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Abstract
Metabolome analysis of human cerebrospinal fluid (CSF) is challenging because of low
abundance of metabolites present in a small volume of sample. We describe and apply a
sensitive isotope labeling LC-MS technique for qualitative analysis of the CSF metabolome.
After a CSF sample is divided into two aliquots, they are labeled by 13C-dansyl and
12C-dansyl chloride, respectively. The differentially labeled aliquots are then mixed and
subjected to LC-MS using Fourier-transform ion cyclotron resonance mass spectrometry
(FTICR MS). Dansylation offers significant improvement in the performance of chromatog-
raphy separation and detection sensitivity. Moreover, peaks detected in the mass spectra
can be readily analyzed for ion pair recognition and database search based on accurate
mass and/or retention time information. It is shown that about 14,000 features can be
detected in a 25-min LC-FTICR MS run of a dansyl-labeled CSF sample, from which about
500 metabolites can be profiled. Results from four CSF samples are compared to gauge the
detectability of metabolites by this method. About 261 metabolites are commonly detected in
replicate runs of four samples. In total, 1132 unique metabolite ion pairs are detected and
347 pairs (31%) matched with at least one metabolite in the Human Metabolome Database.
We also report a dansylation library of 220 standard compounds and, using this library,
about 85 metabolites can be positively identified. Among them, 21 metabolites have never
been reported to be associated with CSF. These results illustrate that the dansylation LC-
FTICR MS method can be used to analyze the CSF metabolome in a more comprehensive
manner.
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Introduction

Cerebrospinal fluid (CSF) is an important body fluid for
discovery of potential biomarkers of diseases, partic-

ularly those related to malfunctions of central nervous
system (CNS), because of its proximity to the neuropathol-
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ogy site in the brain [1, 2]. Recently, proteomics and
metabolomics tools have been applied for the analysis of
proteome and metabolome of CSF [3, 4]. However,
metabolome analysis of CSF remains to be an analytical
challenge because of low concentrations of many metabo-
lites present in CSF and the availability of only small
volumes of samples. Through literature mining of more than
2000 books and journal articles, a total of 329 metabolites
have been found to be detectable in various studies of human
CSF (www.csfmetabolome.ca) [5]. Among them, only about
75 metabolites were reported to have concentrations of
above 1 μM. Analyzing metabolites in CSF is mostly done
by using NMR [6–10], GC-MS [10, 11], and LC-MS [10,
12–14]. In a report that compares different techniques for
human CSF metabolome analysis [5], it was shown that the
NMR technique could positively identify about 53metabolites,
GC-MS could identify 41 metabolites and LC-MS using
Fourier-transfom ion cyclotron resonance (FTICR) MS could
identify 17 metabolites. The combination of the three
techniques identified a total of 70 different metabolites.

Among different analytical techniques available for CSF
metabolome analysis, LC-MS is a very promising technique
for improving metabolite detectability, thereby expanding
the metabolome coverage. However, it, presently, has some
limitations. Low concentrations of metabolites (less than
1 μM) are generally difficult to analyze without special
sample enrichment in a typical un-targeted metabolome
profiling work. Another major problem is related to
metabolite identification. Targeted analysis of certain known
metabolites in CSF can be carried out by LC-MS using
sensitive methods such as multiple reaction monitoring
(MRM) or selected reaction monitoring (SRM) in a tandem
mass spectrometer. For example, 23 metabolites of neuro-
transmitters were analyzed using MRM MS/MS [15].
However, there are only a few reports of untargeted
metabolome analysis of CSF by LC-MS [12–14, 16–19].
Because of low abundance of metabolites present in CSF,
less than 5000 features could be detected from LC-MS and
many of the features were likely from non-metabolite
signals. Only a few metabolites could be identified in a
LC-MS run.

We have recently developed an isotope labeling chem-
istry based on dansylation reaction that tags amine- and
phenol-containing metabolites [20]. Unlike other chemical
derivatization schemes where the main purpose was to
introduce a mass tag to the metabolites for quantitative
metabolite or metabolome analysis [21–28], dansylation can
not only effectively introduce an isotope tag for accurate
metabolite quantification, but also improve the chromato-
graphic retention of the metabolites in reversed-phase LC
and enhance the efficiency of electrospray ionization (ESI).
In our previous work, sensitive detection of metabolites from
human urine samples was demonstrated. In particular, we
observed a significant enhancement of detection signals (up
to three orders of magnitude) in LC-MS after dansylation of
metabolites. In this work, we report our studies of applying

this strategy for analyzing amine- and phenol-containing
metabolites in a more challenging biofluid, CSF, and
demonstrate that the method of isotope labeling via
dansylation can be used for profiling the metabolome of
CSF with more extended coverage than previously possible.

