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ABSTRACT: Saliva is a readily available biofluid that may contain metabolites of
interest for diagnosis and prognosis of diseases. In this work, a differential 13C/12C
isotope dansylation labeling method, combined with liquid chromatography Fourier
transform ion cyclotron resonance mass spectrometry (LC−FTICR-MS), is described
for quantitative profiling of the human salivary metabolome. New strategies are
presented to optimize the sample preparation and LC−MS detection processes. The
strategies allow the use of as little of 5 μL of saliva sample as a starting material to
determine the concentration changes of an average of 1058 ion pairs or putative
metabolites in comparative saliva samples. The overall workflow consists of several steps
including acetone-induced protein precipitation, 12C-dansylation labeling of the
metabolites, and LC−UV measurement of the total concentration of the labeled
metabolites in individual saliva samples. A pooled sample was prepared from all the
individual samples and labeled with 13C-dansylation to serve as a reference. Using this
metabolome profiling method, it was found that compatible metabolome results could be obtained after saliva samples were
stored in tubes normally used for genetic material collection at room temperature, −20 °C freezer, and −80 °C freezer over a
period of 1 month, suggesting that many saliva samples already collected in genomic studies could become a valuable resource for
metabolomics studies, although the effect of much longer term of storage remains to be determined. Finally, the developed
method was applied for analyzing the metabolome changes of two different groups: normal healthy older adults and comparable
older adults with mild cognitive impairment (MCI). Top-ranked 18 metabolites successfully distinguished the two groups,
among which seven metabolites were putatively identified while one metabolite, taurine, was definitively identified.

Saliva is an oral fluid secreted mainly from the salivary glands
and plays a pivotal role in several physiologic functions

related to the oral cavity system, such as food swallowing and
antibacterial and antiviral protection.1,2 It is composed of many
secretory products including proteins and metabolites. It is
believed that many compounds present in the blood are also
present in saliva due to chemical diffusion and transport
processes involved in salivary glands or through the gingival
sulcus.1 Thus, the chemical constitution of saliva, like blood,
can be influenced by the physiological state of an individual
and, hence, used for disease diagnosis and prognosis. With the
development of very sensitive analytical tools for detection of
trace amounts of chemical components in saliva, the field of
saliva diagnostics is being advanced rapidly.1−7 Many
biomarkers of cancer, cardiovascular, and other diseases can
potentially be detected in saliva.7 Compared to other biofluids,
collection of saliva is easy and not invasive. It can be done in
private or a remote site or in clinically challenging situations
where blood sampling is not possible.
Saliva has also been widely used as a source of DNA and

RNA for genetic studies,8−10 and as a result, large repositories
of human saliva samples, often accompanied with important
clinical information of the donors, are available. These are great
resources not only for genomics, but also for proteomic and

metabolomic studies, particularly for the discovery of new
biomarkers for disease diagnosis and prognosis. Indeed, salivary
proteomics is an active research field where a variety of
analytical techniques are being developed and applied to profile
the proteomes of saliva samples.5,11−14 In contrast, there are
only a few reports focusing on metabolome analyses of saliva
using NMR,15−19 gas chromatography mass spectrometry
(GC−MS),3,20,21 liquid chromatography MS (LC−
MS),3,22−25 and capillary electrophoresis MS (CE−MS).26

The major challenge in saliva metabolome profiling lies in the
relatively low abundance of metabolites present in saliva. Even
with metabolite extraction and concentration, a much smaller
number of metabolites have been detected in saliva, compared
to other biofluids such as blood or urine. For example, recently
reported metabolome profiles generated by LC−MS or CE−
MS were generally composed of less than 100 metabolite
peaks.3,22−26 To increase the probability of discovering specific
biomarkers of diseases using salivary metabolomics, there is a
clear need to develop more sensitive analytical tools to profile a
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large number of metabolites, i.e., to cast a bigger net to find the
biomarkers.
In this work, we report a high-performance isotope labeling

LC−MS approach, based on dansylation labeling,27 for
quantitative and more comprehensive profiling of the salivary
metabolome. An analytical workflow was developed to process
saliva samples with as little as 5 μL of starting material. On
average, more than 1000 putative metabolites could be detected
and the relative concentrations of these metabolites could be
determined using differential isotope labeling of individual
samples (12C2 labeling) and a pooled saliva reference sample
(13C2 labeling). This method was applied to the study of the
sample storage effect on metabolome profiling. The application
of this method for salivary metabolomics was demonstrated in
the study of the effect of mild cognitive impairment (MCI) on
metabolome changes of the individuals with MCI, compared to
age- and gender-matched controls.

■ EXPERIMENTAL SECTION

Figure 1 depicts the workflow used for saliva metabolome
analysis. The key experimental processes are highlighted below,
and some details of the experimental steps are given in
Supporting Information Notes N1−N3.

