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Abstract: Stroke is one of the most common neurological disorders and seriously threatens human
life. Gross saponins of Tribulus terrestris fruit (GSTTF) are used for neuroprotective treatment on
convalescents of ischemic stroke. However, the therapeutic effects and mechanisms have not yet well
understood, especially from the metabolic perspective. In this study, the protective effect of GSTTF
on ischemic stroke in a middle cerebral artery occlusion (MCAO) rat model was investigated by the
GC-MS-based metabolomics approach. 2,3,5-triphenyltetrazolium chloride (TTC) staining of brain
tissues showed that GSTTF significantly reduced the infarct area after MCAO surgery. Metabolomic
profiling showed a series of metabolic perturbation occurs in ischemic stroke compared with sham
group. GSTTF can reverse the MCAO-induced serum metabolic deviations by regulating multiple
metabolic pathways including fatty acids metabolism, amino acids metabolism, and carbohydrates
metabolism. The current study provided a useful approach for understanding the mechanism of
MCAO-induced ischemic stroke and a reliable basis for evaluating the efficacy of GSTTF in the
treatment of ischemic stroke.
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1. Introduction

Stroke is one of the most fatal neurological diseases, the second leading cause of death in people
over 60 years old and the fifth leading cause of death in people aged 15–59 worldwide [1]. More
than 80% of all strokes are caused by ischemic events, resulting in devastating neurological sequelae
accompanied by severe morphological and molecular alterations [2]. The mechanisms and methods
for precise pathological of ischemic brain injury has not yet mature; there are no generally accepted
and effective treatments for ischemic stroke. Currently, the first-choice treatment for ischemic stroke is
thrombolysis, which attempts to dissolve the clots, restore blood flow, and preserve the surrounding
brain tissue. However, this strategy could change the course of ischemia only if performed in a narrow
time window [3,4].
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Traditional Chinese medicine (TCM) has been practiced to treat disease and disorders for
thousands of years in China. Herbal medicine, as well as the formulae, have been reported to
treat cerebral ischemia [5–7]. Tribulus terrestris is an annual creeping herb widespread in China, India,
Japan, and Korea. Its fruit has been used in traditional Chinese medicine for the treatment of eye
disease, edema, abdominal distention, sexual dysfunction, high blood pressure, and cardiovascular
diseases. The gross saponins of Tribulus terrestris fruit (GSTTF) are a mixture of dozens of different
types of saponins, mainly steroid saponins. Food supplements containing Tribulus terrestris extracts
are on sale in USA and Europe with the claim of a general stimulating action on motor activity, muscle
tone and restorative tonic for vigour [8]. Although previous studies showed that gross saponins of
Tribulus terrestris could protect the brain from ischemic injury in vivo and in vitro, little is known about
its effects from metabolic perspective [9,10].

Metabolomics is an emerging platform of system biology to profile entire endogenous metabolites
in biological systems and to monitor their fluctuations related to genetic, biological, or environmental
perturbation. The analysis of metabolites can provide global changes of end products in the body, and
has been widely used in biomarker discovery, toxicity evaluation and drug efficacy assessments [11–13].
The global analysis of metabolite for metabolomics is consistent with the holistic thinking of TCM
and the multiple pharmacological activities of herbal medicine, making metabolomics suitable
for understanding disease pathogenesis and the therapeutic mechanism of herbal medicine at the
metabolic level.

In this study, an MCAO rat model with ischemic stroke was constructed and injected with GSTTF
via tail vein injection. The changes in the serum metabolome were determined by GC-MS-based
metabolomics to investigate the protective mechanisms of GSTTF during the pathogenesis of ischemic
stroke. The potential serum biomarkers and the related perturbed metabolic pathways of MCAO
were identified. This study provides a reference for the understanding of the pathogenesis of ischemic
stroke and the therapeutic mechanisms of GSTTF.

2. Results

2.1. The Effects of GSTTF on MACO in Rats

Neurologic score and infarct volume measurement were performed to evaluate the animal model.
As shown in Figure 1A, the rat from sham group undergone sham-operated surgery, therefore, they
did not have any neurological defect and had the score of zero. The rats in the model group obtain
the highest score among the three groups, indicating a neurological defect after MCAO. After treated
with GSTTF, the neurological defect was significantly improved compared to the model group (from
2.20 ± 1.14 to 1.10 ± 0.57).

