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Abstract

Cerebrospinal fluid (CSF) is an important biofluid for diagnosis of and research on neurological diseases.
However, in-depth metabolomic profiling of CSF remains an analytical challenge due to the small volume of
samples, particularly in small animal models. In this work, we report the application of a high-performance
chemical isotope labeling (CIL) liquid chromatography–mass spectrometry (LC-MS) workflow for CSF me-
tabolomics in Gastrodia elata and Uncaria rhynchophylla water extract (GUW)-treated experimental cerebral
ischemia model of rat. The GUW is a commonly used Traditional Chinese Medicine (TCM) for hypertension
and brain disease. This study investigated the amine- and phenol-containing biomarkers in the CSF metabo-
lome. After GUW treatment for 7 days, the neurological deficit score was significantly improved with infarct
volume reduction, while the integrity of brain histological structure was preserved. Over 1957 metabolites were
quantified in CSF by dansylation LC-MS. The analysis of this comprehensive list of metabolites suggests that
metabolites associated with oxidative stress, inflammatory response, and excitotoxicity change during GUW-
induced alleviation of ischemic injury. This work is significant in that (1) it shows CIL LC-MS can be used for
in-depth profiling of the CSF metabolome in experimental ischemic stroke and (2) identifies several potential
molecular targets (that might mediate the central nervous system) and associate with pharmacodynamic effects
of some frequently used TCMs.
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Introduction

Stroke is the second leading cause of death world-
wide and the most frequent cause of long-term disability.

In 2013, 15 million people suffered from stroke and 5.8
million of them died from cerebral stroke (Go, 2013).
Therefore, it is an urgent need to develop preventive or
treatment regimens for stroke. Among the natural product
extract regimens, water extract of Gastrodia elata and
Uncaria rhynchophylla (GUW) has the potential for treat-
ment of cerebral ischemia, which is the major type of stroke.
GUW extract is simplified and modified from Gastrodia-
Uncaria decoction, a commonly used Traditional Chinese
Medicine (TCM) prescription for hypertension treatment
(Zhang et al., 2012). Several studies have reported that
Gastrodia elata (GE) extracts provided protective effect
against ischemia (Duan et al., 2015; Tsai et al., 2011) and
beta-amyloid (Ab)-induced neuronal apoptosis (Ng et al.,

2013). Meanwhile, extracts of Uncaria rhynchophylla (UR)
demonstrated neuroprotective effects against cerebral is-
chemia in rat ( Jang et al., 2014; Jo et al., 2008).

Multiomic integrative biology is an emerging research
scope to study stroke and TCM treatment (Black et al., 2015;
Yun et al., 2012). To study the effects of drug or natural
product extract treatment of ischemia stroke in animal
models, metabolomic profiling of biofluids was used to cor-
relate the metabolic changes with the efficiency of a treat-
ment. For example, a study analyzed the serum metabolites of
galangin, active ingredient of many TCM herbs, to elucidate its
treatment effect on an experimental cerebral ischemia rat
model (Gao et al., 2013). Similar analytical method was also
deployed to study the use of a TCM prescription, Yiqijiedu
Formulae, against middle cerebral artery occlusion (MCAO)-
induced stroke in rats (Gao et al., 2014). The other examples
include metabolomic study of brain tissue samples after treat-
ment with Buyang Huanwu Tang Decoction on middle cerebral
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ischemic/reperfusion-induced stroke in mice (Chen et al.,
2012) and the metabolomic study of serum and brain tissue
extracts by 1H NMR to investigate the neuroprotective effects
of Huang-Lian-Jie-Du-Decoction on an MCAO stroke rat
model (Wang et al., 2014).