Saliva Sample Collection. All biosamples were collected in
active and certified compliance with prevailing human research
ethics guidelines. All human participants contributed signed
informed consent forms. The participants were enrolled in the
Victoria Longitudinal Study (VLS), a large-scale epidemio-
logical study of biological, neurocognitive, and biomedical
human aging.28 The present groups were classified on the basis
of objective and standardized procedures for clinically differ-
entiating a normal aging from a probable MCI group.29−32 The
present classifications included 4 year follow-up independent
assessments confirming stability of initial clinical status. The
saliva samples were collected initially for genomic research, and
all samples have been successfully processed for DNA
extraction and initial genotyping.33 Specifically, the saliva
samples were collected by Oragene·DNA collection kits
(DNS Genotek Inc., Ottawa, ON, Canada), as administered
by trained VLS staff. The collection tube of each kit contains 2
mL of stabilizing reagents mainly composed of ethanol (10−
30%) and Tris buffer (1−5%), according to the manufacturer.
Up to 2 mL of saliva can be collected. The majority of the
samples were collected in the afternoon, following the protocol
given in the collection kit (e.g., rinsing mouth with water to
clear particles and collecting saliva to the 2 mL mark which was
done usually within 5−15 min). The samples were stored at
room temperature in a locked laboratory archive room.

Sample Processing. For processing the saliva sample to
remove proteins, acetone was cooled to −20 °C in advance. An
aliquot of saliva sample was placed in 600 μL Eppendorf tube,
and four times the sample volume of cold acetone was added to
the tube. The solution was vortexed, and then incubated at −20
°C overnight. After incubation, the solution was centrifuged at
20 000g for 30 min. The resulting supernatant was aliquoted
out for dansylation labeling.

Dansylation Labeling. The synthesis of 13C-dansyl
chloride as the isotope labeling reagent has been described by
Guo and Li.27 The dansylation labeling reaction has also been
described,27 but with some minor changes tailored to the saliva
sample labeling (see Supporting Information Note N1).

LC−FTICR-MS. An Agilent 1100 series capillary HPLC
system (Agilent, Palo Alto, CA) and an Agilent reversed-phase
Eclipse C18 column (2.1 mm ×100 mm, 1.8 μm particle size, 95
Å pore size) were used for online LC−MS using a Bruker 9.4 T
Apex-Qe Fourier transform ion cyclotron resonance (FTICR)
mass spectrometer (Bruker, Billerica, MA, U.S.A.). All MS
spectra were obtained in the positive ion mode. For the LC−
MS work, LC solvent A was 0.1% (v/v) formic acid in 5% (v/v)
acetonitrile (ACN), and solvent B was 0.1% (v/v) formic acid
in ACN. The gradient elution profile was as follows: t = 0 min,
20% B; t = 3.50 min, 35% B; t = 18.00 min, 65% B; t = 21.00
min, 95% B; t = 21.50 min, 95% B; t = 23.00 min, 98% B; t =
24.00 min, 98% B; t = 26.50 min, 99% B. The flow rate was 180
μL/min, and the sample injection volume was indicated in the
discussion and was 3 μL in the optimized protocol. The flow
from the HPLC was split 1:3, and a 60 μL/min flow was loaded
to the electrospray ionization (ESI) source of the FTICR mass
spectrometer, while the rest of the flow was delivered to waste.

LC−UV. An ACQUITY UPLC system (Waters Corporation,
Milford, MA) including binary solvent manager, sampler
manager, and photodiode array (PDA) detector, and a Waters
ACQUITY UPLC BEH (ethylene bridged hybrid) C18 column
(2.1 mm ×50 mm, 1.7 μm particle size) were used for online
LC−UV.34 The detection wavelength was set at 338 nm.

Figure 1. Workflow of the high-performance isotope labeling LC−MS
method developed for salivary metabolome profiling.
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Data Processing and Statistical Analysis. The data files
obtained from LC−FTICR-MS analysis were first converted to
NetCDF format by Bruker Compass DataAnalysis software
(Bruker Daltonics). XCMS,35 a public-domain software, was
used to analyze the NetCDF files to pick up the 12C/13C ion
pairs of the same metabolites in two comparative samples. All
the processed files by XCMS were aligned together in one Excel
file. SIMCA-P+ 12.0 software (Umetrics, Umea,̊ Sweden) was
used for multivariate statistical analysis.
Metabolite Identification. Several metabolites were

selected according to their ranks of VIP value (see the Results
and Discussion section) which may serve as potential
biomarkers for differentiating two different groups of
individuals. Accurate mass of each underivatized metabolite
was calculated by subtracting the mass of dansyl group from
that of dansylation-labeled metabolite. An in-house-developed
web-based software MyCompoundID was used to search the
accurate mass within the Human Metabolome Database
(HMDB),36 using a mass accuracy tolerance of 5 ppm. The
potential biomarker was definitively identified if both the
retention time and the accurate mass could be matched with
those of the authentic standard.

