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Exploring the eﬀects of Gastrodia elata Blume on
the treatment of cerebral ischemia-reperfusion
injury using UPLC-Q/TOF-MS-based plasma
metabolomics†
Dongxu Wang,
Yulin Feng*b
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Gastrodia elata Blume (Orchidaceae, GEB) is a medicinal plant that has been widely used in the treatment
of cerebrovascular disease. This study explored the protective eﬀects of GEB against cerebral ischemiareperfusion using Information-Dependent Acquisition (IDA)-mediated UPLC-Q/TOF-MS-based plasma
metabolomics. Cerebral ischemia-reperfusion (IR) injury was induced in male Wistar rats using the Zea
Longa method. Biochemical and histological assays were performed to evaluate the therapeutic eﬀects of
GEB on IR rats. We found that the neurobehavioral scores and infarction areas of GEB and nimodipine
treated groups were dramatically lower than those of the IR groups. Hematoxylin and Eosin (HE) staining
and TdT-mediated dUTP Nick-End Labeling (TUNEL) showed that GEB signiﬁcantly improved neuronal
injury and prevented neuronal apoptosis. Biochemical analysis revealed that GEB prevented cerebral
ischemia-reperfusion injury by regulating inﬂammation and oxidative injury. Through ultra-high-performance

liquid

chromatography-quadrupole

time-of-ﬂight

mass

spectrometry-metabolomics-based

approaches, 43 plasma metabolites related to GEB treatment were detected, 6 of which signiﬁcantly
diﬀered ( p < 0.05) between the model and GEB groups. The levels of L-histidine, sphinganine, thymine,
spermidine and deoxycytidine in the IR group were signiﬁcantly higher than those in the sham group, but
decreased following GEB treatment. Arachidonic acid levels were lower in the IR group, but dramatically
increased in response to GEB. Pharmacodynamics and metabolomics conﬁrmed that the mechanism of
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GEB in the treatment of cerebral ischemia was not only related to the reduction of inﬂammation, oxi-

DOI: 10.1039/c9fo01729a

dation, neurotoxicity, and apoptosis, but also mediated through arachidonic acid metabolism, histidine
metabolism, pyrimidine metabolism, arginine and proline metabolism, sphingolipid metabolism, and gly-
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cerophospholipid metabolism in vivo.

1.

Introduction

Stroke, also known as a cerebral vascular accident (CVA), is a
common acute cerebrovascular disease with high incidence,
mortality and disability rates,1 including ischemic stroke and
hemorrhagic stroke. Ischemic stroke accounts for ∼87% of
strokes globally, and is the fifth leading cause of death in the
United States.2 High blood pressure, diabetes and poor living
habits including smoking and alcohol abuse3 greatly increase
the risk of ischemic stroke. Thrombolysis with an intravenous
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tissue-type plasminogen activator (t-PA) significantly decreases
stroke related disability and is the front-line treatment for cerebrovascular disease.4 Conventional intravenous thrombolysis,
however, fails to reverse the ischemic death of nerve cells,
leading to injury and apoptosis;5 t-PA also leads to side eﬀects
including a reduced level of consciousness and reduced
language ability, and also has strict restrictions on the physique of patients and therapeutic time window.4 These limitations highlight the need for new and more eﬀective therapeutic interventions.
In recent years, Gastrodia elata Blume (GEB) has emerged
as eﬀective in the treatment of convulsions, vertigo, headaches, hemiplegia, limb numbness and rheumatoid arthritis.6
In addition to the inherent advantages of traditional Chinese
medicine (including reduced toxicity, fewer side eﬀects, stable
curative eﬀects and syndrome diﬀerentiation) GEB is a functional food that has been recorded in the ancient book “Materia
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Medica Yan Yi”. GEB has been incorporated into functional
foods including porridge, wine, preserved fruit, and beverages,
with the aim of enhancing immunity, slowing oxidation, reducing blood lipid levels and blood pressure, improving fatigue,
and promoting relaxation. GEB has also been suggested as a
promising therapeutic for cerebrovascular disease.7
GEB has favorable therapeutic eﬀects on ischemic disease
through its ability to dilate cerebral vessels, improve the microcirculation, inhibit the release of NO and NOS, protect the
blood–brain barrier,8 protect brain cells from oxidative stress
and inflammatory injury9,10 and inhibit apoptosis and autophagy.11 Cerebral ischemia-reperfusion injury is the main
pathological process of ischemic cerebrovascular disease12 as
it promotes free radical injury, calcium overload, amino acid
metabolism, nitric oxide production, inflammation, and
apoptosis.12–16 Cerebral disease due to middle cerebral artery
occlusion accounts for ∼70% of the total clinical cases.17 In
this study, the MCAO model was used to simulate clinical
cerebral ischemia to explore the therapeutic eﬀects of GEB.
Through the analysis of metabolites in vivo, genotypes and
phenotypes can be linked and biomarkers can be identified,
which enhance our understanding of disease processes at the
molecular level.18 In terms of TCM, metabolomics permits the
evaluation of key processes that permit therapeutic eﬃcacy. An
Information-Dependent Acquisition (IDA)-mediated LC-MS/MS
method is an advanced approach in the qualitative study of
many target compounds and has been successfully used to
support plasma pharmacokinetic screening programs. In this
study, liquid phase mass spectrometry (LC-MS) was used to
explore the therapeutic mechanisms of GEB on cerebral
ischemia-reperfusion injury in rats. We aimed to identify
potential disease biomarkers to provide new avenues for the
prevention and treatment of ischemic stroke.