Experimental
Chemicals and Reagents

All chemicals and reagents were purchased from Sigma-
Aldrich Canada (Markham, ON, Canada) except those
otherwise noted. 13C2-dimethyl sulfate that was used to
synthesize 13C-danysl chloride was purchased from Cam-
bridge Isotope Laboratories (Andover, MA, USA). LC-MS
grade of water, methanol, and acetonitrile (ACN) were
purchased from ThermoFisher Scientific (Edmonton, AB,
Canada).

Lumbar CSF samples were collected from patients
screened for meningitis in accordance with guidelines
established by the University of Alberta Health Research
Ethics Board. As part of the disease screening procedure,
CSF samples were required to be stored at 4°C for 2 d,
after which they were placed in a freezer for long-term
storage at −80°C. For this work, CSF samples from four
individuals were processed by adding LC-MS grade acetoni-
trile in 1:1 (vol/vol) ratio, and then stored in a –80 °C freezer
for further use.

Synthesis of 13C-Dansyl Chloride

The synthesis of 13C-dansyl chloride as a derivatizing
reagent was reported in previous work [20]. The purity and
confirmation of 13C-dansyl chloride was tested against the
commercial 12C-dansyl chloride using LC-FTICR MS and
LC-UV. The purity of 13C-dansyl chloride is over 99%
based on the LC-MS and LC-UV results. NMR was also
used to further confirm the identity and purity of the
synthesized 13C-dansyl chloride.

Dansylation Labeling Reaction

About 50 μL of the CSF in acetonitrile were mixed with an
equal volume of sodium carbonate/sodium bicarbonate
buffer (0.5 mol/L, pH 9.4) in reaction vials. 50 μL of freshly
prepared 12C-dansyl chloride solution (20 mg/mL) (for light
labeling) or 13C-dansyl chloride (20 mg/mL) (for heavy
labeling) were then added. The dansylation reaction was
allowed to proceed for 60 min at 60 °C with shaking at
150 rpm. After 60 min, 20 μL of methylamine (0.5 mol/L)
were added to the reaction mixture to consume the excess
dansyl chloride and quench the dansylation reaction. After
an additional 30 min of 60 °C incubation, the 13C-labeled
mixture was combined with the 12C-labeled counterpart for
LC-MS analysis.
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LC-FTICR MS Measurement

The HPLC system was an Agilent 1100 series binary system
(Agilent, Palo Alto, CA, USA) and was modified to reduce
extra system solvent volume according to an Agilent
protocol (Agilent publication number: 5988-2682EN). A
reversed-phase Agilent Eclipse plus C18 column (2.1×
100 mm, 1.8 μm particle size, 95Å pore size) was purchased
from Agilent Canada (Mississauga, ON, Canada). LC
Solvent A was 0.1% (vol/vol) LC-MS grade formic acid in
5% (vol/vol) LC-MS grade ACN, and Solvent B was 0.1%
(vol/vol) LC-MS grade formic acid in LC-MS grade
acetonitrile. The gradient elution profile was as follows:
t=0 min, 20% B; t=3.0 min, 35% B; t=16 min, 65% B;
t=18.6 min, 95% B; t=21 min, 95% B; t=21.3 min, 98%
B; t=23.0 min, 98%B; t=24.0 min, 20%B. The flow rate
was 150 μL/min. The flow from RPLC was split in 1:3
and a 50 μL/min flow was loaded to a sample injector
and the electrospray ionization (ESI) source of a Bruker
9.4-Tesla Apex-Qe FTICR mass spectrometer (Bruker,
Billerica, MA, USA) or an Applied Biosystems, QStar
Pulsar i mass spectrometer while the rest of flow was
delivered to the waste. All MS spectra were obtained in
the positive ion mode. The QStar Pulsar i LC-MS system
was only used for detecting individual dansylated stand-
ards for the development of the dansylation library. For
each standard, the system was used to generate the MS
spectra of the labeled product to assess the purity of the
product and labeling efficiency. All of the mass spectral
data presented in this work were obtained using the 9.4-
Tesla FTICR mass spectrometer.