■ RESULTS AND DISCUSSION
Dansylation Labeling. In the workflow shown in Figure 1,

dansylation labeling is a key step. Saliva, like other biofluids,
contains many highly polar and poorly ESI-ionizable metabo-
lites that are also present in low abundance. The use of
dansylation labeling to form dansyl derivatives of metabolites
overcomes some of the technical issues related to LC−MS
analysis of these metabolites.27,37 Dansylation mainly targets
the amine- and phenol-containing metabolites.38−40 Upon
labeling, the hydrophobicity of these metabolites is altered to
an extent that they can be separated efficiently by reversed-
phase liquid chromatography (RPLC). In addition, the ESI
responses of these metabolites are enhanced by 10−1000-fold,
depending on the metabolite type. An isotope tag (12C2 or
13C2) can be built into the dansylation reagent such that the
light (i.e., 12C2) and heavy (i.e., 13C2) labeling reagents can be
used to differentially react with two comparative samples for
relative quantification of the metabolomes. Using differential
isotope labeling, peaks belonging to the labeled amine- or
phenol-containing metabolites can be picked up according to
the accurate mass difference of the ion pair. For example, for a
metabolite pair labeled with one dansyl group, the mass
difference should be 2.0067 Da, with a measurement accuracy
of <2 ppm in mass difference. The mass difference for n-tag
singly charged ion pair is n × 2.0067 Da. Using the in-house-
developed program, redundant peaks such as adduct ions or
multiply charged ions of the same metabolite and the noise and
background peaks are eliminated to retain only one ion pair
from a putative metabolite at a given retention time.27,37

In applying this isotope labeling technique for profiling the
metabolome of saliva samples, our goal was to use a small
volume of starting material to generate a maximum number of
peak pairs. Thus, we examined several variables that could
influence the analytical performance and subsequently
developed the strategies to optimize or control these variables.
In order to compare the effect of individual variables on the
total number of peak pairs detected, we needed to ensure that
the same amount of labeled metabolites from differently
processed samples was analyzed by LC−MS for fair
comparison. Thus, the first step in our process of developing

an optimal saliva metabolome analysis method was to develop a
quantification method to measure the total amount or
concentration of labeled amine- or phenol-containing metab-
olites in a sample. However, because a saliva standard with
known total concentration of metabolites is not available, it was
not possible to directly determine the total concentration of
salivary metabolites in an individual sample.

Total Concentration of Salivary Metabolites. Because
human saliva contains amino acids that are present in relatively
higher concentrations, compared to other metabolites,15 we
expected that a mixture of amino acid standards might serve
well as a reference standard for estimating the total
concentration of salivary metabolites. To test this expectation,
an amino acid standard mixture (aa-mixture) was labeled with
12C-dansyl chloride and the UV absorbance of the labeled aa-
mixture, with various dilutions, was analyzed using the fast step-
gradient LC−UV method described in the Experimental
Section and Supporting Information Note N1. The calibration
curve obtained is shown in Figure 2A. Meanwhile, another

curve was generated from dilution of a labeled saliva sample
and is shown in Figure 2B. It is clear that the two calibration
curves have different slopes, indicating that the labeled aa-
mixture and the labeled saliva sample have different absorption
coefficients. Thus, the calibration curve of the labeled aa-
mixture cannot be used to determine the absolute concen-
tration of the labeled salivary metabolites. It is apparent that
there are many other metabolites than amino acids influencing

Figure 2. (A) Calibration curve built with 12C-dansyl-labeled amino
acid standard mixture solution. (B) Calibration curve built with 12C-
dansyl-labeled saliva used.
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the overall absorptivity of the labeled saliva sample. Because
identification of all the major metabolites contributing to the
UV absorbance is very difficult, it is not possible to determine
the absolute concentration of the total metabolites present in
saliva.
However, for sample comparison and controlling the amount

of labeled metabolites being injected into the LC−MS, only the
relative concentrations among different samples are needed to
be determined. Therefore, we resorted to the use of the dilution
curve of a labeled saliva sample (Figure 2B) as the calibration
curve for relative quantification. In the course of developing an
optimal workflow for salivary metabolome profiling, several
experimental variables were carefully examined.
Sample Size and Sample Processing. One of the