2. Experimental approaches
2.1.

Materials

Medicinal materials were collected from the Heilongjiang
Province and identified as dry roots and rhizomes or stems of
GEB by Professor Guoyue Zhong of the Jiangxi University of
Traditional Chinese Medicine. As a control, 2-chloro-L-phenylalanine ( purity >98%) was purchased from Shanghai McLean
Biochemical Technology Co., Ltd. Acetonitrile and methanol
(HPLC grade) were purchased from Fisher Scientific (MA,
USA). Formic acid (analysis grade) was purchased from China
Chemical Reagent Co., Ltd. Nimodipine was purchased from
the YABAO Pharmaceutical Group Co., Ltd. Triphenyl tetrazolium chloride (TTC) and Hematoxylin and Eosin (HE) staining kits were purchased from Beijing Solarbio Science &
Technology Co., Ltd. Interleukin-6 (IL-6), Interleukin-1β
(IL-1β), Tumor Necrosis Factor α (TNF-α) and Elisa kits were
purchased from NEOBIOSCIENCE technology (Shenzhen,
China). Superoxide dismutase (SOD), glutathione peroxidase
(GSH-Px) and malondialdehyde (MDA) kits were purchased
from the Nanjing Jiancheng Bioengineering Institute (Nanjing,
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China). TdT-mediated dUTP Nick-End Labeling (TUNEL) apoptosis assay kits and proteinase K were purchased from
Beyotime Biotechnology (Shanghai, China). Other equipment
included multi-functional enzyme labeling instruments
(SpectraMax i3, Molecular Devices); a high-speed freezing centrifuge (HC-3018R, Anhui Zhongke Zhongjia Scientific instrument Co., Ltd); an automatic sample grinding instrument
(J288/48, Shanghai Jingxin Technology); and rat brain coronal
section models (Shenzhen Ruiwod). The sections were imaged
on a LEICA DM 2500, Leica Microsystems Co., Ltd. A dehydrator (Zhejiang Jinhua Cody instrument and equipment Co., Ltd)
and a liquid vacuum concentrated decoction machine (YZN50,
Beijing Donghua original Medical Equipment Co., Ltd) were
used for GEB preparation.
2.2.

Preparation of GEB extracts

Roots and rhizomes of GEB (500 g) were washed, dried and
ground into a crude powder. The samples were then decocted
three times through 70% ethanol reflux (5 L) for 2 hours each
time. Combined extracts were filtered at high temperature,
concentrated under vacuum at 60 °C, and freeze-dried. GEB
extracts were dissolved in sodium carboxymethyl cellulose
aqueous solution to prepare a 200 mg kg−1 suspension for rat
administration.
2.3.

Study design

2.3.1. Animals. Briefly, adult male Wistar rats (260 ± 20 g)
were obtained from Beijing (SCXK (京) 2016-0006). All animals
were fed a standard diet and water. Experimental conditions
were maintained thermostatically at 22 ± 1 °C with 55 ± 5%
humidity and a 12-light/12-dark cycle. Animal studies were performed in compliance with the requirements for the Guide for
the Care and Use of Laboratory Animals at the National
Institutes of Health (NIH Publication No. 80-23; revised 1978).
Experiments were recognized by the Animal Care and Use
Committee of the Jiangxi University of Chinese Medicine.
2.3.2. Groups and drug administration. Rats were randomly divided into 4 groups19–22 (n = 10 each) including: (1)
sham-operated controls (sham); (2) IR (0.9% NaCl); (3) GEB
(200 mg kg−1); and (4) nimodipine groups (15 mg kg−1) as a
comparative positive control. All rats were intragastrically
administered the indicated treatment regimens once a day for
15 days. After 2 hours of final administration, the rats were
anesthetized through the intraperitoneal injection of 10%
chloral hydrate (350 mg kg−1).
2.3.3. IR injury. The model of middle cerebral artery occlusion (middle cerebral artery occlusion, MCAO) is generally
regarded as the standard animal model of focal cerebral
ischemia.23,24 Rat models of focal cerebral ischemia produced
through the Longa method25 are recognized as the gold standard. The Zea Longa method19 was used to establish IR in
rats. Rats were anesthetized through the intraabdominal injection of chloral hydrate (350 mg kg−1) and fixed in the supine
position. The right external carotid artery (ECA), the internal
carotid artery (ICA) and the common carotid artery (CCA) were
fully exposed by an incision in the middle of the neck. The
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proximal end of the CCA and root of the ECA were separated
and ligated. A small incision was introduced at the area
between the ligations of the two arteries. A thread (length:
50 mm, diameter: 0.32 ± 0.02 mm) was slowly inserted into the
internal carotid artery from the common carotid artery and
tied. After two hours, the thread was pulled for ∼15 mm to
establish blood reperfusion. All treatment methods were performed in the sham group, but the thread was not inserted
into the internal carotid artery.
2.4.