In the metabolomic study of TCMs, blood is the com-
monly used sample for various types of diseases (Li et al.,
2013b), whereas brain homogenate is mainly for investi-
gation related to neurological disease (Wei et al., 2015).
Cerebrospinal fluid (CSF) can act as an important medium
for discovering potential biomarkers and their metabolites
related to stroke or its treatment. Owing to a limited
availability of CSF from a rat, a sensitive platform is es-
sential for metabolomic profiling. On the other hand, ac-
curate and precise quantification of individual
metabolite concentration is critical to monitor small met-
abolic changes caused by the effective treatment of ische-
mia stroke. To fulfill these requirements, we have
developed a high-performance chemical isotope labeling
(CIL) liquid chromatography–mass spectrometry (LC-MS)
method for quantitative metabolomics using rat CSF. In
this report, we describe the CIL LC-MS workflow. The
application of dansylation LC-MS for studying the amine/
phenol submetabolome (i.e., a set of metabolites that
contains a same functional group in a given biological
system) and differential metabolites associated with GUW
treatment was performed by analyzing CSF samples col-
lected from the MCAO rat model. These metabolomic data
supported the protective mechanism of GUW against ce-
rebral ischemia. The study established a platform to detect
the general rat CSF-related metabolites for studying neu-
rological metabolomics.

Materials and Methods

Workflow for rat CSF metabolomics

The overall workflow for rat CSF metabolomics based on
high-performance CIL LC-MS is shown in Figure 1. Briefly,
individual samples were labeled by 12C-dansylation, while a
pooled CSF sample was prepared by mixing aliquots of in-
dividual samples, followed by labeling of 13C-dansylation.
The 13C-labeled pool was spiked to all the 12C-labeled indi-
vidual samples in equal molar amounts as a global standard.
The resultant mixtures were separately analyzed using LC-
MS to produce mass spectra, where all the 13C-/12C-labeled
metabolite peaks were shown in pairs. The intensity ratio
between the 12C-peak from a sample and the 13C-peak from
the pool within a pair reflected the relative concentration
difference of the metabolite present in the individual sample
versus the pooled sample. The ratio values found in specific
group of sample for the peak pair of a specific metabolite
reflected the concentration differences of this metabolite in
these samples. After extracting all the peak pairs and their
corresponding peak ratios, a metabolite-intensity table was
constructed. The data in this table were exported for statis-
tical analysis, including group separation based on the
quantitative metabolome profile differences and determina-
tion of significant metabolites.

Herbal extracts

Raw herbal medicines, GE and UR, were purchased from
Zhixin Medicine Health Co. (Guangdong, China). GUW was
a mixture of GE and UR at a ratio of 3:4 (w/w). To prepare
GUW extract, 107.1 g of GE was immersed in 2.5 L distilled

FIG. 1. Workflow for the whole study. CSF, cerebrospinal fluid; LC-FTICR-MS, liquid chromatography/Fourier trans-
form ion cyclotron resonance mass spectrometry; OPLS-DA, orthogonal partial least squares discriminant analysis; PCA,
principal component analysis.
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water for 60 min and then boiled for 45 min; 142.9 g of UR
was added to the mixture and was further boiled for another
15 min. The extract was concentrated under reduced pressure
to yield dry powder of 33.25 g.

Animal model

Male Sprague-Dawley rats (260–280 g) were used in the
study. The animals were housed in a 12-h light–12-h dark
cycle with food and water available ad libitum. All experi-
mental animal procedures were performed according to the
approval from the animal experimentation ethics committee
of The Chinese University of Hong Kong (AEEC ref number:
11/068/MIS-5).

Rats were randomly divided into three groups: the GUW
treatment group, control, and sham group. Each group con-
sisted of 10 animals. The rats were anesthetized with 400 mg/
kg chloral hydrate through intraperitoneal injection. The
cerebral blood flow (CBF) was monitored by laser Doppler
flowmetry (PeriFlux System 5000; Perimed AB, Stockholm,
Sweden) intraoperatively. After that, MCAO was done.
Briefly, the external cerebral artery (ECA) and its branches
were exposed and ligated. Then, a 4-0 nylon suture with a
round tip was directed distally up toward the internal cerebral
artery (ICA) to a distance of 17.5 – 0.5 mm from the common
carotid artery (CCA) to occlude the middle cerebral artery. A
60% reduction of CBF from the baseline was indicated as a
successful MCAO. After 120 min, the nylon filament was
gently removed to allow reperfusion. For the sham-operated
rats, the left CCA and ECA were exposed without inserting
the filament into the ICA. After surgery, the rats from the
GUW treatment group were treated with 288.6 mg/kg of
GUW by oral gavage once daily for seven consecutive days.
Rats from control and sham groups were orally administered
with distilled water as vehicle.

