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ABSTRACT: The extract of Tribulus terrestris (TT) has been
used as a component of several nutritional supplements for
enhancing human vitality. However, its protective effect on
ischemic stroke has yet to be fully investigated. In this study, the
middle cerebral artery occlusion (MCAO) rat model was
established and treated with gross saponin of TT fruit (GSTTF)
by gavage to explore its anti-ischemic stroke efficacy. Liquid
chromatography−mass spectrometry (LC−MS)-based metabolo-
mics was applied to profile the brain tissue metabolite changes and
further obtain the metabolic pathways that were greatly involved in
the efficacy of GSTTF. Subsequent molecular biology experiments
were applied to validate the findings from metabolomics analysis.
The results showed that GSTTF administration remarkably
decreased the infarction volume of brain tissue and improved the neurobehavioral scores of MCAO rats. Metabolomics analysis
revealed that pathways, including glycerophospholipid metabolism, sphingolipid metabolism, and arachidonic acid metabolism, were
considered associated with the protective effect of GSTTF against MCAO, which were greatly involved in the inflammatory
responses. The results of the biochemistry analysis showed that GSTTF treatment significantly reduced the levels of TNF-α and IL-6
in brain tissue after MCAO. The anti-inflammatory mechanism of GSTTF was further investigated, which revealed that GSTTF
could inhibit the TLR4/MyD88/NF-κB signaling pathway to exert protective effects on MCAO. This study provides the underlying
anti-inflammatory mechanism of GSTTF for ischemic stroke protection, which has important implications for the development of
GSTTF-related functional foods or food supplements.

■ INTRODUCTION
Stroke has high morbidity and mortality all over the world,
which seriously threatens people’s life and health. Nearly 87%
of the strokes are ischemic, with the remaining being
hemorrhagic. Early intravenous tissue plasminogen activator
(t-PA) reperfusion is a well-established standard procedure in
the treatment of acute ischemic stroke. However, this
treatment has certain limitations due to the narrow therapeutic
window, contraindications, and low recanalization rates.1 This
factor has contributed to a revolution in endovascular therapy,
from thrombolysis to thrombectomy, which uses a specialized
endovascular device to remove blocking clots in arteries,
thereby restoring blood flow to the brain and reducing brain
tissue damage. Mechanical thrombectomy techniques possess
higher recanalization rates and are widely used in acute
ischemic stroke patients of various ages and severities,
providing a safe therapy for individuals who are contra-
indicated to t-PA due to timing or bleeding risk.2 However,
mechanical thrombectomy is a disruptive treatment and
requires reorganization of the care system to ensure that

patients are treated as soon as possible after stroke onset,
which is crucial for optimizing patient outcomes.3

Although the efficacy of candidate neuroprotectants was
demonstrated in animal experiments, the majority of these
preventative therapies and neuroprotective medicines discov-
ered in preclinical investigations have failed in human trials.4

Therefore, it is of significant importance to develop and
establish alternative protective strategies for stroke. The term
“nutraceutical” combines contents of “nutrition” and “pharma-
ceutics”, with the goal of making health-protective products
readily available that do not require medical consultation, and
is regarded as “more than food but less for than
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pharmaceuticals”.5 Evidence suggests that certain dietary
factors have a greater benefit in preventing ischemic stroke
than others. Fruits and vegetables, for example, can help avoid
strokes. A daily intake of three to five servings of fruits and
vegetables was related to a decreased risk of stroke than a daily
intake of fewer than three servings.6 Soy products appeared to
protect against ischemic stroke in the Japanese population.7 In
addition, the consumption of fatty fish, such as tuna and other
grilled fish, was linked to a lower risk of ischemic stroke, with
greater protection in women.8

Tribulus terrestris (TT) is a medicinal herb that has been
widely used in many countries for thousands of years.
Preparations containing TT extract (TTE) are currently
marketed as a food supplement in the United States and
Europe and are claimed to have a general stimulating effect on
athletic activity, muscle tone, and rejuvenation.9 Recent studies
have shown that the TT extract, especially the saponins, has
cerebrovascular protective effects in vivo and in vitro.
Pretreatment of TTE was found to significantly reduce H9c2
cell apoptosis, mitochondrial changes, and other ischemia-
induced cell changes.9 Our previous studies also confirmed the
protective effects of TTE on ischemic stroke using the middle
cerebral artery occlusion (MCAO) rat model with tail vein
injection of TT fruit gross saponin (GSTTF).10−13 With the
help of omics strategies, we obtained much information about
the efficacy of GSTTF against MCAO-induced ischemic
stroke, such as the biomarkers, metabolic pathways, key
targets, and so on. However, the findings from the omics
analysis were not verified by the biochemical analysis. In this
study, after analyzing data obtained from metabolomics
analysis, we focused on the anti-inflammatory response to
perform the validation study. The GSTTF has been widely
used as a food supplement in the United States and Europe
and is claimed to have a general stimulating effect on athletic
activity, muscle tone, and rejuvenation.

The GSTTF has been widely used as a food supplement in
the United States and Europe. Our previous studies have
confirmed its therapeutic effect on ischemic stroke; thus, we
changed the method of treatment from tail vein injection to
oral administration to investigate its protective effect on
ischemic stroke as a functional food. By combing the
metabolomics results and literature reports, we hypothesized
that the GSTTF exerted the protective potential on MCAO-
induced ischemic stroke via modulating the inflammation-
related pathway and then conducted the experiment to validate
our hypothesis. In this study, the MCAO rat model was
constructed and GSTTF was orally administered to investigate
the protective potential against ischemic stroke. The brain
tissue was collected and analyzed by high-performance liquid
chromatography quadrupole Orbitrap mass spectrometry
(HPLC-Q-Orbitrap/MS). LC−MS-based metabolomics com-
bined with histological examination, biochemical analysis, and
molecular biology was applied to explore the mechanisms of
GSTTF for ischemic stroke protection, which will provide the
scientific base for the development of GSTTF as a functional
food or food supplement.