Neurobehavioral observations and TTC staining

The neurobehavioral scores of the rats were assigned from 0 to
4 points.26 After 24 hours of reperfusion, no observable neurological dysfunction was marked as 0 points. Failure to extend
the left forelimb upon lifting the tail was marked as 1 point.
An inclination to crawl in the opposite direction was marked
as 2 points. Autonomous turning to the opposite side as
opposed to walking was marked as 3 points. Failure to spontaneously walk for an extended time period or a loss of consciousness was marked as 4 points. Rats were euthanized by
decapitation after neurobehavioral assessments. Their brains
were sectioned into six coronal slices of 2 mm thickness to
determine the infarct volume with TTC staining. Positive and
negative sides of the sections were incubated at 37 °C for 8 min
and fixed in 4% paraformaldehyde for 3–5 hours. The brain
slices were stained and imaged to measure the total area and
infarct size using image analysis software (Image-ProPlus 6.0).
2.5.

HE and TUNEL staining

After 24 hours of reperfusion, blood from the abdominal aorta
was collected and the aortas were immediately clamped. A perfusion needle was inserted into the left ventricle and the right
auricle was cut open. The samples were perfused with saline
for 10 min and 4% paraformaldehyde for 20 min. The brain
tissue between the root of the optic chiasma and the corpora
quadrigemina was fixed in 4% paraformaldehyde. Fixed
tissues were dehydrated and embedded to prepare continuous
paraﬃn sections, which were subjected to HE and TUNEL
staining and imaged using a fluorescence microscope.
2.6.

Biochemical evaluation

All rats were decapitated after 24 hours of reperfusion. Fresh
brain tissue was removed and washed with chilled saline solution. Excess saline was removed with filter paper and coronal
sections around the bregma point were collected (1 mm).
Coronal brains were weighed after sectioning. Brain tissues
were added to precooled saline at a ratio of 1 : 9 and homogenized and centrifuged for 10 min (4000 rpm). The supernatant
was collected and frozen at −80 °C. The activities of SOD,
GSH-Px and MDA contents in the brain tissue were measured
using commercial enzymatic assays. IL-1β, IL-10 and TNF-α
levels were determined by ELISA.
2.7.

Metabolomics analysis

2.7.1. Sample pretreatment. Metabolomics was performed
in rats from sham, IR, and GEB groups. Plasma supernatants
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were treated with methanol containing 2-chloro-L-phenylalanine (10 μg ml−1) at a ratio of 4 : 1 (methanol : plasma
supernatant, V/V, 250 μl). The samples were centrifuged
(12 000 rpm, 20 min) at 4 °C and supernatants were filtered
using 0.22 μm microporous filter membranes. The samples
were analyzed by LC-MS and 50 μl of all the centrifuged supernatants were evenly mixed as the QC sample.27
2.7.2. LC-MS analysis. A Shimadzu UHPLC (ESI) system
and an AB Sciex quadrupole time-of-flight mass spectrometer
(TripleTOF® 5600) were used for LC-MS analysis. An ACQUITY
UPLC C18 column (100 mm × 2.1 mm, 1.7 μm, water) was used
at a flow rate of 0.3 mL min−1, and an injection volume of
2 μL. Using 0.1% formic acid (A) and acetonitrile (B) with
water as the mobile phase, the gradient of mobile phase B was
as follows: 2–30% (0–3 min), 30–60% (3–5 min), 60–80%
(5–15 min), 80–100% (15–16 min), 100% from 16 to 19 min,
100–2% (19–20 min) and 2% held from 20 to 25 min. TOF-MS
and TOF-MS/MS were performed simultaneously. The TOF-MS
mass ranged from 50 to 1250. When the collision was 40 eV,
the most intense 8 ions from each TOF-MS scan were selected
for TOF-MS/MS.
To ensure data quality, previously described approaches
were adopted.9,26 TOF-MS was calibrated every 5 samples to
maintain data accuracy and stability.28 Simultaneous
LC-MS analysis was performed for QC (n = 6) and plasma
samples. The relative standard deviations (RSDs) of the retention times and typical peak intensities (including internal
standards) in the QC samples were used to evaluate data
quality.
2.7.3. Data analysis. Data were analyzed as previously
described.26,29 The raw data of the LC-MS were firstly transformed into the “m/z” data file format using Markerview 1.2
software, and the abundance of aligned features was normalized through internal standards (2-chloro-L-phenylalanine).
The detection frequencies (DFs) and RSDs of each group were
used for data screening. The features were subjected to statistical analysis only when the DFs of any group reached 100% and
the RSD was less than 30%. Missing values were replaced by
the half minimum of abundant features. PCA (Principal
Component Analysis) and OPLS-DA (orthogonal projectionpotential structure discriminant analysis) were used to ensure
the quality of data and the model’s reliability, a default 7-fold
cross-validation and testing with 200 random permutations
were performed using SIMCA-P software to avoid the overfitting of the OPLS-DA models, features with VIP scores >1 in
the OPLS-DA model, with p-values <0.05, were selected and
their candidate metabolites were identified with the Human
Metabolome Database (HMDB). Associated metabolic pathways were established through integration of the Small
Molecule
Pathway
Database
(SMPDB)/KEGG
and
MetaboAnalyst 4.0.30–32 The metabolites which have high
impact on the metabolic pathway and cause significant
changes in the plasma of IR rats are identified as potential biomarkers after reference compound confirmation.29,33 A
Student’s t-test was used for all data analysis. Diﬀerences were
considered significant when P < 0.05.
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3.1.