Neurological and histopathological measurement

The neurological deficit score was measured by modified
Bederson’s scoring system to assess the prognosis of GUW
treatment of cerebral ischemia on days 1, 2, 4, 6, and 7 post-
stroke (Xian et al., 2016). The scoring was assessed as follows:
Score 1: contralateral limb flexion; Score 2: decreased resis-
tance to lateral push to the left; Score 3: contralateral circling to
the left only; and Score 4: spontaneous circling.

For histopathological assessment, on day 7, 1 h after ad-
ministering the final treatment of GUW or vehicle, the brain
was perfused transcardially with phosphate-buffered saline
(PBS) for 30 min, followed by 4% paraformaldehyde for
10 min. The brain was harvested and embedded in paraffin
wax. Hematoxylin and eosin and cresyl violet staining were
done on brain coronal sections of 6 lm thickness separately.

Brain infarct volume was quantified by 2% 2, 3, 5-
triphenyltetrazolium chloride (TTC) staining (Xian et al.,
2016). Coronal sections of 2 mm thickness were stained with
2% TTC solution in PBS and incubated at 37�C for 20 min.
Infarct volume was calculated according to the following
formula:

CSF collection, dansyl labeling,
and sample normalization

On day 7 poststroke, CSF was aspirated without blood
contamination after general anesthesia and stored in -80�C
freezer before analysis. The volume of CSF collected ranged
from 30 to 100lL per rat. Supplementary Data describe the
dansylation protocol developed to handle a small volume of
CSF samples. Briefly, the lyophilized CSF samples were re-
dissolved in 75 lL of water. The samples were then vortexed

Infarct Volume¼ Left hemisphere� (Right hemisphere�Measured infarct)

Left hemisphere

FIG. 2. (A) Neurological deficit score measurement re-
sults from different groups. (B) Triphenyltetrazolium
chloride-stained brain slices (four sections within a brain
tissue). (C) The percentage of brain infarction for different
groups of rats on day 7 after MCAO. Data are mean –
standard deviation (n = 10). *p < 0.001 from comparison
of treatment versus control. MCAO, middle cerebral ar-
tery occlusion.
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for 10 sec and followed by centrifugation at 20,800 · g for
10 min. Each CSF sample was aliquoted out into three vials at
equal volumes. Two vials were used for the experimental du-
plicates, and one vial was used for preparing the pooled sample.
To normalize the amount of individual samples used for
comparative metabolomics, the total concentration of dansyl-
labeled metabolites in each individual or pooled sample was
determined using a liquid chromatography-ultraviolet (LC-
UV) method (Wu and Li, 2012).

LC-MS analysis

Supplementary Data provide more detailed information on
LC-MS analysis. In brief, after mixing an equal amount of 12C-
labeled sample and 13C-labeled pool, the mixture was analyzed
using an Agilent 1100 series HPLC system (Palo Alto, CA,
USA) coupled with a Bruker 9.4-Tesla Apex-Qe Fourier
transform ion cyclotron resonance (FTICR) mass spectrometer
(Billerica, MA, USA). LC mobile phase A was 0.1% (v/v) LC-
MS grade formic acid in 5% (v/v) LC-MS grade acetonitrile
(ACN), and mobile phase B was 0.1% (v/v) LC-MS grade
formic acid in LC-MS grade ACN. The flow rate was 180 lL/
min and running time was 28 min. 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; and t = 28.00 min, 99% B. The sample injection volume
was 6 lL and the flow was split 1:2. A 60 lL/min flow was
loaded to the electrospray ionization source of the MS, while
the rest of the flow was discarded (Guo and Li, 2009).