Infarct volume of each group was shown in Figure 1B,C, the rat from sham group had no cerebral
injury, thus, no infarct area was observed. The MCAO surgery yielded a remarkable infarct area in
the coronal brain sections, which is consistent with that they had the highest neurological defect score
among the groups. In GSTTF-treated group, a significant recovery (p < 0.01) in the infarct area was
observed in TTC stained cerebral slices. The results demonstrate that the administration of GSTTF
prior to MCAO had a neuroprotective effect in rats.
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Figure 1. Effects of GSTTF on MCAO rats, neurobehavioral score (A), infarct area (B) and TTC staining 
of brain (C). ## p < 0.01, the model group versus the sham group; * p < 0.05, ** p < 0.01, the GSTTF-
treated group versus the model group. 

2.2. GC-TOF/MS Method Validation 

The reproducibility and stability of the GC-TOF/MS method were essential in metabolomics 
analysis and was evaluated by using the QC samples. During the analytical run, five injections of QC 
sample were performed initially and then one injection was analyzed every fourth analytical run to 
provide robust quality assurance for each metabolic feature. A total of 435 peaks were acquired from 
serum sample. After alignment and normalization, ions that were detected in <50% of the QC samples 
were removed from the dataset, and 379 ion peaks were reproducibly detected from the raw GC-
TOF/MS chromatogram of the QC samples. The repeatability of peak intensities of 379 ions detected 
from QC sample was evaluated and expressed by the relative standard deviation (RSD) distribution. 
As shown in Figure 2, 27.5%, 67.5%, and 97.5% of the peaks had RSD values lower than 5, 10, and 
15%, respectively, which illustrate that the repeatability and stability of the developed method were 
suitable for metabolic profiling analysis. 

 
Figure 2. RSD (%) distribution of all metabolites in the pooled quality control (QC) samples. 

Figure 1. Effects of GSTTF on MCAO rats, neurobehavioral score (A), infarct area (B) and TTC staining
of brain (C). ## p < 0.01, the model group versus the sham group; * p < 0.05, ** p < 0.01, the GSTTF-treated
group versus the model group.

2.2. GC-TOF/MS Method Validation

The reproducibility and stability of the GC-TOF/MS method were essential in metabolomics
analysis and was evaluated by using the QC samples. During the analytical run, five injections of
QC sample were performed initially and then one injection was analyzed every fourth analytical run
to provide robust quality assurance for each metabolic feature. A total of 435 peaks were acquired
from serum sample. After alignment and normalization, ions that were detected in <50% of the QC
samples were removed from the dataset, and 379 ion peaks were reproducibly detected from the
raw GC-TOF/MS chromatogram of the QC samples. The repeatability of peak intensities of 379 ions
detected from QC sample was evaluated and expressed by the relative standard deviation (RSD)
distribution. As shown in Figure 2, 27.5%, 67.5%, and 97.5% of the peaks had RSD values lower than 5,
10, and 15%, respectively, which illustrate that the repeatability and stability of the developed method
were suitable for metabolic profiling analysis.
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2.3. Metabolic Profile in Serum

The serum extracts were analyzed by the validated GC-QTOF/MS method, the typical total
ion chromatogram (TIC) of three groups were shown in Figure S1 (supplementary material). Good
separation was achieved in 25 min under the established analytical method, and subtle differences
among these groups were observed, but the visual inspection was not enough to elucidate the metabolic
differences between sham group and model group and further to evaluate the therapeutic effect of
GSTTF. Therefore, multivariate statistical analysis was conducted to investigate the changes of serum
metabolites in three groups.

To make an overview on the differences in serum metabolic profiling between sham group and
model group, the 379 peaks were used to construct partial least-squares discriminant analysis (PLS-DA)
model with Pareto scaling. As shown in the score plot of PLS-DA (Figure 3A), clear separation between
these two groups in the first principal component, which suggests the serum metabolic pattern has been
altered after MACO surgery. The parameters R2Y and Q2 value of 0.927 and 0.651 were considered to
be an excellent fitness and prediction ability of the established PLS-DA model. The permutation test
(n = 200) was further conducted to validate the model and avoid overfitting. As shown in Figure 3C,
the value of intercepts, R2 (0.715) and Q2 (−0.232), were lower than the original value, which indicate
great predictability and goodness of fit of the established model.