Eﬃciency of GEB treatment

3.1.1. Neurobehavioral scores and cerebral infarction
evaluation. The neurobehavioral scores of the IR group were
significantly higher ( p < 0.001) than those of the sham group.
The cerebral infarction area was consistent with these scores
(Fig. 1). TTC staining (Fig. 2) and scoring scales proved the
eﬀectiveness of the cerebral ischemic injury model. Both the
GEB and nimodipine treated groups showed significantly
lower scores (both p < 0.05) and infarction areas ( p < 0.05;
p < 0.001) compared to the IR groups. GEB has a favorable
therapeutic eﬀect on nerve injury and cerebral ischemiareperfusion injury, although the eﬀects are less pronounced
than those in the nimodipine group.
3.1.2. HE and TUNEL staining. HE (Fig. 3) and TUNEL
staining (Fig. 4) showed that GEB treatment significantly
improved the loose edema of the parietal cortex. GEB and
nimodipine also reduced nuclear pyknosis, nerve cell atrophy,
peripheral demyelination, neuronal degeneration and microglial hyperplasia in rats induced by IR injury. Apoptosis was
induced when cerebral cells were broken under the catalysis of
terminal deoxynucleotidyl transferase. The 3-OH of the broken
genomic DNA combined with FITC-labeled DUPT and exhibited fluorescence. TUNEL staining showed the presence of a
large number of apoptotic cells in the parietal cortex of IR
groups, the percentage of which significantly declined in the
presence of GEB.
3.1.3. Biochemical evaluation. During ischemia and cerebral reperfusion, oxidative stress is enhanced and ROS production increases, leading to tissue injury. To explore the
eﬀects of GEB on antioxidant systems, we evaluated the activities of MDA, SOD, and GSH-Px. The brain MDA level in the IR
group significantly increased to 11.08 ± 0.7179 nmol mL−1,
whilst GSH-Px and SOD levels significantly decreased to
49.48 ± 5.006 μmol mL−1 and 73.81 ± 2.792 μmol mL−1 compared to the sham group. GEB-treatment significantly reduced
the MDA levels to 9.15 ± 0.2915 nmol mL−1, whilst the activity

Fig. 2 Eﬀects of GEB on the morphology of cerebral tissue observed by
TTC staining in rats with cerebral ischemia reperfusion injuries.

of SOD and GSH-Px increased to 93.31 ± 3.248 U mL−1 and
51.21 ± 1.89 U mL−1 (Table 1). These indicators supported
the role of GEB in recovering cerebral damage and reducing
necrosis in vivo post-IR.
In IR injury rats, IL-10 expression dramatically decreased
( p < 0.001) whilst IL-1β and TNF-α levels significantly increased
( p < 0.001) compared to the sham group. Compared to the IR
injury group, a significant improvement in IL-10 ( p < 0.01) was
observed in the GEB group. However, GEB pretreatment eﬀectively blocked the increase in IL-1β and TNF-α compared to the
IR group ( p < 0.01; p < 0.05) (Table 2). These results suggested

Fig. 1 Protective eﬀect of GEB on neurological defects and infarct area in the ischemia-reperfusion rats (x̄ ± s). *p < 0.05 vs. IR, ###p < 0.001 vs.
sham.
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Fig. 3 HE staining of the parietal cortex. GEB and nimodipine reduced peripheral demyelination (a), nuclear pyknosis, nerve cell atrophy and neuronal degeneration (b); the loose edema of the parietal cortex (c); and microglial hyperplasia (d) in rats induced by IR injury.