Data processing and metabolite identification

The MS peaks with S/N ‡3 in the raw LC-MS data were
exported using Bruker Data Analysis software. After that,
IsoMS (Zhou et al., 2014) was used to pick the peak pair with
S/N ‡10 from real metabolites; to filter out redundant pairs
(from salt adducts, dimers, multimers, etc.); and to retain only

protonated molecular ion pair from one metabolite. The
13C-/12C-peak intensity ratio was calculated for each peak pair
for the relative intensity information. The intensity ratio of
same peak pairs across different samples was aligned together
to produce a metabolite-intensity table using IsoMS-align
(Zhou et al., 2014). Missing values in the table were then
refilled from the raw LC-MS data with the Zero-fill program
(Huan and Li, 2015). Definitive metabolite identification was
performed by matching retention time (RT) and m/z with the
dansyl standards library in the DnsID program (Huan et al.,
2015) with an m/z tolerance of 5 ppm and RT tolerance of
15 sec. Putative metabolite identification was performed by
matching accurate mass of a peak pair against the human
metabolome libraries (with zero or one reaction) using My-
CompoundID (MCID) with a mass tolerance of 5 ppm.

Statistical analysis

Before multivariate analysis, missing values in the metabolite-
intensity tables were replaced by peak ratio means to eliminate
any potential statistical bias and all the data were preprocessed
using autoscaling (i.e., each value subtracted the mean and then
was divided by the peak ratio standard deviation [SD]). Multi-
variate analysis was performed on SIMCA-P+ 12.0 software
(Umetrics, Umea, Sweden). Statistical significance was mea-
sured using unpaired nonparametric t-test. Volcano plot was
constructed using Excel and ProginPro 8.5 (OriginLab). For the
biological data, all results are given as mean – SD. Data for
multiple comparisons were analyzed by one-way analysis of
variance, followed by Dunnett’s multiple comparison tests
(GraphPad Prism 5.0 software; San Diego, CA, USA).

Results

Effects of GUW treatment after MCAO

The neurological deficit score of the control group re-
mained almost stable at Score 3 for 7 days post-MCAO
(Fig. 2A). Starting from day 4, the score of the GUW

FIG. 3. Images of H&E and cresyl violet-stained coronal brain sections of rats on day 7 after MCAO. H&E, hematoxylin
and eosin.
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treatment group was significantly reduced compared with the
control group. The brain section images on day 7 showed that
MCAO caused infarct in cerebral cortex, hippocampus, and
basal ganglia (Fig. 2B). The brain infarct volume was 40.6%
in the control group. With GUW treatment, the infarct vol-
ume was reduced by 54.8% of the control group on day 7
( p < 0.001, Fig. 2C). The structure integrity of GUW-treated
brain was maintained and did not have significant difference
compared with the sham group, while loss of integrity and
neuron numbers were observed at the brain cortex after
MCAO-induced injury on rat (Fig. 3).

Sample amount normalization

To compare concentrations of individual metabolites
present in CSF samples collected from different rats, it is
important to make sure that the total amount of metabo-
lites in different samples is normalized. We used a dan-
sylation LC-UV normalization method to normalize the
samples. The average concentrations of labeled metabo-
lites in sham, control, and treatment groups were deter-
mined to be 0.22 – 0.08, 0.26 – 0.04, and 0.25 – 0.04 mM,
respectively (Fig. 4A). On average, there are no signifi-
cant concentration differences in concentration of labeled
metabolites among the three groups. However, the con-
centration difference among the redissolved samples can
be quite large. For example, in the sham group, the dif-
ference between the highest and lowest concentrated
samples was 4.5-fold. This large difference indicates the
importance of performing sample amount normalization
before quantitative metabolomic analysis.