The cluster of GSTTF-treated group was close to the sham group (Figure 3D) indicating
that the protective effect of GSTTF to the MACO rats, which was consistent with the result of
infarct measurement.
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2.4. Biomarker Selection and Metabolic Pathway Analysis

The metabolites that contribute to the separation between the sham group and model group
were revealed using variable importance in the projection (VIP) value, p-value and fold change value.
In general, the variables with VIP1 and VIP 2 values were larger than 1 were highlighted as candidate
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biomarkers, then these variables were further filtered by fold change and Student’s t-test to select the
features with a significant difference between two groups. Finally, a total of 41 highlighted metabolites
with p < 0.05 and fold change >2 were kept as the potential biomarkers and labeled in the loading plot
(Figure 3C). These significantly changed metabolites (Table 1) include 13 fatty acids, 10 amino acids,
seven organic acids, six carbohydrates, and seven other metabolites. The detailed information and the
representative mass spectra of the metabolites are shown in Table S1 and Figure S2.

Table 1. Identified endogenous metabolites and their change trends in serum.

No. Metabolites Formula HMDB ID Classification
p-Value

Model vs.
Sham

GSTTF vs.
Model

1 4-Hydroxy-proline C5H9NO3 06055 Amino Acid ↑ ## ↓ *
2 Allantoic acid C4H8N4O4 01209 Purine Derivative ↑ # ↓ *
3 Beta-Alanine C3H7NO2 00056 Amino Acid ↑ ## ↓
4 Creatine C4H9N3O2 00064 Amino Acid ↑ ## ↓ *
5 Creatinine C4H7N3O 00562 Amino Acid ↑ ## ↓ **
6 Homocysteine C4H9NO2S 00742 Amino Acid ↑ ## ↓ **
7 Isoleucine C6H13NO2 00172 Amino Acid ↑ ### ↓ **
8 Serine C3H7NO3 00187 Amino Acid ↑ # ↓ *
9 Methionine sulfoxide C5H11NO3S 02005 Amino Acid ↑ ## ↓
10 Ornithine C5H12N2O2 00214 Amino Acid ↑ ### ↓
11 Arabitol C5H12O5 00568 Carbohydrates ↑ # ↓ *
12 Glucose C6H12O6 00122 Carbohydrates ↑ # ↓ *
13 Ribose C5H10O5 00283 Carbohydrates ↑ # ↓ *
14 Xylose C5H10O5 00098 Carbohydrates ↑ ## ↓ **
15 Glucose 6-phosphate C6H13O9P 01401 Carbohydrates ↑ # ↓ **
16 Ribonolactone C5H8O5 01900 Carbohydrates ↑ ## ↓
17 Arachidonic acid C20H32O2 01043 Fatty Acids ↓ ### ↑ ***
18 Caproic acid C6H12O2 00535 Fatty Acids ↑ # ↓
19 Docosahexaenoic acid C22H32O2 02183 Fatty Acids ↑ # ↓
20 Dodecanoic acid C12H24O2 00638 Fatty Acids ↑ ## ↓
21 Heptadecanoic acid C17H34O2 02259 Fatty Acids ↑ # ↓ *
22 Linoleic acid C18H32O2 00673 Fatty Acids ↑ ## ↓ ***
23 Myristic acid C14H28O2 00806 Fatty Acids ↑ ## ↓ *
24 Myristoleic acid C14H26O2 02000 Fatty Acids ↑ ### ↓ **
25 Oleic acid C18H34O2 00207 Fatty Acids ↑ # ↓
26 Palmitic acid C16H32O2 00220 Fatty Acids ↑ ## ↓ *
27 Palmitoleic acid C16H30O2 03229 Fatty Acids ↑ # ↓
28 Pentadecanoic acid C15H30O2 00826 Fatty Acids ↑ ## ↓ *
29 Stearic acid C18H36O2 00827 Fatty Acids ↑ # ↓ **
30 Cholesterol C27H46O 00067 Lipids ↑ ## ↓
31 O-Phosphoethanolamine C2H8NO4P 00224 Lipids ↑ # ↓ *
32 Pregnenolone C21H32O2 00253 Lipids ↑ # ↓
33 Guanosine C10H13N5O5 00133 Nucleotide ↑ ## ↓
34 Inosine C10H12N4O5 00195 Nucleotide ↑ # ↓ *
35 Pipecolic acid C6H11NO2 00716 Organic Acids ↑ # ↓ *
36 Malic acid C4H6O5 00744 Organic Acids ↑ ### ↓ *
37 Petroselinic acid C18H34O2 02080 Organic Acids ↑ ## ↓
48 Picolinic acid C6H5NO2 02243 Organic Acids ↑ # ↓ *
49 Succinic acid C4H6O4 00254 Organic Acids ↑ # ↓
40 Dopamine C8H11NO2 00073 Phenols ↑ ### ↓ ***
41 Pantothenic acid C9H17NO5 00210 Vitamin ↑ # ↓

# p < 0.05, ## p < 0.01, ### p < 0.001, the model group versus the sham group. * p < 0.05, ** p < 0.01, *** p < 0.001,
the GSTTF-treated group versus the model group.