Results and Discussion
Figure 1 shows the work flow for generating a qualitative
metabolome profile from a CSF sample. Briefly, a sample is
divided into two equal aliquots, one labeled with the heavy
or 13C-dansyl-chloride reagent and another one labeled with
the light or 12C-reagent. The labeled aliquots are mixed and
then injected into LC-FTICR MS for analysis. FTICR MS
offers high resolution and high accuracy measurement of the
metabolite masses [29]. Thus, the 13C-/12C-labeled ion pairs
can be picked based on their characteristic mass differences
as well as perfect co-elution of the pairs due to the absence
of an isotope effect on chromatography separation. The
detected ion pairs can be searched against a database for
putative metabolite identification or a library of standards for
definitive identification. In this work, putative identification
is based on the accurate mass matches of the dansylated
metabolites with the human endogenous metabolites found
in the Human Metabolome Database (HMDB) (about 8000
metabolite entries) [30]. Definitive identification is based
on matches of accurate masses and retention times to a
13C-/12C-labeled authentic standards library (220 standards;
see below).

There are several important features of using the above
strategy for metabolite identification. First of all, dansylation
derivatization improves metabolite detection by enhancing
ESI efficiency and improving chromatography retention and
separation. This is illustrated in Figure 2 where it shows the
base peak ion chromatograms of two reversed-phase (RP)
LC-MS runs from the injections of the same amount of 13C-/

13C-Dns-Cl
Heavy label

12C-Dns-Cl
Light label

Cerebrospinal
fluid (CSF)

1:1 mix

LC/MS

M1L M1H
M2L M2H

Intensity

m / z

1-tag ion pair 2-tag ion pair

Peak Detection by XCMS

13C-/12C-labeled Pair Picking

13C-/12C-dansylation

standard library search

Definitive
Metabolite ID

Un-matched pairs

HMDB database search

Putative
Metabolite ID

Figure 1. Workflow for CSF sample analysis and LC-MS
data processing using the 12C-/13C-dansylation strategy

(A)

(B)

Figure 2. Base peak ion chromatograms of (A) 1:1 12C-/13C-
dansylated CSF sample #1 and (B) non-derivatized CSF
sample #1 obtained by using LC-FTICR MS. In both cases,
the sample amount injected was equivalent to about 0.5 μL of
the original CSF sample

K. Guo, et al.: Dansylation LC-FTICR MS Analysis of CSF Metabolome 341



12C-dansylated CSF (A) and un-labeled CSF (B). The
injection amount was equivalent to 0.5 μL of the original
CSF sample. As Figure 2b shows, without any sample pre-
concentration, injection of 0.5 μL of un-labeled CSF on a
2.1-mm RP column hardly generates any MS signals. This
chromatogram was found to be the same as that of blank
injection; the two peaks shown at the beginning of the
chromatogram are from the background, not the metabolites
in the sample. In contrast, many peaks with signal-to-noise
ratios between 3 and 4500 are observed in Figure 2a and
they are distributed along the chromatographic elution
profile. This is consistent with a previous study where
signal enhancement of one to three orders of magnitude was
found in ESI MS analysis of dansylated metabolites over
their un-labeled counterparts and the labeled metabolites
were better retained and separated in the RP column [20].

The signal enhancement can be attributed to several
factors. One is related to the increased propensity of being
charged for the labeled amines and phenols due to the
presence of the dimethyamine moiety attached to the
aromatic ring of the tag where a tertiary amine can be
readily formed. The labeled compound has higher hydro-
phobicity than its unlabeled counterpart, making it easier to stay
on the surface of the droplets during ESI. An elution solvent
with higher organic solvent content, where a labeled compound
is eluted out, as opposed to the unlabeled one eluted at void or
high water content solvent, also enhances the ionization
efficiency. On the chromatographic separation, the addition
of the dansyl group containing a hydrophobic aromatic ring to
a polar and hydrophilic amine or phenol increases hydro-
phobicity, thereby enhancing its retention on a RP column.