Fig. 4

The result of TUNEL staining and the apoptotic ratio. *p < 0.05 vs. IR, **p < 0.01 vs. IR, ###p < 0.001 vs. sham.

Table 1 Eﬀects of GEB on SOD, GSH-Px and MDA contents in brain
tissues of rats with cerebral IR injuries (x̄ ± s)

Groups

SOD (U per
mg prot)

GSH-Px
(U per mg prot)

MDA (nmol per
mg prot)

Sham
IR
Nimodipine
GEB

117.5 ± 4.877*
73.81 ± 2.792
92.77 ± 2.837*
93.31 ± 3.248*

79.43 ± 1.599*
49.48 ± 5.006
67.19 ± 2.614*
51.21 ± 1.89

7.605 ± 0.5745*
11.08 ± 0.7179
8.933 ± 0.6169
9.15 ± 0.2915*

Table 2 Eﬀects of GEB on IL-1β, IL-10 and TNF-α contents in brain
tissues of rats with cerebral IR injuries (x̄ ± s)

Groups

IL-10 (ng L−1)

IL-1β (ng L−1)

TNF-α (ng L−1)

Sham
IR
Nimodipine
GEB

595 ± 48*
332.2 ± 31.98
422.4 ± 32.9
458.8 ± 26.54*

269.5 ± 21.22*
443.4 ± 20.17
366.9 ± 30.73*
373.7 ± 21.26*

1101 ± 61.38*
1934 ± 183
1378 ± 98.36*
1443 ± 80.5*

*p < 0.05, vs. IR.
*p < 0.05, vs. IR; mg prot means mg (protein).

that GEB plays a significant role in the anti-inflammatory
mechanisms of cerebral ischemia and regulates the expression
of inflammatory factors in ischemic cerebral tissue.
3.2.

Metabolic responses of rat to GEB treatment

3.2.1. Verification of the metabolomics methods. The 10
typical ion peaks in the QC samples showed a high degree of
overlap in the peak intensity and retention times in positive
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and negative ion modes (Fig. S1†), combined with the good
clustering of QC samples in the PCA plot (Fig. 5); the data
quality was found to meet the requirements for statistical analysis and confirmed the reproducibility of the methods.29
The signal responses of plasma metabolites in the ESI+ and
ESI− modes were combined to analyze their distribution. The
results showed significant diﬀerences in the metabolites
between the two modes. In Fig. 6, PCA plots and OPLS-DA
plots showed that samples of the sham, model and GEB
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PCA score plot for quality control (QC) validation.

Fig. 6 OPLS-DA and permutation score plots of sham, IR and GEB
groups.

matched with information of metabolites provided by the
online database HMDB; the metabolites showing an error
between the extraction mass value and experimental mass
value of less than 10 ppm and matching these conditions were
identified as candidate biomarkers. Finally, a total of 43 metabolites (Table 3) were identified as candidate biomarkers. To
identify the metabolites that diﬀered among the control,
model and GEB groups, thermograms of the 43 candidate biomarkers (Fig. 7) were measured and compared. Color changes
on the maps indicated the overall changes in metabolites. For
instance, thymine, spermidine, L-carnitine, ureidosuccinic
acid, sphingosine, and deoxycytidine were of higher levels in
IR compared to the sham/GEB groups, and LysoPC (20:1(11Z)),
arachidonic acid, and LysoPE (18:0/0:0) were of lower abundance in GEB compared to IR groups, suggesting a correlation
following GEB treatment. Altered metabolites ( p < 0.05)
between the model and GEB groups were further evaluated for
their response to GEB treatment. Associated metabolic
pathways were established through integration of the
Small Molecule Pathway Database (SMPDB)/KEGG and
MetaboAnalyst 4.0. Six metabolites including thymine, spermidine, L-histidine, deoxycytidine, sphinganine, and arachidonic
acid were selected (Fig. 8). These metabolites, after acquisition,
injection and identification of reference compounds, represent
potential biomarkers to verify the treatment eﬃcacy of GEB.
3.3.

groups had good clustering and permutation plots showed no
overfitting of the model. The quality of the OPLS-DA is often
assessed using R2Y and Q2Y. In this study, the R2Y and Q2Y
were 0.993 and 0.912 in positive mode and 0.995 and 0.937 in
the negative mode, respectively. This indicated that the quality
of the OPLS-DA model was reliable.
3.2.2. Identification of potential biomarkers. Features with
VIP scores >1 in the OPLS-DA model, with p-values <0.05, were
selected and the precursor ions and MS/MS fragments
obtained using UPLC-QTOF-MS/MS with high resolution were