To visualize the tendency of the variation of the biomarkers among three groups, a heat map was
constructed based on the relative quantities of each metabolite. As shown in Figure 4, color differences
in model group and sham group indicated the metabolic perturbation after MCAO surgery. Compared
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to the sham group, the content of most metabolites increased in the model group, including amino
acids, fatty acids except arachidonic acid, and sugar alcohol, while after treated with GSTTF, the level
of these metabolites was partly reduced and close to the level in sham group.
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These biomarkers were further imported into MetaboAnalyst 4.0 software (McGill University,
Montreal, QC, Canada) to perform enrichment analysis and pathway analysis (Figure 5). The significant
relevant pathways influenced by MCAO surgery, including linoleic acid metabolism, homocysteine
degradation, fatty acid biosynthesis, amino acid metabolism, etc., are highlighted.
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3. Discussion

In this study, serum samples from model group, sham group and GSTTF-treated group were
analyzed by GC-MS-based metabolomics method to reveal the significant different metabolite between
sham group and model group, and to evaluate the protective effect and relative mechanism of GSTTF.
The infarct volume in GSTTF-treated group yielded smaller infarct size than that in model group,
suggesting the protective effect of GSTTF for ischemic stroke. Consistent with this result, PLS-DA
analysis of GC-MS-based profiles showed that the cluster of GSTTF-treated group was separated with
the model group and close to the sham group. A total of 41 endogenous metabolites were selected as
biomarkers and their related pathways were further investigated.
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Ischemic stroke results from a sudden blockage of an artery that provides blood to the brain.
When an ischemic stroke occurs, the blood supply to the brain is interrupted, and the brain cells are
unable to obtain sufficient oxygen or nutrients that they need to function. Therefore, the brain cells at
the blockage site died and released toxic chemicals to damage the surrounding brain tissues [14,15].
Our untargeted GC-MS-based metabolomics analysis found the ischemic stroke greatly affected
several metabolites that associate with fatty acid metabolism, amino acid metabolism, carbohydrate
metabolism, and so on.

Fatty acids (FA) composition affects several different physiological and biochemical process,
including glucose metabolism [16,17], lipid metabolism [18,19], blood pressure [20,21], platelet
aggregation [22,23], etc. Several studies have examined the relations between serum fatty acids
and ischemic stroke risk, but the results were not consistent. A Japanese study found that high serum
saturated fatty acids (SFA) were associated with an increased risk of ischemic stroke, and high serum
linoleic acid was associated with a decreased risk [24]. In a study of US cohort of whites, the author
found similar associations as the Japanese study but additionally reported that significant positive
associations of monounsaturated fatty acids (MUFA) with ischemic stroke [25]. And a Finland study
reported that n3 polyunsaturated fatty acids (PUFA) were associated with increased risk of ischemic
stroke [26], but no associations of ischemic stroke with n3 PUFA was observed in the cohort of white
subjects [25]. In this study, we found that all SFA and MUFA highlighted as biomarkers were greatly
increased in the serum of MCAO rats. For PUFA, linoleic and arachidonic acids were selected as
biomarkers, and these two n6 PUFA have inverse relations with ischemic stroke.

Three possibilities have been proposed to explain these inconsistencies among studies [25,27].
First is that whether the studies were adjusted or not according to factors potentially on the causal
pathway (e.g., hypertension and lipids); second is the associations between serum fatty acids and
ischemic stroke may not be consistent for all ischemic stroke subtypes (large-artery occlusive, lacunar
and hemorrhagic). The inconsistent findings could also be explained by the different effects of FA on
ischemic stroke. Iso et al. [24] reported that high serum myristic and palmitic acids, but not stearic
acid, could increase the risk of ischemic stroke, although all three are SFA. Several studies also showed
that individual fatty acids, even those of the same type, may have different effects on ischemic stroke
or cardiovascular disease risk [28–30]. For example, compared with oleic acid, myristic and palmitic
acids could increase plasma total and low-density lipoprotein cholesterol concentrations, whereas
stearic acid does not [31]. Therefore, studying the associations between individual FA and ischemic
stroke is important.