important variables in determining the outcome of saliva
analysis is the initial sample size used for profiling. The use of
lower volumes of saliva sample is desirable for multiple
measurements of the same sample collected from an individual.
Aside from genomic and proteomic measurements, even for
metabolome analysis alone, multiple aliquots are often required
to analyze a wide range of metabolites to achieve high
metabolome coverage. For example, the dansylation chemistry
described in this work targets the amine- and phenol-containing
metabolites. For analyzing other classes of metabolites, different
isotope labeling chemistries41 are used with each experiment
consuming an aliquot of a valuable sample. In addition, to
generate better statistics to reveal subtle concentration
differences of the metabolome among different individuals,
replicate measurements of the same sample are needed.
To determine the minimal size of the initial saliva sample

that can be handled conveniently, we tested three different
volumes of the saliva sample collected from an healthy
individual using the Oragene·DNA collection kit. They were
5, 10, and 20 μL samples, corresponding to the original saliva
volumes of 2.5, 5, and 10 μL, respectively. First, the extraction
efficiency of the metabolites from different volumes of saliva
was examined. In this case, two aliquots of 20 μL, two aliquots
of 10 μL, and four aliquots of 5 μL of saliva underwent protein
precipitation using 4 times of volumes of cold acetone. The
supernatants from the 20 μL samples were then aliquoted into
eight vials with each containing 25 μL. For the 10 μL samples
or the 5 μL samples, the supernatants were aliquoted into four
vials with each containing 25 μL. To each 25 μL aliquot, 25 μL
of water was added to a total volume of 50 μL for dansylation
labeling. An amount of 2 μL of the labeled sample was injected
into the LC−UV for UV measurement. Table 1 shows the total
concentration of the labeled metabolites in each aliquot in
terms of the dilution factor that was determined from the
calibration curve shown in Figure 2B. These aliquots gave
similar concentrations, indicating that the extraction efficiency
of metabolites from saliva through the acetone protein
precipitation process was almost the same, even when different
volumes of saliva were used.
Second, the possibility of sample loss during the process of

drying down the supernatant after acetone precipitation was
studied. According to the volume requirement of an optimized
dansylation labeling reaction condition,27 50 μL of sample
solution was needed. While dealing with different volumes of
saliva, especially 20 μL or even higher volumes of samples, final
volumes of the supernatants were always more than 50 μL,
leading to the necessity to first dry them down, and then
redissolve it to 50 μL for the reaction. It was found that the
average dilution factor of the labeled metabolites from the 5 μL

saliva sample was 0.202 ± 0.013 after the sample was dried
down completely and then redissolved before dansylation,
compared to 0.492 ± 0.011 for the ones without drying down.
This indicates that there was sample loss in the drying step. To
avoid this problem, in all subsequent experiments, supernatants
were used directly for labeling after acetone precipitation.
Finally, we optimized the labeling reaction for the 5 μL of

saliva. After acetone precipitation, the volume of the super-
natant was about 25 μL. In our experiment, 25 μL of the
supernatant was used directly for dansylation labeling without
dilution with water to 50 μL. In other words, the scale of the
labeling reaction was halved. LC−UV measurements of three 5
μL saliva samples labeled using this reduced scale showed that
the average dilution factor was 1.010 ± 0.014, compared to
0.508 ± 0.017 in Table 1. As expected, the total concentration
of the labeled metabolites was doubled. The influence of the
dansyl chloride concentration was also investigated. Instead of
18 mg/mL dansyl chloride for labeling the saliva sample,
concentration at 36 mg/mL was tested. LC−UV measurement
results showed that the average peak area from three replicates
was 849639 ± 42407 and 825491 ± 20683, respectively, for the
low- and high-concentration dansyl labeling. From the
comparison, it was clear that the concentration of dansyl
chloride used, i.e., 18 mg/mL, was sufficiently high for labeling
saliva samples and any increase in dansyl chloride concentration
did not improve the product yield.

Sample Injection in LC−MS. The amount and volume of
sample injected into the LC−MS can affect the detectability of
the metabolites. This can be gauged by examining the number
of peak pairs detected from a mixture of the same sample
labeled differentially with 12C- and 13C-dansyl chloride. In our
work, the individual 12C-labeled sample from 5 μL of saliva was
mixed with the 13C-labeled control prepared from a 25 μL of
saliva sample in a 1:1 ratio. The mixture was injected into the
LC−MS with different volumes: 2, 4, 6, 8, and 10 μL. The
results are shown in Figure 3A. The maximum number of peak
pairs (966 ± 5; n = 3) was detected with an injection volume of
4 μL. When the volume of sample injection increased, a

Table 1. Comparison of Metabolite Extraction Efficiency
with Different Initial Saliva Volumes Examined by UV
Absorbance

aliquota UV peak area dilution factor

20−1 462632 0.529
20−2 434492 0.501
20−3 442564 0.509
20−4 418833 0.485
20−5 444456 0.511
20−6 461126 0.527
20−7 433296 0.500
20−8 431449 0.498
10−1 445360 0.511
10−2 459850 0.526
10−3 449206 0.515
10−4 473283 0.539
5−1 416713 0.483
5−2 431406 0.498
5−3 439281 0.506
5−4 416750 0.483