This journal is © The Royal Society of Chemistry 2019

Metabolic pathway enrichment analysis

Through the enrichment of 43 metabolites, a metabolism
pathway with a higher score was constructed, including 6
potential biomarkers with significant changes in the plasma
of IR rats. The main metabolism pathways involved in these
metabolites were identified: namely pyrimidine metabolism,
arginine and proline metabolism, glycerophospholipid metabolism, sphingolipid metabolism, histidine metabolism and
arachidonic acid metabolism. GEB can treat cerebral ischemiareperfusion injury by aﬀecting the above-mentioned pathways.
The pathway impact is shown in Fig. S2† and details of the
metabolic pathways are shown in Fig. 9.
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Table 3

Potential biomarkers of cerebral ischemic injury post-treatment with GEB

M/Z

RT

Formula

Name

Adduct

HMDB

IR vs. sham

GEB vs. IR

86.096
127.0488
146.1645
150.0571
162.1139
176.0648
178.0595
188.0696
204.1234
226.1789
246.1724
249.0608
250.0795
279.0894
288.2529
295.1275
296.0661
302.3054
437.1952
476.3109
506.3557
508.3734
522.3512
546.3563
548.3688
550.3856
552.3995
570.3534
576.3993
578.4157
103.0412
279.2324
303.2339
347.221
353.1403
355.1575
371.2212
379.1573
403.1574
436.2818
480.3112
506.3291
528.3121

1.45
1.75
0.8
1.06
2.08
1.44
0.84
2.01
0.94
15.88
3.59
2.71
1.21
12.91
9.03
3.3
0.87
8.95
9.42
9.42
11.46
11.45
10.58
10.41
11.05
13.13
15.09
11.46
13.8
15.18
1.35
15.25
14.95
15.26
14.55
16.57
14.95
15.25
14.94
10.94
10.16
10.95
9.82

C5H11N
C5H6N2O2
C7H19N3
C5H11NO2S
C6H11NO2
C5H8N2O5
C6H9N3O2
C11H11NO3
C9H14O4
C13H25NO3
C12H25NO5
C8H13N2O5P
C9H13N3O4
C12H14N4O2S
C16H33NO3
C14H18N2O5
C10H15N3O5
C18H39NO2
C26H30O7
C21H41N5O7
C26H52NO6P
C26H54NO6P
C26H52NO7P
C28H52NO7P
C28H54NO7P
C28H56NO7P
C28H58NO7P
C30H52NO7P
C30H58NO7P
C30H60NO7P
C4H8O3
C18H34O3
C20H32O2
C21H34O5
C21H22O5
C21H24O5
C23H32O4
C20H28O5S
C25H24O5
C21H44NO6P
C23H48NO7P
C25H50NO7P
C27H48NO7P

Piperidine
Thymine
Spermidine
L-Methionine
L-Carnitine
Ureidosuccinic acid
L-Histidine
Indolelactic acid
L-Acetylcarnitine
N-Undecanoylglycine
Valerylcarnitine
Pyridoxamine 5′-phosphate
Deoxycytidine
Sulfamethazine
Lauroyl diethanolamide
Glutamylphenylalanine
Glycerophosphocholine
Sphinganine
Obacunone
Netilmicin
LysoPC (P-18:1(9Z))
LysoPC (P-18:0)
LysoPC (18:1(11Z))
LysoPC (20:3(5Z,8Z,11Z))
LysoPC (20:2(11Z,14Z))
LysoPC (20:1(11Z))
LysoPC (20:0/0:0)
LysoPC (22:5(4Z,7Z,10Z,13Z,16Z))
LysoPC (22:2(13Z,16Z))
LysoPC (22:1(13Z))
2-Hydroxybutyric acid
Ricinoleic acid
Arachidonic acid
5a-Tetrahydrocortisol
Lansiumarin C
Chalepin acetate
Scutigeral
Ecabet
Mammeigin
PE (P-16:0e/0:0)
LysoPE (18:0/0:0)
LysoPE (0:0/20:1(11Z))
LysoPE (0:0/22:4(7Z,10Z,13Z,16Z))

+H
+H
+H
+H
+H
+NH4–H2O
+Na
+H–H2O
+H
+H–H2O
+H
+H
+Na
+H
+H
+H
+K
+H
+H–H2O
+H
+H
+H
+H
+H
+H
+H
+H
+H
+H
+H
−H
−H2O–H
−H
−H2O–H
−H
−H
−H
−H
−H
−H
−H
−H
−H