Several biomarkers identified in this study were amino acids (AA), which were significantly
increased in model group compared with that in sham group. They are the decomposition products of
proteins, and the changes in the level of AA may serve as diagnostic biomarkers for stroke.

Numerous studies have demonstrated that the synthesis of proteins was inhibited, and the
decomposition process was activated, which lead to increased amino acid levels in the blood [32–35].
Serine and alanine serve as fuel substrates in energy metabolism for brain cells to meet their high energy
demands. These two AA can be converted to pyruvate through glycolysis for energy supply. Isoleucine
is important energy sources via the tricarboxylic acid (TCA) cycle after transformation into acetyl-CoA.
The reduction in these AA may be due to reduced utilization of downstream energy metabolism,
which could affect brain function. Homocysteine is a sulfhydryl product of methionine metabolism,
increased methionine can lead to a high level of homocysteine, thereby causing stroke [36,37].

Saponins are the main components of Tribulus terrestris fruit. As shown in Figure 3D, after
treatment with GSTTF, the cluster of treated group was close to the sham group, suggesting the
GSTTF have therapeutic effect on MCAO, which were confirmed by the infarct volume measurement
and neurologic score. FA and AA are two main types of biomarkers, their levels were significantly
altered by MCAO compared with sham group, and the GSTTF could partly recover the level of these
metabolites. Thus, GSTTF has good potential to treat ischemic stroke in clinical applications.
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4. Materials and Methods

4.1. Materials

Fatty acid methyl ester (C7–C30) standards and pyridine were purchased from Sigma-Aldrich (St.
Louis, MO, USA). N-Methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA) with 1% trimethylchlorosilane
(TMCS) and chromatographic grade methanol were obtained from Thermo-Fisher Scientific (FairLawn,
NJ, USA). Ultrapure water was prepared using a Milli-Q purifcation system (Billerica, MA, USA).
The gross saponins of Tribulus terrestris fruit (purity of saponins: above 60%, Lot No. 0418303) was
manufactured by Changbaishan Pharmaceutical Co. Ltd. (Jilin, China).

Retention index (RI) markers were prepared by dissolving fatty acid methyl esters (FAMEs) in
hexane at a concentration of 1.6 mg/mL (C7–C16) and 0.8 mg/mL (C18–C30), respectively.

4.2. Animals and Treatments

A total of 30 adult male Sprague Dawley (SD) rats weighing 200 ± 20 g were purchased from
the Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). Animals were
maintained at room temperature (19–23 ◦C) with 12/12 h light/dark cycles at 40–65% relative humidity
and fed by standard rat chow and water ad libitum. All animal treatments were approved by the
Animal Ethics Committee, Academy of Traditional Chinese Medicine of Jilin Province (approval
no. JLSZKYDWLL-2018-015).

After two weeks acclimatization, the total of 30 rats was divided randomly into three groups,
including sham group, middle cerebral artery occlusion (MCAO) group, and gross saponin of Tribulus
terrestris fruit (GSTTF)-treated group. The administration of GSTTF (3 mg/kg) was performed
via tail vein injection for three days before and 24 h after MACO surgery for GSTTF-treated rats.
The sham-operated and MCAO rats were administrated with the same volume of saline. All rats were
anesthetized with 10% chloral hydrate (3 mL/kg body weight) before surgery. The MCAO surgery
was performed as by suture ligation as previously reported with modifications [38,39]. Briefly, a 1 cm
long skin midline incision was made on the neck, and the common carotid artery (CCA), the internal
carotid artery (ICA) and the external carotid artery (ECA) were separated. Then a silicone coated
suture was inserted from the left ECA into the lumen of the ICA to occlude the origin of the MCA. All
animals were maintained at 25–28 ◦C during the surgery. Sham-operated animals were subjected to an
identical procedure with the exception that MCA was not ligated.

4.3. Evaluation of Neurological Defects

Neurological functional deficiency scores were in accordance with Longa’s five-point scale [39]:
zero points: no neurologic function damage; one point: failure to extend the contralateral front limb
completely; two points: turning around to the other side gently or circling counter clockwise; three
points: Turn around to the other side seriously; four points: cannot walk spontaneously. The higher
the score, the more serious the impairment of animal behavior.

4.4. Infarct Volume Measurement

The rats were sacrificed by neck dislocation to access infarct outcome. Then brains were removed
and sliced in 2-mm-thick coronal section and stained with 2,3,5-triphenyltetrazolium chloride (TTC,
2% TTC in phosphate-buffered saline). All coronal slices were digitalized, and the area of cerebral
damage was analyzed using Image-J software (National Institutes of Health, Bethesda, MD, USA).