The sensitivity enhancement by dansylation derivatiza-
tion is particularly important in analyzing CSF samples
because of the limited amount of samples collectable from a
patient compared to other body fluids such as blood and
urine. The volume or amount of CSF samples available
would be even smaller for biological model systems such as
rats. Because no metabolite peaks were detected from the
injection of the unlabeled CSF, all the metabolite peaks
shown in Figure 2a that were generated from the injection of
an equivalent volume of the labeled CSF should be from the
amine and phenol derivatives. The second important feature
is that 13C-/12C-dansylated metabolites are perfectly co-
eluted in RPLC and always detected as pairs in the same
mass spectra. Thus, we can readily automate the process of
peak picking and peak pairing (and relative quantification
based on differential labeling of two comparative samples,
although this is not the focus of the present work). Using
isotope ion pairs has been employed to distinguish true
metabolite signals from many other peaks detected in LC-
MS [20, 31–33]. In this work, the accurate mass difference
between heavy-labeled and light-labeled compounds indi-
cates the presence of primary and secondary amines or
phenol compounds as well as the number of reactive
functional groups. Error in mass difference is the mass error
between the theoretical mass difference and the measured

mass difference for 13C-/12C-labeled ion pairs. The theoret-
ical mass difference for one tag and singly charged ion pair
is 2.00671 and two-tag singly charged ion pair is 4.01342.
Error in mass difference was used as a key criterion to assign
a 13C-/12C-labeled ion pair. As an example, Figure 3a shows
a singly charged spectrum of 1:1 molar ratio of 13C-/12C-
dansylated isoforms of 5-hydroxyindolacetic acid (5-HIAA),
a physiologically important metabolite of serotonin [34].
The 13C-/12C-labeled ion pair with error in mass difference
of 0.47 ppm and matched retention time [difference in
retention time =2.4 s; variation of retention time in general is
G±15 s (see Supplemental Tables S1–S4)] to standards
ensures the identity of 5-HIAA (see below). The spectral
pattern clearly indicates only one reactive functional group
exists. Figure 3b shows a doubly-charged spectrum of
histidine and Figure 3c shows the corresponding singly
charged spectrum. The errors in mass difference are
0.32 ppm for the doubly charged ion pair of histidine and
0.43 ppm for the singly charged ion pair. The difference in
retention time to histidine standard is 1.8 s. The accurate
mass differences and unique spectra patterns shown in
Figure 3b and c unambiguously reveal that histidine has
two reactive functional groups. It is interesting to note that
the doubly charged ion pairs from the dansylated derivatives
with two tags often exhibit very high signal intensity in the
mass spectra. This may be due to the readiness of forming
doubly charged ions by protonation of both amine groups on
the two tags. In these cases, both doubly charged and singly
charged ion pairs can be used to validate the presence of the
same metabolite.

Another feature is related to the high stability of the
dansylated metabolites. Dansylated compounds hardly frag-
ment in-source or during the transfer to the mass analyzer in
LC-MS. This enhances the molecular ion intensity andmakes it
less ambiguous in identifying the molecular ion peaks. Finally,
dansylation increases the molecular ionmass by 234 Da for one
tag and 467 Da for two tags, which effectively shifts their mass-
to-charge ratios out of the low-mass region of a mass spectrum
that typically contains more background noise from common
contaminants and solvent clusters.

Using the workflow shown in Figure 1, a typical LC-MS
run of a 1:1 13C-/12C-dansylated CSF sample generated about
14,000 peak features detected by the automated XCMS peak
picking software [35]. Obviously, not all the features belong to
the real signals from the metabolites. Isotopic ions, adducts,
and fragment ions as well as multiply charged ions were treated
as separated peak features in XCMS [17]. To pick the 13C-/12C-
dansylated ion pairs, the peak features in the XCMS output
table were exported into Excel for processing. Because the
error in mass difference between the 13C-/12C-dansylated ion
pair was found to be generally less than 2 ppm, we used 2 ppm
error in mass difference as the first criterion to pick the ion
pairs. The second criterion was based on the fact that
the 13C-/12C-dansylated pairs were perfectly co-eluted in
RPLC; therefore, 13C-/12C-labeled ion pairs must be shown in
a same spectrum. At the last step in pair picking, only the
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protonated ion pair peaks were retained, while the ion pairs
corresponding to isotopic peaks, common adduct ions, multi-
mers, and multiply charged ions were eliminated. Nonreactive
metabolites, interference ions, background ions, instrument
noises, and electronic noises will not form 13C-/12C-ion pairs
with characteristic mass differences. For a given CSF sample,
approximately 500 ion pairs can be confirmed to be from
the 13C-/12C-dansylated metabolites (see below).