LC-MS profiling of the CSF metabolome

Figure 4B shows a representative ion chromatogram ob-
tained by injecting an optimal amount (2.5 nmol) of a 13C-/12C-
labeled CSF mixture. Metabolites were detected across the
entire separation time window using the optimized chromato-
graphic conditions. Many chromatographic peaks with high
S/N ratios were shown, demonstrating that dansylation af-
forded sensitive detection of metabolites from a dilute CSF
sample. Figure 4C shows a typical mass spectrum displaying a
pair of protonated molecules from a differentially labeled
metabolite, dansyl (Dns)-phenylalanine. The peak intensity
ratio (m/z 399.1373 vs. m/z 401.1437) reflected the relative
concentration of the metabolite in the 12C-labeled sample
versus the 13C-pool. In this work, experimental duplicate
was carried out for each CSF sample. Totally, 48 LC-MS
runs were performed for the 24 CSF samples. In total, 1957
peak pairs or metabolites were found in these runs with an
average of 1360 – 133 (n = 48) pairs per run. Figure 4D
shows the number of pairs detected as a function of per-
centage of common pairs found in these runs. There were
1545 pairs (79% of the total number) in more than 50% of
the runs, demonstrating that many metabolites could be
consistently quantified using dansylation LC-MS. These
pairs were used for statistical analysis. There were 745 pairs
commonly detected in all the runs.

By searching the 1957 peak pairs against the dansyl li-
brary consisting of 273 labeled standards with the use of
mass tolerance of 5 ppm and RT tolerance of 15 sec, 81
metabolites were positively identified based on mass and RT
matches (Supplementary Table S1). Using MCID, an MS

search based on accurate mass of peak pairs with mass
tolerance of 5 ppm, 586 metabolites were putatively iden-
tified using the HMDB library (Supplementary Table S2)
and additionally 659 metabolites were putatively identified
using the predicted human metabolite library with one re-
action (Supplementary Table S3). Thus, of the 1957 pairs, a
total of 1326 metabolites (68%) could be positively or pu-
tatively identified.

FIG. 4. (A) LC-UV quantification of the labeled metab-
olites in CSF samples. (B) Base peak ion chromatogram
from LC-FTICR-MS analysis of a 13C-/12C-dansyl-labeled
CSF sample. (C) Mass spectrum showing a pair of 13C-/12C-
dansyl-labeled metabolites. (D) Number of peak pairs as a
function of common peak pair percentage across all the 48
LC-MS runs.
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Statistical analysis of CSF metabolomes

For the metabolomic data set generated using dansylation
LC-MS, principal component analysis was used to provide
an overview of the sham, control, and treatment groups
(Fig. 5A). Some separations of the groups were identified.
Figure 5B displays the orthogonal partial least squares
discriminant analysis (OPLS-DA) score plot of the three
groups showing a clear group separation (R2Y = 0.923,
Q2 = 0.707). The OPLS-DA score plot of control versus
sham group in Figure 5C shows a separation (R2Y = 0.982,
Q2 = 0.938). The control and treatment groups are also
clearly separated (R2Y = 0.991, Q2 = 0.784) (Fig. 5D). The
volcano plots of these binary comparisons are shown in
Figure 5E and F.

To increase the confidence of determining the metabolites
that contributed to group separation, we combined the sig-
nificant metabolites found using OPLS-DA (VIP score ‡1.5)
and volcano plot (fold-change ‡1.5 or £0.67 and p £ 0.01).
There were 545 significant metabolites separating the control
and sham groups (Supplementary Table S4), while 96 me-
tabolites were deemed to be significant in separating the
control and GUW treatment groups (Supplementary
Table S5). There are considerably more significant changes of
metabolites in control versus sham than control versus treat-
ment groups, suggesting that a large fraction of the metabolite
concentration changes happened after stroke insult. Even
though the GUW treatment could help reduce the stroke ef-
fect, some of the metabolic changes were irreversible.