HMDB0034301
HMDB0000262
HMDB0001257
HMDB0000696
HMDB0000062
HMDB0000828
HMDB0000177
HMDB0000671
HMDB0000201
HMDB0013286
HMDB0013128
HMDB0001555
HMDB0000014
HMDB0015522
HMDB0032358
HMDB0029156
HMDB0000086
HMDB0000269
HMDB0035858
HMDB0015090
HMDB0010408
HMDB0013122
HMDB0010385
HMDB0010393
HMDB0010392
HMDB0010391
HMDB0010390
HMDB0010402
HMDB0010400
HMDB0010399
HMDB0000008
HMDB0034297
HMDB0001043
HMDB0000526
HMDB0034838
HMDB0030666
HMDB0030012
HMDB0015613
HMDB0030785
HMDB0011152
HMDB0011130
HMDB0011482
HMDB0011493

↓
↑**
↑*
↑
↑***
↑*
↑*
↑***
↑***
↑***
↑***
↑
↑***
↑
↑***
↑***
↓*
↑**
↑
↓***
↓*
↓***
↓
↓
↓**
↓***
↓***
↓**
↓**
↓***
↓***
↓***
↓***
↓***
↓***
↓***
↓***
↓***
↓***
↓*
↓***
↓***
↓**

↓***
↓*
↓***
↓***
↓***
↓***
↓***
↓*
↓
↓**
↓
↓**
↓***
↓***
↓***
↓
↓**
↓***
↓***
↓***
↓**
↓***
↓***
↓**
↓***
↑*
↓**
↓***
↓**
↓**
↓
↑
↑*
↑
↑
↑
↑
↑
↑
↑***
↑***
↑***
↑***

*p < 0.05; **p < 0.01; ***p < 0.001.

4.

Discussion

To clarify the eﬀects of GEB on the treatment of cerebral ischemia-reperfusion injury, we performed pharmacodynamic
experiments and detected biochemical and histopathological
indicators. Our results suggested that cerebral ischemia and
reperfusion injury cause local oxidative stress and inflammatory injury, leading to apoptosis, autophagy, and necrosis.
After cerebral ischemia, oxidants are overproduced because
the redox state in the natural endogenous antioxidant system
is in disequilibrium, and some studies have shown that the
phenolic components of Gastrodia elata stimulate endogenous
antioxidative responses, thereby attenuating neuronal
damage.34,35 SOD, GSH-Px and other endogenous antioxidant
enzymes play an important role in oxidant and redox
balance.36 The overexpression of SOD after cerebral ischemic
injury can reduce mitochondrial dysfunction and apoptosis. A
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large number of studies have shown that ischemic injury
induces polyunsaturated fatty acid lipid peroxidation to
produce high levels of MDA37 leading to decreased membrane
mobility and permeability. The levels of MDA are thus closely
related to the degree of cell injury and oxidative stress.
Oxidative stress is closely related to the injury caused by the
excessive secretion of inflammatory cytokines, TNF-α. As a
major cause of cerebral infarction, the secretion and synthesis
of TNF-α increase38,39 the permeability of vascular endothelial
cells, enhance the aggregation and activation of leukocytes,
and increase inflammatory mediator release. These cytokines
induce the expression of chemokines and cell adhesion molecules, which leads to leukocyte infiltration, leukocyte aggregation and the release of inflammatory mediators leading to
blood–brain barrier leakage. IL-10 strongly inhibits the oversecretion of TNF-α and IL-1β at the transcriptional level and
plays an anti-inflammatory role. Anti-oxidation and anti-
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Fig. 7 Heat map of metabolites in the cerebral ischemic injury of rats from sham, IR and GEB groups. Data ( peak areas) were normalized between
−1 and 1 (green: the lowest level and red: the highest level).

inflammation are the proposed mechanisms of GEB activity
during ischemia-reperfusion injury.
Changes in the metabolic environment of the cerebrospinal
fluid after cerebral ischemia have been reported. Studies on
the metabolomic response to GEB during the treatment of
ischemic disease are relatively sparse. In this study, six metabolites and their associated metabolic pathways were identified
via UPLC-Q-TOF/MS-based metabolomic analysis.
This study verified the eﬀect of Gastrodia elata on the treatment of cerebral ischemia-reperfusion injury based on metabolomics. However, there were uncertainties in the singlegroup analysis. Multi-omics integrative analysis methods can

This journal is © The Royal Society of Chemistry 2019

improve the eﬀectiveness of screening and enhance the accuracy of disease predictions; in future studies, transcriptomics
will be performed to complement our datasets to reveal the
mechanism(s) of disease development at the genetic level.
Studies have shown that a large number of free radicals are
produced during cerebral ischemia, leading to neurotoxicity by
acting on polyunsaturated fatty acids to cause lipid peroxidation or inducing the cross-linking of macromolecules
(including DNA, RNA and amino acids). Arachidonic acid
(ARA) is an omega-6 polyunsaturated fatty acid that is produced from linoleic acid;40,41 the levels of ARA in the IR
group were significantly lower than those in the sham group
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Fig. 8 Relative levels of the selected 6 metabolites in the plasma of rats from sham, IR and GEB groups. Signiﬁcant levels (t-test): *P < 0.05, **p < 0.01,
***p < 0.001 are represented by yellow, green and red squares, respectively, and the default front and back order is IR vs. sham and GEB vs. IR, respectively.