0.508 ± 0.017
ax−y refers to experiment replicate no. y with the use of x μL of saliva
sample as the starting material.
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decrease in peak pair number was observed, likely due to the
peak broadening in chromatographic separation that decreased
the detectability of some of low-abundance ions.
For comparison, three aliquots of 10 μL of saliva were

individually subjected to acetone precipitation, and 50 μL of
supernatant from each aliquot was taken out for 12C-dansyl
chloride labeling. The average dilution factor of these three
solutions was found to be 0.954 ± 0.017, which was close to
those prepared from 5 μL of saliva and done using the half-scale
labeling reaction. After spiking in the 13C-labeled control
solution, the mixture was directly injected into the LC−FTICR-
MS for analysis, with an injection volume of 2, 4, 6, 8, or 10 μL.
The results are shown in Figure 3B. The two data sets shown in
Figure 3, parts A and B, are very similar, indicating that similar
results could be obtained using 5 μL of saliva starting material,
compared to the use of larger volumes of samples. Note that
the volume of the original saliva used was actually only 2.5 μL,
taking into account the twice dilution of the original saliva
during collection using the collection kit that contains 2 mL of
stabilizing reagents including ethanol.

As indicated earlier, injection volume can affect the
detectability to some extent (for example, in Figure 3A, there
was about 10% reduction when the volume was increased from
4 to 8 μL). We recognized that the injected sample contained
50% of aqueous solution and 50% organic solvent (ACN); the
organic solvent could broaden the chromatographic peaks,
resulting in the reduction of the total number of peak pairs
detected in LC−MS. We thus tried to concentrate the sample
by evaporating solvent to reduce the volume by half. The
resultant sample was injected in 1, 2, 3, 4, or 5 μL separately for
LC−FTICR-MS analysis. Figure 3C shows the results obtained
from the injections of this concentrated sample. Interestingly,
more peak pairs were detected from 2, 3, 4, or 5 μL of injection
of the concentrated sample, compared to 4, 6, 8, or 10 μL of
injection of the nonconcentrated sample, respectively. For the 1
μL injection of the concentrated sample, the number of peak
pairs detected was similar to that from the 2 μL injection of the
nonconcentrated sample. This suggests that there was no
significant loss of samples during the concentration step. The
results also indicate that injecting a more concentrated sample
in a smaller volume has a benefit of increasing the overall
number of peak pairs detected. This is likely related to the
chromatographic peak shapes in LC−MS. When a more
concentrated solution in a smaller volume was injected, the
chromatographic peaks that appeared during LC separation
were not as broad as those obtained while injecting a larger
volume of a lower concentration solution. Specifically, the
nonconcentrated solution directly after dansylation labeling,
which contained 50% of aqueous solvent and 50% of organic
solvent, had stronger eluting strength than the initial condition
of mobile phase in the LC separation containing 20% of organic
solvent. In contrast, the concentrated solution was mostly
aqueous with little organic solvent remaining. From these
results, it can be concluded that concentrating the sample
solutions after labeling to remove the organic solvent before
injecting into the LC−MS is a preferred approach to increase
the number of peak pairs detected.

Method Reproducibility. All the experiments discussed
above were performed in triplicate for sample preparation,
labeling reaction, or LC−FTICR-MS analysis. Good reprodu-
cibility was obtained, with coefficients of variation (CVs) of (a)
less than 6% for the sample preparation and labeling reaction
by judging the UV measurement of the labeled metabolites in
each individual sample prepared under the same condition and
(b) less than 7% for the LC−MS results in terms of the total
number of detected peak pairs.

Overall Workflow. The above results and discussion
indicate that 5 μL of saliva sample could be processed using
the protocol described to generate a similar number of peak
pairs as observed from larger volumes of starting materials (i.e.,
over 1000 peak pairs or putative metabolites). Further
reduction of the volume of the starting material is possible.
However, 5 μL of saliva was already found to be convenient to
work with and, even with multiple measurements, the total
sample amount required for metabolome profiling work should
be manageable to collect. A summary of the overall workflow is
given in Supporting Information Note N2, along with the
procedure of using LC−UV measurement of the labeled
samples to normalize sample concentrations prior to mixing the
12C-labeled individual sample with the 13C-labeled pooled
reference sample (see Supporting Information Note N3).