Discussion

CSF is an important body fluid for discovering potential
biomarkers in central nervous system diseases. In this study, we
developed and applied a quantitative metabolomic profiling
workflow based on CIL LC-MS to study the metabolomic
changes in treatment of experimental stroke using natural
product extracts. Unlike conventional LC-MS, CIL LC-MS
uses chemical labeling to introduce differential isotopic mass
tags to metabolites in comparative samples. There are a number
of labeling reagents developed for targeting different classes of
metabolites (Bueschl et al., 2013; Dai et al., 2012; Hao et al.,
2015; Yu et al., 2015). A rational design of the labeling groups
leads to concomitant improvements in separation, detection,
quantification, and identification (Guo and Li, 2009, 2010).
Such high-performance labeling methods, including dansyla-
tion LC-MS targeting the amine/phenol submetabolome (Guo
and Li, 2009) where detection sensitivity improvement of over
10- to 1000-fold can be achieved, allow a high coverage de-
tection of the submetabolome. Using dansylation LC-MS, over
1957 metabolites could be detected and about 80% of them
could be consistently quantified over 50% of the 48 LC-MS
runs of 24 rat CSF samples. Therefore, the workflow reported
herein (Fig. 1) should be generally applicable to other types of
metabolites. In our current workflow, regular LC-MS was used
to analyze the labeled metabolites. Recently, it was demon-
strated that CIL LC-MS can also be performed using nanoflow
LC-MS, which offers the advantage of consuming an even
smaller sample amount per test (Li et al., 2015). Thus, we

FIG. 5. (A) PCA score plot of three groups. OPLS-DA score plots of (B) three groups, (C) control versus sham, and
(D) treatment versus control. Volcano plots of (E) control versus sham and (F) treatment versus control.
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anticipate that with nanoflow LC-MS, the workflow shown in
Figure 1 might adapt multiple labeling experiments of the same
sample for quantitative rat CSF metabolomics with even
greater coverage.

With the use of a natural product extract, GUW, this study
has demonstrated the utility of dansylation LC-MS workflow
for rat CSF stroke and its treatment-related metabolomics.
Cerebral ischemia initiates a cascade of detrimental events,
including glutamate-associated excitotoxicity; membrane
lipid degradation; DNA damage; formation of reactive ox-
ygen species (ROS); and acute inflammation, which lead to
the disruption of cellular homeostasis and structural damage
of ischemic brain tissue (Kim et al., 2014). Oxidative stress
is one of the major causes leading to brain damage and
following pathophysiological consequences (Chen et al.,
2011; Uttara et al., 2009). Meanwhile, ROS, such as su-
peroxide and hydroxyl radicals, produce systemic oxidative
damage to lipids and proteins (Kalogeris et al., 2012)
and direct consequence of excitotoxic stimulation dur-
ing reperfusion of ischemic brain tissue (Demaurex and
Scorrano, 2009).

GE and its active ingredients exhibit antioxidative effect
against focal cerebral ischemia. Gastrodin is one of the major
compounds to protect against cerebral ischemia by improv-
ing antioxidant and anti-inflammation activities (Peng et al.,
2015). Additionally, 4-hydroxybenzaldehyde can activate
antioxidative and GABAergic pathways ( Jang et al., 2015).
Furthermore, vanillin suppresses hydrogen peroxide-induced
oxidative injury on PC12 cells (Kim et al., 2007). In our
previous study, GUW treatment was found to upregulate the
antioxidative pathway against oxygen–glucose deprivation
(OGD)-induced injury on PC12 cells and MCAO rat (Xian
et al., 2016). However, there was no study reporting about the
changes in metabolite profiles of GUW and even GE during
the neuroprotective events.

Most importantly, we definitively identified six metabo-
lites having significant metabolic changes in either the con-
trol versus sham groups or the control versus treatment
groups (Table 1). We found that MCAO led to the increase in
levels of methylamine and xanthine (Fig. 6A, B). Methyla-
mine is one of the endogenous aliphatic amines, which can be
oxidized by semicarbazide-sensitive amine oxidase, leading
to the production of toxic aldehydes such as formaldehyde,
methylglyoxal, hydrogen peroxide, and ammonia (Xiao and
Yu, 2009). It plays a significant role in central nervous system
disturbances observed during renal and hepatic diseases and