Fig. 9 Overview of metabolic pathway analysis. The green font was identiﬁed as the metabolite; after the intervention of Gastrodia elata, the level
of metabolites in the red border decreased and that of the blue border increased. Signiﬁcance: *P < 0.05, **p < 0.01, ***p < 0.001 are represented by
yellow, green and red squares, respectively, and the upper and lower default is IR vs. sham and GEB vs. IR, respectively.
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( p < 0.001), whilst the content of ARA in the GEB group was
significantly higher than that in the IR group ( p < 0.05). This
suggests that GEB regulates arachidonic acid metabolism by
reducing lipid peroxidation induced by free radicals to protect
against cerebral ischemia-reperfusion injury.
Histamine release is known to increase following cerebral
ischemia-reperfusion injury in rats, which is consistent with
the significant increase in L-histidine observed in this
study ( p < 0.05). The increase in histidine leads to the increase
of histamine formation which may promote further
inflammation.42,43 Following GEB treatment, the levels of
L-histidine significantly decreased ( p < 0.001) suggesting that
GEB regulates histidine metabolism.
Sphingolipid metabolism aﬀects neuronal function by regulating synaptic activity and APP processing.44 Sphinganine (SG)
is a major component of ceramide that induces the production
of inflammatory factors related to neuroinflammation. Studies
have demonstrated45 that increased levels of ceramide induce
neuronal apoptosis. In addition, SG influences metabolism
through the inhibition of esterification and cholesterol transport. As a component of membranes and lipoproteins,
SG regulates cell proliferation, diﬀerentiation, adhesion,
migration, membrane transport, transcriptional activity, autophagy and apoptosis, all of which are relevant to autoimmune
and inflammatory disease.46,47 The levels of SG increased after
cerebral ischemia-reperfusion (P < 0.01), which may be related
to the neurotoxicity and neuroinflammation caused by elevated ceramide levels. The dramatic decrease in SG levels (P <
0.001) following GEB intervention through regulation of the
sphingomyelin metabolic pathway is thus likely to contribute
to its therapeutic eﬀects.
Deoxycytidine (DD) is a major nucleoside of deoxyribonucleic acid (DNA), which is composed of cytosine and deoxyribose. Thymine is a pyrimidine base which diﬀers from uracil
as the fifth hydrogen is replaced by a methyl group. As a
human metabolite, DD is present in all organisms and natural
compounds. Exogenous uridine and cytidine are necessary for
the maintenance of brain function in rats with ischemia-reperfusion injury. In this study, the levels of plasma DD and
thymine in the IR group were significantly higher than those
of the sham group (P < 0.001; P < 0.01), and a significant correction after GEB treatment was observed (P < 0.001; P < 0.05).
This suggests that the mechanism of GEB in the treatment of
cerebral ischemia-reperfusion injury may be related to the
regulation of DD and thymine levels through the pyrimidine
metabolic pathway.
Spermidine (SD) is a natural polyamine that is widely distributed in mammalian cells. SD prolongs the lifespan of
model organisms by inducing autophagy and preventing
memory loss during aging. We found that the spermidine
content in the IR group was higher than that of the sham group
(p < 0.05), which was consistent with previous studies. This may
be because in cases of cerebral ischemia, SD is released from
neurons to the extracellular chamber and cleared into the
bloodstream.48 The content of SD in the GEB group was significantly lower than that of the IR group (p < 0.001).
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5. Conclusions
In summary, we used metabolomics with LC-MS technology to
investigate the mechanisms of GEB on cerebral ischemiareperfusion injury in rats. Pharmacodynamics and metabolomics confirmed that GEB could improve cerebral ischemia
through the regulation of metabolism in vivo. Consistent with
previous studies, the mechanisms of GEB in the treatment of
cerebral ischemia were related to reduced inflammation, oxidation, neurotoxicity, and apoptosis.
Metabolomics analysis showed that GEB could improve cerebral ischemia-reperfusion injury in rats through its regulation
of arachidonic acid metabolism, histidine metabolism, pyrimidine metabolism, arginine and proline metabolism, sphingolipid metabolism, and glycerophospholipid metabolism. We
also observed diﬀerences in the levels of arachidonic acid,
L-histidine, sphinganine, thymine, spermidine, and deoxycytidine before and after GEB treatment. These data highlight
these metabolites as potential biomarkers of GEB treatment,
which provides a reference for the treatment of ischemic
disease.
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