Pilot Test of Metabolome Profiling. To examine the
performance of the developed method for saliva metabolome

Figure 3. Number of peak pairs detected as a function of injection
volume from a sample prepared from (A) 5 μL of saliva labeled by a
scaled down dansylation reaction (i.e., half volume as normal), (B) 10
μL of saliva labeled by normal volume dansylation reaction, and (C) 5
μL of saliva labeled by a scaled down dansylation reaction, followed by
reducing the labeled saliva sample volume by half via SpeedVac.
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profiling, five different saliva samples obtained from normal
individuals were analyzed in a pilot test. A pooled sample was
generated by taking an aliquot from each individual sample and
labeling it with 13C-dansyl chloride. Each individual saliva
sample was prepared in triplicate and labeled with 12C-dansyl
chloride and injected three times for LC−FTICR-MS analysis.
Quantitative data processing and statistical analysis were
applied to the obtained LC−MS data sets. The principal
component analysis (PCA) result (R2X[cum], 0.840; Q2-
[cum], 0.811) is shown in Figure 4A which demonstrates that
the data points from nine injections representing the same
individual saliva sample cluster closely, while the five different
individual saliva samples tested can be distinguished and
separated into five clusters. This example illustrates that the
developed protocol can be used to handle 5 μL of saliva sample

and generate reproducible results from individual saliva
samples.

Sample Storage Effect. As the first application of the
developed method for saliva metabolome analysis, we examined
the effect of saliva sample storage on the metabolome profile.
Specifically, saliva samples used for genetic testing or other
applications are often stored at room temperature prior to
analysis. Because of a lower cost for storage and shipping,
storage of saliva samples at room temperature is preferred over
that in a −80 °C freezer. However, during the storage,
properties of metabolites may change. To address this issue,
three freshly collected saliva samples from three healthy
individuals were individually divided into three fractions. One
fraction was analyzed immediately after being collected, and the

Figure 4. (A) PCA analysis result for the pilot test with five individual saliva samples. Each color represents nine replicates of the same individual
sample. (B) PCA analysis result for the storage condition comparison test with three individual saliva samples. Each color indicates one specific
storage condition, and each shape represents 27 LC−MS injections of one individual sample: nine replicates of freshly collected analysis (red), nine
replicates of analysis after 4 weeks of room-temperature storage (green), and nine replicates of analysis after 4 weeks of −80 °C freezer storage
(blue).

Analytical Chemistry Article

dx.doi.org/10.1021/ac3028307 | Anal. Chem. 2012, 84, 10802−1081110807



other two fractions were stored at room temperature and in a
−80 °C freezer, separately, for 4 weeks.
Figure 4B shows the metabolome comparison among all

three individual samples, each with three storage conditions
described above. The PCA plot (R2X[cum], 0.837; Q2[cum],
0.808) shows clear separation between individual samples (the
threshold scores commonly used to define a good separation
are 0.500 for both R2X[cum] and Q2[cum]), while the data
obtained from all three different storage conditions from the

same individual are clustered together. This result indicates that
the variations among different individuals are larger than those
caused by the sample storage conditions within individuals.
Supporting Information Tables S1 and S2 show the results of t
test and calculations of Pearson’s correlation coefficient (r),
respectively. The t test results in Supporting Information Table
S1 show that the p-values obtained from different−individual
comparisons are much smaller than those obtained from
comparisons of different storage conditions within the same

Figure 5. (A) PCA plot of all the data obtained from the 40 individuals. (B) Scores plot of the orthogonal partial least-squares discriminant analysis
(OPLS-DA) model demonstrating the separation between the MCI diseased group and the normal healthy group. (C) Box plots of two discriminant
metabolites in differentiating MCI from normal healthy control: a representative of down-regulated discriminant metabolite, taurine (left panel), and
an up-regulated discriminant metabolite with m/z 145.1104 (right panel).
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individual. In terms of Pearson’s correlation coefficient, the
closer the r-value is to 1, the more similar the two samples are
to each other. Calculation results shown in Supporting
Information Table S2 demonstrate that the r-values of
individual-to-individual range from 0.41 to 0.59, while those
of different storage condition comparisons of the same
individual are from 0.70 to 0.93. Both tests reach the same
conclusion as the visual appearance shown in the PCA plot in
Figure 4B that room-temperature saliva storage does not
change the metabolome profile of an individual to a significant
extent that affects the comparison of the metabolomes among
different individuals. This finding is very significant, as this work
suggests that many saliva samples currently collected for other
purposes and stored at room temperature could potentially be
used for metabolomics studies. Of course, this work only
examined the effect of storage conditions on metabolome
changes over a 4-week period. The longer term storage effect
remains to be determined.
Metabolome Comparison of Healthy and MCI Saliva