general toxicity caused by oxidative stress (Nunes et al.,
2011, 2012). On the other hand, xanthine increases after
stroke onset, and inhibition of xanthine product was bene-
ficial to rescue brain tissue during cerebral ischemia through
inhibiting ROS generation (Pacher et al., 2006). Interest-
ingly, increased level of pyridoxamine in the MCAO con-
trol group was observed, which was decreased again in
the GUW group (Fig. 6C). Pyridoxamine is an inhibitor of
advanced glycation endproduct (AGE) (Miyashita et al.,
2014), while AGE production was enhanced in ischemic
injury (Takeshita et al., 2014). The possible explanation for
this phenomenon might be that the high-level production of
pyridoxamine might inhibit synthesis of AGE during early
chronic phase of stroke, whereas the effective neuropro-
tection of GUW treatment in acute phase of stroke led to
reduced level of pyridoxamine.

After the onset of cerebral ischemia, the inflammatory
cascades are initiated within the infarct tissue, leading to
secondary cell death in ischemic penumbra (Ouyang, 2013;
Won et al., 2002). Microglia, macrophages, and leukocytes
respond to the cascades and further carry out inflammatory
events along with factors released by neurons and astrocytes
(Boutin et al., 2001). Therefore, reducing oxidative stress
and downregulating the inflammatory response are alter-
native therapeutic means for ischemic stroke. In our result,
the amount of endogenous L-N-monomethylarginine (L-
NMMA) (Fig. 6D) in the GUW treatment group was sig-
nificantly greater than the MCAO control group. During the
onset of ischemia, excessive increase in intracellular cal-
cium leads to the generation of nitric oxide. Nitric oxide
is converted to free radical form ONOO- by receiving
ROS that further damages the brain (Bolanos and Almeida,
1999). Suppression of nitric oxide production is suggested
to be one of the neuroprotective mechanisms. In vivo en-
dogenous L-NMMA is a natural competitive inhibitor of
inducible nitric oxide synthase (Tang et al., 2008). Previous
studies reported that the active ingredients of UR, including
rhynchophylline (Rhy), isorhynchophylline (Isorhy), and
hirsutine, exhibit protective effect on stroke through inhi-
bition of NO production ( Jung et al., 2013; Yuan et al.,
2009). Thus, the inhibitory effect of GUW on inflammation
could be due to increase in the concentration of L-NMMA,
which inhibits nitric oxide synthesis and the downstream
apoptotic cascade.

In the ischemic stroke pathogenesis, excitotoxicity plays
an important role. Glutamine synthetase (GS) is a key

Table 1. Significant Metabolites Identified in the Binary Comparisons Between the Control

and Sham Groups and Between the Treatment and Control Groups

No. Metabolite name RT (min) m/z light

Control/sham Treatment/control

Fold change p Fold change p

1 Methylamine 10.03 265.1002 2.07 7.4e-5 0.95 6.5e-2
2 Xanthine 9.37 386.0916 1.39 2.2e-2 0.78 7.1e-2
3 Pyridoxamine 20.00 318.1030 1.34 6.7e-2 0.49 2.6e-3
4 L-N-monomethylarginine 6.66 422.1860 0.50 6.8e-5 1.50 4.8e-6
5 Glutamine 4.06 380.1273 0.49 4.4e-8 1.45 5.0e-4
6 Histidine 18.64 389.1275 0.56 3.9e-4 1.32 1.3e-2

RT, retention time.
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enzyme in the glutamate–glutamine pathway that regu-
lates the extracellular concentration of glutamate in brain
(Kosenko et al., 2003). GS expression was reduced after cere-
bral ischemia; in the meantime, the extracellular glutamate level
was increased (Wang et al., 2013). The increased glutamate
level mediates excitotoxicity in the ischemic brain (Davalos
et al., 1997) due to continuous excitation by the neurotrans-
mitter. From our results, the glutamine level was increased after
treating MCAO rats with GUW (Fig. 6E), suggesting the in-
creased conversion of glutamate to glutamine with the increase
in GS activity. Histidine was reported to have neuroprotective
effect after stroke onset through neuronal nitric oxide synthase
inhibition (Tang et al., 2007). Histidine can undergo decar-
boxylation to form histamine, which mediates allergic and
inflammatory responses (Tang et al., 2007). Upregulating his-
tidine concentration increases anti-inflammatory effect after
stroke onset (Simon et al., 2013). Furthermore, histamine up-
regulated GS expression in primary cultured cortical astrocytes
after exposure of OGD insult (Wang et al., 2013). Thus,
histidine-derived histamine could reduce the level of glutamate
and alleviate the excitotoxicity induced by glutamate. Our re-
sults indicated that the level of histidine (Fig. 6F) and glutamine