The reproducibility for detecting the amine- and phenol-
containing metabolites using dansylation in CSF samples has
been examined. In total, four different CSF samples were
analyzed, with each sample analyzed twice following the
workflow shown in Figure 1, i.e., two experimental replicates
(not repeat injections of the same mixture) were done on each
sample. The results are summarized in Supplemental

Tables S1–S4 with each table listing the compound name (if
known), retention time, masses of ion pair, and ion pair signal
intensity. Figure 4a shows the comparison of the number of ion
pairs detected from replicate runs of individual samples. The
average number of ion pairs detected from the four samples
ranges from 473 to 572 with an average of 519. These ion pairs
were detected in the LC gradient time window between 1.6 and
24.5 min. There are 405 (71%), 353 (66%), 346 (69%), and
324 (68%) common ion pairs detected for samples 1 to 4,
respectively. In addition, the signal intensities of common ion
pairs from run to run are reproducible. The CV of the two
dataset for samples 1 to 4 was found to be 3.2%, 5.7%, 6.8%,
and 4.4%, respectively. Comparing the common ion pairs
detected from the four samples, we found that 261 ion pairs
were consistently detected (see Figure 4b), representing 64% of

(A)

(B)

(C)

Figure 3. Expanded molecular ion regions of the mass spectra of (A) singly charged, one-dansylation-tag ion pair from 5-HIAA, (B)
doubly charged, two-dansylation-tag ion pair from histidine, and (C) singly charged, two-dansylation-tag ion pair from histidine
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the 405 ion pairs found in CSF-1, 74% of the 353 pairs in CSF-
2, 75% of the 346 pairs in CSF-3, and 81% of the 324 pairs in
CSF-4. There were 15 to 39 unique ion pairs found in
individual samples. If we combined all the results obtained
from the four samples, there were 1132 unique ion pairs found.
The unique ion pairs found in the individual samples are
likely the results of abundance differences; only the
metabolites with the concentrations above the detection
limit (low nanomolar) would be detected by dansylation
LC-FTICR MS. These results also show the diversity of
metabolites potentially present in human CSF. It should
be noted that the low overlap of metabolites found in
replicate runs or between samples is likely the result of
under-sampling in one-dimensional-LC MS, much like in
the shotgun proteome analysis where an overlap of 60%
to 70% is commonly observed in replicate runs of
peptides generated from trypsin digestion of whole cell
lysates [36]. It remains to be seen whether multidimen-
sional LC separation of metabolites prior to MS analysis
can increase the number of common metabolites detected
in replicates.

While the use of ion pairing allows the differentiation of
the mass spectral peaks originated from the true metabolites
versus those from other sources, accurate mass measurement
of the molecular ions by FTICR MS offers the possibility of
putative metabolite identification based on mass matches with
a database of known metabolites. While several databases of

chemical compounds are available, we focused on our efforts
on using the HMDB for putative identification of metabolites
in CSF, as this database is composed of about 8000 human
metabolites reported in the literature, as opposed to other
database where many types of chemical compounds, in
addition to the endogenous human metabolites, are enclosed.
The results of the HMDB database search using the molecular
masses of ion pairs (minus the dansyl group) are shown in
Supplemental Tables S5–S8. For the 1132 unique ion pairs
found in the four samples combined, 785 pairs (69%) do not
match with any metabolites in the database, while 347 pairs
(31%) match with one or more putative metabolites in HMDB
database within ±3 mDa in mass tolerance. Among the 347
matches, 90 pairs (26%) match with one metabolite. Because
dansylation reaction targets primary and secondary amines as
well as phenol groups in metabolites, we can use this
information to eliminate some of the matches, i.e., matches
with metabolites without an amine or phenol group are deemed
to be false positive. Overall, there are 334 pairs (29%) matched
with at least one metabolite in HMDB from the 1132 unique
ion pairs.

