
Ibań̃ez et al. (2012) examined metabolic differences in CSF
samples to investigate different cognitive status related to AD
progression. Choline, dimethylarginine, arginine, valine, pro-
line, serine, histidine, creatine, carnitine, and suberylglycine
were identified as possible disease progression biomarkers.
These biomarkers were confirmed using a blind small test, the
results showed that diagnostic accuracy reached 83% and the
predictive values obtained were higher than those reported with
classical CSF AD biomarkers (A�42 and tau) (Ibanez et al.

2012). In this study, choline was found to be increased in AD
patients. Choline is involved in the metabolism many biochemi-
cal molecules, such as betaine, methionine, and phospholipid
biosynthesis, acting as a precursor of the neurotransmitter
acetylcholine. A role for choline in the development of AD has
been described. A report showed that choline and its metabolites,
such as glycerophosphocholine and phosphocholine, elevated
in AD patients compared with age-matched healthy controls
(Walter et al. 2004). Free amino acids valine, serine, histidine,
and arginine showed diverse patterns in different status of AD.
Although many of free amino acids were in good agreement
with previously published studies, diverse patterns in different
status of AD made it hard to predict and diagnose disease.
LC electrochemical array platform was used to identify
biomarkers in AD and MCI patients (Kaddurah-Daouk
et al. 2013). In AD patients, methionine (MET), 5-hydroxy-
indoleacetic acid (5-HIAA), vanillylmandelic acid, xanthosine
and glutathione were elevated. Whereas, MCI patients had
elevated 5-HIAA, MET, hypoxanthine and other metabolites
versus controls. The results suggested that MCI and AD were
not only associated with an overlapping pattern of pertur-
bations, but could be distinguished by different biomarkers.
RP/UHPLC–MS and HILIC/UHPLC–MS methods were also
used to investigate CSF samples from patients with different
AD stages (Ibanez et al. 2013). They found that uracil, taurine,
nonanolglycine, caproic acid and sphingosine-phosphate con-
tinuously increased in the MCI-AD patients, and they decreased
dramatically in AD patients. As for tryptophan and pipecol-
icacid, they decreased in MCI-AD patients, but increased in
AD patients. Creatinine consistently decreased, while histidine
and tyrosil-serine consistently increased from MCI-AD status
to AD status. These biomarkers are involved in many pathways
including DNA and RNA synthesis, mitochondria function,
energy metabolism, oxidative stress. Some of these biomarkers
were changed in agreement with previous studies, but uridine
was different from recent work. Czech et al. (2012) observed
that uridine decreased in the CSF of AD patients, which were
thought to be related to reduced synaptic plasticity and neu-
ronal deficits. As uridine is one of the four basic components
of RNA and upon digestion of foods containing RNA, uridine
is released from RNA and is absorbed intact in the gut. There-
fore, an important effect of diet on these results cannot be ruled
out. In addition to uridine, the authors also found that acetyl-
choline, norepinephrine, catecholamines, cysteine were changed
in the CSF of AD patients (Czech et al. 2012). Changes of
norepinephrine, norepinephrine concentration in CSF increased
in this observation, were a reflection of compensatory effects.
However, the concentration of norepinephrine at the site of locus
coeruleus neuronal projections in the frontal and temporal cortex
was substantially lowered (Reinikainen et al. 1990).
Studies using samples from post-mortem ventricular CSF (15
AD and 15 nondemented subjects with autopsy confirmed
diagnoses) have shown that metabolites related to tyrosine, tryp-
tophan, purine, and tocopherol pathways were altered in patients
with AD(Kaddurah-Daouk et al. 2011). Although post-mortem
and ante-mortem neurochemical studies in AD limited its appli-
cation for diagnosing diseases because of characteristics of the
progressive development in AD, the metabolites identified could
be used to analyze differences in biochemical pathway which in
turn could yield candidate biomarkers for testing in future.