was reduced after MCAO injury. With the treatment with GUW,
the level of histidine and glutamine was increased. The result
indicated that GUW treatment possessed anti-inflammatory and
antiexcitotoxic effects against cerebral ischemia.

In the reported metabolomic studies of natural product
extract treatment of cerebral ischemia, they mostly focused
on the metabolites in brain tissue or serum (Chen et al., 2012;
Gao et al., 2014; Wang et al., 2014). Various TCM formulae
were applied prestroke (Gao et al., 2014), acute phase (Chen
et al., 2012), and early chronic phase of stroke (Wang et al.,
2014) in different studies. Our study is the first investigation
of the metabolic profile and the networks in CSF collected
during the early chronic phase of stroke after treatment with
TCM formulae. Only xanthine and glutamine found in our
study were also detected in another study (Wang et al., 2014),
even though the applied formulae were totally different from
this study. They might be candidates of biomarkers in re-
covery of stroke, especially the amount of glutamine from
aspirated CSF and serum could be measured (Wang et al.,
2014). On the other hand, the other four metabolites, me-
thylamine, pyridoxamine, histidine, and L-NMMA, require
further analysis to characterize their uniqueness in GUW

FIG. 6. Box plots of peak ratios (sample/pool) of six metabolites in the sham, control, and GUW treatment groups (see
Table 1 for the data and comparison statistics). GUW, Gastrodia elata and Uncaria rhynchophylla water extract.
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treatment of cerebral ischemia. Overall, all six metabolites
could be the target of interest to investigate GUW treatment
in future clinical studies.

Our report shows that the treatment with GUW protected the
brain tissue against cerebral ischemia, possibly through anti-
oxidative pathways through inhibition of xanthine and methyl-
amine, and induction of pyridoxamine production against ROS
generation. Among the changes, the pyridoxamine–histidine–
glutamine-related pathway could contribute to antiexcitotoxic
and anti-inflammatory effects of GUW. Further studies are
warranted to elucidate the regulation of therapeutic mechanism
of GUW in cerebral ischemia.

In all, this work is significant in that (1) it shows CIL LC-
MS can be used for in-depth profiling of the CSF metabolome
in experimental ischemic stroke and (2) identifies several
potential molecular targets that might mediate the central
nervous system associated with pharmacodynamic effects of
some frequently used TCMs.
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Abbreviations Used

AGE ¼ advanced glycation endproduct
CBF ¼ cerebral blood flow
CCA ¼ common carotid artery
CIL ¼ chemical isotope labeling
CSF ¼ cerebrospinal fluid
ECA ¼ external cerebral artery

FTICR ¼ Fourier transform ion cyclotron resonance
GE ¼ Gastrodia elata
GS ¼ glutamine synthetase

GUW ¼ Gastrodia elata and Uncaria rhynchophylla
water extract

H&E ¼ hematoxylin and eosin
ICA ¼ internal cerebral artery

LC-MS ¼ liquid chromatography–mass spectrometry

LC-UV ¼ liquid chromatography-ultraviolet
L-NMMA ¼ L-N-monomethylarginine

MCAO ¼ middle cerebral artery occlusion
MCID ¼ MyCompoundID
OGD ¼ oxygen–glucose deprivation

OPLS-DA ¼ orthogonal partial least squares discriminant
analysis

PBS ¼ phosphate-buffered saline
PCA ¼ principal component analysis
ROS ¼ reactive oxygen species

RT ¼ retention time
SD ¼ standard deviation

TCM ¼ Traditional Chinese Medicine
TTC ¼ triphenyltetrazolium chloride

UR ¼ Uncaria rhynchophylla
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