To provide definitive identification of the ion pairs or
metabolites detected in CSF, we used an in-house library of
dansylation standards and compared the molecular ion masses
and retention times of the standards with those of unknown
metabolites. Our current library consists of 220 amine- and
phenol-containing metabolites, which is almost double the
number of standards we previously reported [20]. To build this
library, for each standard, a dansylation reaction was carried
out and the product was examined by LC-MS. Most
compounds gave high conversion yields (990%). A list of
these compounds along with their RPLC retention time and
measured masses by LC-FTICR MS are shown in Supple-
mental Table S9. To minimize ion suppression, we divided the
220 standards into six groups (30–40 compounds per group),
largely based on their retention properties and avoidance of
closely eluted isomers on RPLC. The standards within a group
were mixed and then 13C- or 12C-dansylated, followed by 1:1
mixing of the 13C-/12C-labeled standardmixtures, and injecting
them into LC-FTICRMS for analysis. The accurate masses and
retention time of each ion pair were determined from these
experiments and the data shown in Supplemental Table S9
were used to compare with those found in the CSF samples run
under the same LC and column conditions for positive
metabolite identification.

In total, 85 metabolites are positively identified from the four
samples combined, and they are shown in Table 1. The results of
metabolites identified in individual CSF samples are listed in
Supplemental Tables S10–S13. As these tables show, 76, 65, 70,
68 metabolites were reproducibly detected in the repeated
differential labeling experiments from CSF samples 1 to 4,
respectively. As an example, Supplemental Table S10 shows a
list of identified metabolites from the replicate experiments of
1:1 13C-/12C-labeled CSF sample #1. There are 76 common
metabolites positively identified in both experiments. Only
four metabolites in the first labeled experiment and three

CSF #3 vs repeat CSF #4 vs repeat

40582 85

CSF #1 vs repeat

35385 94

CSF #2 vs repeat

34670 84 32469 80

(A)

CSF-3
(346)

CSF-1
(405)

CSF-4
(324)

CSF-2
(353)

(B)

261

15

39

25

13

34

1411

12

16

9
18

8

Figure 4. Comparison results of the common ion pairs
detected among the four samples
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metabolites in the second experiment are not commonly
detected. Note that the signal intensities of these non-common
metabolites are relatively low. Most of the high abundant
metabolite ion pairs can be observed in both labeling experi-
ments. There are 54 metabolites that are commonly detected in
all 4 CSF samples. There are only 8, 2, 1, and 3 metabolites
solely detected in CSF samples 1 to 4, respectively.

It is interesting to compare the 85 metabolites identified to
the 329 CSF metabolites reported in the literature (www.
csfmetabolome.ca). Our work identified 21 metabolites that
have not been reported to be present in human CSF (see Table 1
with compound names highlighted in bold). Interestingly, three
of them, homoserine, 4-hydroxy-proline, and cadaverine, were
on the list of the standard compounds in the study of Myint et
al. [18]. However, these compounds were not identified in their
nano-LC-MS analysis of CSF samples. This can be most likely
attributed to the detection sensitivity difference of the
techniques used. Detection sensitivity improvement afforded
by dansylation labeling allowed us to identify these compounds
in CSF. The detection limit in their work was in the low
micromolar range, which is typical for LC-MS without ion
selection monitoring, while detection of dansylated metabolites
such as amino acids in the low nanomolar range can be
achieved [20]. Note that some of the 21 metabolites listed in
Table 1 (highlighted compounds) are biologically relevant to
the neuronal system. For example, tyramine is a suspected
neurotransmitter/neuromodulator or co-transmitter with octop-
amine in central nerve system.

Identification of many of the remaining unknown ion
pairs detected by the dansylation LC-MS method is,
however, a major analytical challenge. One strategy of
averting this problem is to carry out relative quantification
of the metabolomes of a number of comparative samples
(e.g., diseased versus controlled) first to discover one or a
few putative biomarkers. Relative quantification is done
by a process including the following steps: (1) aliquoting
an individual sample into two halves and mixing the
aliquots of the individual samples to form a pooled
sample, (2) labeling the pooled sample with the heavy
chain reagent and the individual sample aliquots with the
light chain reagent, (3) mixing the light-mass-tagged
individual sample with an aliquot of the heavy-mass-
tagged pooled sample, and (4) injecting the mixture into
LC-MS to determine peak ratios of ion pairs for relative
quantification of metabolites. After the discovery of the
putative biomarkers, major efforts are then devoted to the
identification of these metabolites using techniques such
as tandem MS, NMR and synthesis of standard com-
pounds. A sensitive LC-MS method can then be devel-
oped for targeted analysis of these putative biomarkers so
that they may be validated by high-throughput analysis of
a large number of samples. We envisage that the
dansylation LC-MS method described in this work will
be useful in the initial biomarker discovery stage, as it can
be used to profile the CSF metabolome in a more compre-
hensive manner than other techniques.