4.5. Sample Preparation

Serum samples were thawed on the ice at 4 ◦C and mixed thoroughly before preparation. Serum
metabolites were extracted by adding 175 µL of pre-chilled methanol/chloroform (v/v = 3/1) solution
and 10 µL internal standards to 50 µL of serum sample. After vortexing for 30 s, the samples were
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centrifuged at 14,000 g and 4 ◦C for 20 min, and the supernatant was transferred to a new centrifuge
tube and lyophilized with a freeze dryer (Labconco, Kansas City, MO, USA).

The residue was derivatized by the previously reported procedure with modifications [40–42]:
50 µL of 20 mg/mL methoxyamine in pyridine was added to the dried residue to inhibit the ring
formation of reducing sugars, protecting also all other aldehydes and ketones, vortexed and incubated
at 30 ◦C for 2 h. After returning the samples at room temperature, 50 µL of MSTFA (1% TMCS) were
added, vortexed and incubated at 37.5 ◦C for 1h for trimethylsilylation of acidic protons to increase the
volatility of metabolites. FAMEs as RI markers were added to the solution to monitor the injection
quality and perform automated retention time correction. Samples were then centrifuged at 14,000× g
for 15 min, and the supernatant was used for GC-MS analysis.

Quality control (QC) samples were prepared by pooling volumes of all serum samples and were
processed with the same procedure employed for the experiment samples.

4.6. GC-MS Analysis

A volume of 1 µL of derivatized sample was injected through a splitless injector into an Agilent
7890B gas chromatography-time-of-flight mass spectrometry (GC-TOF/MS) equipped with a Rxi-5
ms capillary column (30 m × 0.25 mm × 0.25 µm, Restek Corporation, Bellefonte, PA, USA). Helium
was used as the carrier gas with a constant flow rate of 1 mL/min. The temperature program was as
follows: the initial temperature was 80 ◦C hold for 2 min, elevated to 300 ◦C at a rate of 12 ◦C/min and
was maintained for 4.5 min, and then increased to 320 ◦C at a rate of 40 ◦C/min for 1 min. The post-run
is one minute to allow the oven to cool down to 80 ◦C. The injection temperature, transfer line, and
ion source were set to 270, 270, and 220 ◦C, respectively, and the solvent delay time was set to 5 min.
The mass range (m/z 39–550) in a full-scan mode for electron impact ionization (70 eV) was applied.

4.7. Data Processing and Statistical Analysis

Raw GC-TOF/MS data were processed using XploreMET software (v3.0 Metabo-Profile, Shanghai,
China) for automated baseline denoising, peak detection, deconvolution, and signal alignment.
The resulting data matrix containing variables, sample code, and peak area were exported as csv file and
imported into SIMCA-P software (v13.0, Umetrics, Umeå, Sweden) to conduct multivariate statistical
analysis. The Student’s t-test was used to assess the significant difference between groups using
GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA, USA). The altered pathways were determined
with an open source, web-based software, MetaboAnalyst 4.0 (http://www.metaboanalyst.ca).

Metabolite annotation was performed by comparing the RIs and mass spectral data with JiaLib
metabolite database that consist of 1200 mammalian metabolites with 15-year accumulation [43–45].

5. Conclusions

In this study, the protective effect of GSTTF on ischemic stroke was investigated by the
GC-MS-based metabolomics. TTC staining of brain tissues showed that GSTTF greatly reduced
the infarct area after MCAO. Subsequent metabolomics analysis showed different serum metabolic
profile among sham, model and GSTTF-treated groups. A total of 41 metabolites in serum were
identified as biomarkers and the related pathways analysis were further conducted. It is notable
that several fatty acids and amino acids were highlighted as the differential metabolites in response
to the ischemic stroke, indicating the connection between ischemic strokes and fatty acids or amino
acids metabolism. After GSTTF treatment, the decreases in neurological defect and infarct size were
observed, and the levels of biomarkers showed obvious trends toward to that in sham group. These
results suggest the GSTTF exerted an effect on serum metabolome in MCAO-induced ischemic rats.
The mechanism of GSTTF in neuroprotective treatment will be further investigated in future study.
However, all metabolites were only detected by a single technique of GC-MS, which is a limitation
for the biomarker discovery. Therefore, further analysis combined with LC-MS should be taken
into account.

http://www.metaboanalyst.ca
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