4. Metabolic profiling of AD in animals

Animal models are essential for the understanding of disease
pathophysiology and progression, and are widely used in pre-
clinical pharmaceutical discovery. Metabolomics can enhance
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Fig. 1: Summary of metabolomics in AD.

the understanding the pharmacological effects of drugs. The
endogenous metabolites and metabolic pathways identified in
animal models can lead to the discovery of novel drug targets.
There are several reports so far to show metabolites changes in
AD using anmial models.
NMR-based metabolomics analysis has been used to study
urinary metabolites in transgenic mice that expressed mutant
tau and APP (Fukuhara et al. 2013).Urine samples were col-
lected when transgenic mice were at the age of 2, 10, and 15
months, which represented prior to onset, early/middle, and late
stages of AD, respectively. In this study, 3-hydroxykynurenine,
homogentisate and allantoin were described to play a role in the
development of AD. These metabolites are involved in the oxida-
tive stress pathway by producing reactive oxygen species (ROS)
or being oxidized by ROS, respectively. The fact that oxida-
tive stress plays an important role in AD pathogenesis has been
widely studied and confirmed. The increasing evidence sug-
gested that oxidative stress increases neuron degeneration and
death in AD patients (Padurariu et al. 2013). However, because
tissue injury itself can induce ROS generation which also can
secondarily lead to neuron death, it is not known whether this
is a primary or a secondary event. Studies using metabolomics
method confirmed that oxidative stress mechanisms played their
roles in the pathogenesis of AD by using urine samples. It was
also shown that oxidative stress happened at a very early period
in the progression of AD by identifying 3-hydroxykynurenine,
homogentisate and allantoin in AD mice.
Transgenic CRND8 mice, which encoded a mutant form of
the amyloid precursor protein 695 were used to address the
metabolic signatures in the hippocampus of the A� with
MS method (Lin et al. 2013). These mice developed extra-
cellular A� deposits 2∼3 months. The authors found that
eicosanoids in arachidonic acid metabolism, fatty acid beta-
oxidation disorders as well as disturbed glucose metabolism
were highlighted as metabolic traits of A� toxicity in trans-
genic CRND8 mice. In this study, arachidonic acid metabolism
dominated the metabolic perturbation in hippocampal tissues of
transgenic CRND8 mice, the results indicated that A� toxic-
ity functioned neuroinflammation in hippocampal tissue. New
theranostic opportunities might be offered by characterization
of altered arachidonic acid metabolism for AD.
Recent MS studies have provided evidence for the role of
mitochondrial dysfunction in the early stages of AD (Trushina
et al. 2012). Transgenic mice were exhibited mitochondrial
trafficking inhibition. 15 most important metabolites were iden-
tified, which are linked to mitochondria and energy metabolism,
such as inorganic phosphates (Pi), creatinine, NAA, AMP,
adenosine, malonic acid, IMP, adenine, b-alanine, lactic acid,
ATP, and glycerol. Metabolic pathway analysis revealed that
nucleotide metabolism, mitochondrial Krebs cycle, carbohy-

drate, and amino acid metabolic pathways were altered in all
three familiar AD mouse models, which was in agreement with
studies conducted in patients and AD mice. Metabolomic sig-
natures of mitochondrial stress and altered energy metabolism
indicated alterations in nucleotide, Krebs cycle, energy trans-
fer, carbohydrate, neurotransmitter, and amino acid metabolic
pathways. Biochemical studies demonstrate alterations in the
activity of mitochondrial enzymes involved in Krebs cycle and
electron transport chains in post-mortem AD brains (Atamna
and Frey 2007; Bubber et al. 2005).

5. Discussion and perspectives

Metabolic profiling of biofluids from AD patients represents a
powerful approach for the detection of biomarkers and under-
lying mechanisms of AD. The most common samples for
AD detection are CSF and plasma. These investigated sam-
ples hold different information on AD. Metabolic profiling of
plasma/serum get us more focused on lipid metabolism, while in
CSF energy metabolism, Krebs cycle, mitochondrial function,
neurotransmitter and amino acid metabolism, and lipid biosyn-
thesis are involved. A recent study using CSF and plasma from
the same individuals in relationship to AD progression showed
that signatures in CSF and plasma have significant overlap, and
pathways were identified that were specifically affected in either
plasma or CSF (Trushina et al. 2013).
Theoretically, metabolomics-based biomarkers in AD patients
are useful for distinguishing AD from other dementia diseases,
diagnosing AD in pre-clinical states, monitoring pharmaco-
logical effects of a drug to shorten the drug developing time,
facilitating to discover novel mechanisms of AD, and accurately
reflecting the side effects of drugs. However, as a promis-
ing method in drug development, the current application of
metabolomics in AD remains limited. Indeed, although there is
a lot of research on potential candidate biomarkers in AD based
on metabolomics, follow-up studies are either lacking or have
failed to confirm by repeatability of results in different research
laboratories.
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