Table 1. Combined list of identified metabolites from the replicate experiments of 1:1 13C-/12C-labeled CSF samples #1–4 (the experimental data are shown
in Supplemental Tables S10–S13)

Compound name Compound name Compound name

Phosphoethaolamine r-Aminobutyric acid L-ornithine
3-Methylhistidine Hypoxanthine Acetaminophen/or 4-acetamidophenol
Glucosamine 5-Hydroxymethyluracil Acetaminophen/or 4-acetamidophenol
Taurine 3-Aminoisobutyric acid Homovanillic acid
1-Methylhistidine 5-Aminopentanoic acid 3-/4-Hydroxyphenylacetic acid/ or 3-cresotinic acid
Arginine 2-Aminobutyric acid Homocarnosine
Homoarginine Cysteine-glutathione disulfide Gentisic acid
Asparagine Sarcosine Lysine
Glutamine Methylcysteine 4-Hydroxybenzoic acid
L-citrulline Proline Histidine
3-sn-Phosphatidylethanolamine Methylamine 2-Aminooctanoic acid
Methylguanidine Valine 1,3-Diaminopropane
Homoserinea Methionine L-Tyrosinamide
Methionine sulfoxide 3-Hydroxypicolinic acid 1,4-Diaminobutane
Serine Tryptophan Cadaverine
Homocitruline Pipecolic acid Tyrosine
Glutamic Acid Phenylalanine Cysteamine
Aspartic Acid 3-Hydroxymandelic acid Metoprolol
4-Hydroxyl-proline Isoleucine Phenol
Aminoadipic acid Leucine 4-Nitrophenol
Iminodiacetic acid L-cystathionine Octopamine
Folic acid L-norleucine Tyramine
Threonine Cystine Serotonin
Diethanolamine Hydroxyphenyllactic acid Pyrocatechol
Ethanolamine Homocystine Spermidine
Glycine 5-HIAA Thymol
Glycylproline Dimethylamine Deoxyepinephrine
Tyrosine methyl ester Phenylpropanolamine
Alanine 2,4-Diaminobutyric acid

aHighlighted in bold are the metabolites that have not been previously reported to be present in human CSF
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Conclusions
We report the development and application of an isotope
labeling LC/MS technique for the detection and identification
of metabolites in human CSF samples. It is shown that
differential isotope labeling using dansylation chemistry is
effective in analyzing many low abundance metabolites that
are present in CSF. Without labeling, very few metabolite
peaks were detected in LC-MS. With labeling, an average of
519 ion pairs were observed in a 25-min LC-MS run with the
injection of an equivalent of 0.5 μL of the original CSF sample.
About 261 ion pairs (50% of the total number of pairs found in
each run) were commonly detected in four different CSF
samples with each sample analyzed twice. Unique ion pairs
were found in individual samples and, in total, 1132 unique ion
pairs were detected from the combined results. Because
dansylated metabolites rarely fragment in the skimmer region
of the interface and during the transport into the detection cell
of FTIRC-MS, these ion pairs are most likely from the true
metabolites. By searching the Human Metabolome Database,
347 unique ion pairs (31%) matched with at least one
metabolite in the database. Even if we only consider these
matched pairs, this number is already greater than the 329 CSF
metabolites reported in the literature (www.csfmetabolome.ca).
To provide positive identification of the metabolites in CSF, we
have constructed a dansylation library of 220 standard com-
pounds. Using this library, 85 metabolites were identified and,
among them, 21 metabolites have not been described in the
literature to be present in human CSF.

Future expansion of the standard library will undoubtedly
increase the metabolite coverage and our understanding of the
CSF metabolome. The ion pair detection technique described
in this work is focused on the use of dansylation chemistry to
label amine- and phenol-containing metabolites. Other labeling
chemistries targeted at different functional groups are being
developed in this laboratory. We envisage that the high
performance isotope labeling LC-MS technique with much
improved detection sensitivity and ion pair detection specific-
ity should enable comprehensive detection of metabolites in
biofluids with unprecedented metabolome coverage.
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