Samples. As an example of the potential applications of the
developed method for saliva metabolomics, we investigated the
metabolome difference between two groups of human subjects,
namely, 20 older adults classified with MCI and 20 age- and
gender-matched not-impaired controls. As noted earlier, strict
clinical classification procedures were followed, and both
groups demonstrated 4-year in-status stability.32,33 The healthy
adults were aged 64−75 with 10 males and 10 females, and the
diseased ones were aged 65−75 also with 10 males and 10
females. In this metabolomics work, individual saliva samples
were processed in duplicate and the resultant samples were
separately analyzed by LC−MS replicate runs. Thus, there are
four peak intensity ratios determined for each putative
metabolite. Each ratio reflects the relative concentration of
the metabolite present in an individual sample to that in the
pooled reference sample. Because the same reference was used
for all 40 samples, the peak intensity ratio differences among
different samples represent the relative concentration variations
of the metabolite in these samples. The PCA plot of all the data
obtained from the 40 individuals (each individual has four
replicate points) is shown in Figure 5A. The separation of the
two groups is not clear in the PCA plot. A supervised statistical
analysis model, orthogonal partial least-squares discriminant
analysis (OPLS-DA), was then applied to the metabolome data,
and the resulting scores plot is shown in Figure 5B. This plot
displays two clusters separating clearly from each other. Four
outliers of data points originated from the same saliva sample
were observed, and upon further inspection of the data, it was
found that these four outliers missed a large portion of peak
intensity ratios. The reasons of missing ratios are unknown but
likely related to the nature of the single saliva sample.
To examine the validity of the OPLS-DA model, some model

fit criteria were examined. In the model, R2X and R2Y
represent the fraction of the variance of the X matrix and Y
matrix, respectively, while Q2Y indicates the predictive accuracy
of the built model upon a 7-fold cross validation conducted by
leaving one-seventh of the samples out in each round. When
the cumulative values of R2X, R2Y, and R2Q (R2X[cum],
R2Y[cum], and Q2Y[cum]) are close to 1, it implies an
excellent model, while the values above 0.5 were considered to
be a validated model. The above three values in our OPLS-DA
model were found to be 0.851, 0.958, and 0.920, respectively,
and thus the model was valid. An S-plot model was then built to

select the significant metabolites that were expressed differently
in the diseased group compared to the healthy group.
Table 2 lists the top 18 important discriminant metabolites

with their VIP scores, a measure of their relative influence

calculated by t test, along with their fold change between the
diseased group and the healthy group. Both the VIP scores and
the p-values obtained from t tests showed significant differences
for each identified discriminant metabolite between the two
groups. For the fold change data, 17 out of the 18 metabolites
picked were down-regulated, while one of them was up-
regulated. The relative concentration differences of an
individual metabolite present in the two groups of samples
can be examined by using a box plot. As examples, the box plots
of one down-regulated (left panel) and one up-regulated (right
panel) discriminant metabolites are shown in Figure 5C. As
Table 2 shows, the fold change for the individual metabolites is
relatively small. It is likely that the use of multiple metabolites,
instead of one metabolite, would be needed to provide the
sufficiently high discrimination power to distinguish the two
groups.

Metabolite Identification. Among the 18 selected
discriminant metabolites that contributed most to the
separation of the MCI diseased group and the normal healthy
group based on their VIP values, we were able to match seven
metabolites (see Table 2), based on their accurate masses, to
the HMDB.36 Moreover, one metabolite, taurine, was
definitively identified by matching the retention time and

Table 2. Summary of the Discriminant Metabolites
Determined from VIP Scores of the OPLS-DA Model for
Variations between the MCI Diseased Group and Normal
Healthy Group

accurate
mass VIP p-value

fold
changea putative metabolite match

226.1687 2.52 1.91 × 10−6 −1.15 1,8-diazacyclotetradecane-
2,9-dione

215.1637 2.33 4.45 × 10−7 −1.30
250.0954 2.33 2.80 × 10−4 −1.20
231.1225 2.26 2.22 × 10−4 −1.15 Ala-Ala-Ala, Gly-Gly-Val,

Val-Asn, Val-Gly-Gly,
Gly-Val-Gly, Asn-Val

262.1323 2.25 2.39 × 10−5 −1.24 Phe-Pro, Pro-Phe
156.0901 2.2 1.70 × 10−3 −1.10
169.0982 2.19 1.46 × 10−4 −1.13
213.1118 2.17 3.76 × 10−6 −1.18
161.1052 2.08 3.24 × 10−4 −1.12
125.0148 2.06 2.37 × 10−4 −1.31 taurine
214.0962 2.05 4.98 × 10−5 −1.18
158.1056 2.04 5.82 × 10−4 −1.16
192.0750 1.99 4.90 × 10−3 −1.10
234.1377 1.96 8.04 × 10−4 −1.20
158.0691 1.94 1.15 × 10−3 −1.13 Ser-Ser
287.1961 1.93 1.26 × 10−3 −1.20 Arg-Leu, Ile-Arg,

Leu-Arg, Arg-Ile
145.1104 1.87 2.27 × 10−2 1.26 2-amino-heptanoic acid, L-

alanine-n-butyl ester, N-
methyl-isoleucine

152.0950 1.86 1.70 × 10−3 −1.18 4-(hydroxylamino)-N,N-
dimethylaniline

aA positive fold change indicates an up-regulation that has higher
metabolite concentration in the MCI group, and a negative fold
change represents a down-regulation that has higher metabolite
concentration in the healthy group.
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accurate mass with its authentic standard under the same
experimental condition. Taurine is essential for cardiovascular
function, skeletal muscle function, the retina, and the central
nervous system.42 It is involved in several physiological actions
in the brain, such as osmoregulation,43 neurotransmission,44

and membrane stabilization.45 It has also been shown to have
the function of protection against glutamate excitotoxicity46 and
prevention of epileptic seizures.47 It has been reported that
overactivation of glutamatergic transmission could mediate in
several neurological diseases, relating the glutamate excitotox-
icity to a series of chronic and acute neuronal diseases, e.g.,
Parkinson’s, Huntington’s, and Alzheimer’s diseases.48,49 Given
that taurine may prevent the neurotoxicity of β-amyloid and the
excitotoxicity of glutamate, it may be neuroprotective for some
neurodegenerative diseases.50 Notably, MCI is viewed as a
probable precursor and high-risk condition of Alzheimer’s
disease;29 thus, its differential presence in normal versus MCI
groups is theoretically and clinically promising.
More identification work will be performed in the future

upon the availability of standards. The use of preparative
separation techniques for isolating and enriching the putative
metabolites followed by tandem MS and/or NMR analysis will
be needed for unknown metabolite identification. In addition,
the number of subjects in both groups should be increased to
verify and validate potential biomarkers found in this
metabolomics work. Nevertheless, this example illustrates that
the high-performance isotope labeling LC−MS method can be
used for salivary metabolome profiling of two different clinical
groups of individuals for discovery of potential biomarkers of
neurodegenerative disease.

■ CONCLUSIONS
An isotope labeling LC−MS method has been developed for
human salivary metabolome analysis. In this method, 5 μL of
saliva sample could be processed with acetone protein
precipitation, dansyl chloride labeling, and then UV measure-
ment of the total concentration of the labeled metabolites.
Although the absolute concentration of the total metabolites in
a saliva sample could not be determined due to the lack of a
proper standard for calibration, relative quantification could be
performed using a dilution curve of a labeled saliva sample, such
as a labeled pooled sample. This way of relative quantification
provided a means of normalizing the individual sample
concentration by taking varying volumes of samples for labeling
and mixing to ensure that the same amount of sample from
each individual was used for metabolome comparison. In
addition, the UV measurement values could be used to
optimize the sample injection amount for LC−FTICR-MS
analysis to maximize the number of metabolites detected. In a
differential isotope labeling LC−MS approach, in which the
concentrations of individual metabolites present in 12C-labeled
individual samples were compared to those in a 13C-labeled
pooled sample, very good reproducibility of both sample
processing and LC−MS measurement could be obtained with
CVs of less than 7% in terms of total concentration of
metabolites and the number of peak pairs detected. In a mixture
of 12C-labeled individual sample and 13C-labeled control, the
number of peak pairs detected ranged from 1052 to 1067, with
an average of 1058. This number is much higher than <100
metabolites detectable by the reported LC−MS3,22−25 or CE−
MS methods.26 Using this method, the effect of saliva sample
storage on metabolome profile changes was investigated, and it
was found that room-temperature sample storage did not cause

a significant alteration to the metabolome profile, compared to
the use of a −80 °C freezer for sample storage. Finally, this
method was applied for metabolome comparison of two
different groups of individuals: normal healthy older adults
versus older adults with MCI disease. Using OPLS-DA,
separation between the two groups was clearly observed,
leading to the discovery of several discriminant metabolites that
contributed most to the separation. Of particular interest,
taurine was positively identified as one of the metabolites with
lower concentrations in individuals with MCI, compared to the
normal old adults.
Because of the ease and simplicity of obtaining saliva samples

in a noninvasive manner and possibility of sample storage at
room temperature, we envisage a wide use of this important
biofluid for metabolomics studies, particularly in the field of
disease biomarker discovery. The salivary metabolome profiling
method described in this work opens the possibility of
performing relative quantification of a large number of putative
metabolites (∼1000) using a small volume of starting materials.
While this work focused on the use of dansylation chemistry to
analyze the amine- and phenol-containing metabolites in saliva,
other labeling chemistries targeted at carboxylic acids,41

adehydes, and ketones have been recently developed, and
application of these labeling chemistries to saliva samples
should significantly increase the metabolome coverage.
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