■ RESULTS
GSTTF Reduced Cerebral Ischemia Injury. The neuro-

protective effects of GSTTF in rats after MCAO surgery were
evaluated using the infarction volume and neurobehavioral
scores. Rats were treated with GSTTF (200 mg/kg) for 14
consecutive days before MCAO modeling. As shown in Figure
1A,C, there were significant increases in infarct volume in the
Model group (28.29 ± 5.64), compared with that in the Sham
group. After being treated with GSTTF, the MCAO-induced
infarct volume was significantly reduced (18.75 ± 4.7).
Neurobehavioral scores (Figure 1B) also showed that the
GSTTF administration remarkably alleviated the reduced
neurological injury (from 2.50 ± 0.55 to 1.33 ± 0.52).

Figure 1. Infarction area (A), neurobehavioral score (B), and representative photograph of TTC staining of brain tissue (C) in Sham, Model, and
GSTTF-treated rats. ***P < 0.001 vs Sham group; ##P < 0.01, ###P < 0.001 vs Model group.
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Metabolic Profile in Brain Tissue. The organic and
aqueous extracts of brain tissues were analyzed by UHPLC-Q-
Orbitrap/MS in both positive and negative ion modes. The
method validation was conducted to ensure the quality of
obtained data. As shown in Figure S2, the base peak
chromatograms (BPCs) of the QC sample from different
brain tissue extracts had a high degree of coincidence,
suggesting that the established method had good reproduci-
bility and stability. The representative BPCs of brain tissue
samples, including organic and aqueous extracts, are shown in
Figures S3 and S4, respectively. Several differences could be
observed in the BPCs from different groups, indicating that
metabolic changes occurred in the brain during the MCAO
modeling and after GSTTF treatment. Since one LC−MS
injection could obtain thousands of ion signals, it is hard to

handle these pieces of information with a visual inspection.
Therefore, the multivariate statistical analysis was introduced
to explore the distinction among groups and further find the
biomarkers related to the disease and GSTTF efficacy.
After data preprocessing, the result data set was imported

into SIMCA software to construct a partial least-squares
discriminant analysis (PLS-DA) model for pattern recognition.
As shown in Figure 2A,B, the obvious classifications between
the Sham and Model groups were obtained in the PLS-DA
score plots established based on the data from the aqueous
extract, suggesting that MCAO surgery greatly influenced the
composition of brain tissue metabolites. The samples from the
GSTTF group showed a clear separation from the Model
groups (Figure 2C,D), which indicated that GSTTF treatment
could relieve brain injury by regulating certain metabolic

Figure 2. PLS-DA score plots of the Sham group (black diamonds), MCAO group (red triangles), and GSTTF group (blue circles) based on the
data acquired from aqueous extracts (A, C, ESI+, and B, D, ESI−).

Figure 3. PLS-DA score plots of the Sham group (black diamonds), MCAO group (red triangles), and GSTTF group (blue circles) based on the
data acquired from organic extracts (A, C, ESI+, and B, D, ESI−).
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pathways. Similarly, the MCAO modeling also led to the
disturbance of organic extract of brain tissue, as indicated by
the classification between the Sham and Model groups (Figure
3A,B). However, the effect of GSTTF on organic extracts
appears to be weaker than its effect on aqueous extracts
because although the GSTTF group showed a trend of
separation from the Model group, there were still some
overlaps (Figure 3C,D).
Biomarker Selection and Pathway Analysis. To

investigate the metabolites that were related to the MCAO
and GSTTF efficacies, the criteria, including importance in the
projection (VIP) value from the PLS-DA model, P value, and
fold change (FC) value, were used to screen the metabolite
that contributed most to the sample classification. As listed in
Table 1, 39 metabolites that met the screening criteria (VIP
>1, P < 0.05, and FC >2) were identified, which included
amino acids, fatty acids, phospholipids, etc. The heat map
(Figure 4A) was constructed to visualize the changes in these
metabolites from different groups. Most of the intensity

changes of metabolite induced by MCAO surgery were
reversely regulated after the administration of GSTTF. Then,
the metabolic pathway analysis was performed by importing
these metabolites into the MetaboAnalyst web tool. The result
is shown in Figure 4B; the pathways that were greatly involved
in the MCAO operation included glycerophospholipid
metabolism, sphingolipid metabolism, arachidonic acid metab-
olism, pentose and glucuronate interconversions, and so on.
Effect of GSTTF on the Levels of TNF-α and IL-1β in

Brain Tissue of Rats after MCAO. The levels of TNF-α and
IL-6 in brain tissues after MCAO and GSTTF treatments were
determined (Figure 5). Compared with the Sham group, the
contents of TNF-α and IL-6 in the brain tissue of the Model
group were significantly increased. After treatment with
GSTTF, both levels of proinflammatory cytokines were
remarkably decreased. These results demonstrated that
MCAO could induce the release of inflammatory cytokines,
but the GSTTF treatment remarkably attenuated these
changes.

Table 1. Identified Metabolites and Their Changes in Brain Tissues from Different Groups

no. name HMDB formula exact mass RT (min) VIP Model/Sham GSTTF/Model

1 sphingosine HMDB0000252 C18H37NO2 299.2823 13.51 5.67 ↑b ↓
2 8-hydroxy-deoxyguanosine HMDB0003333 C10 H13N5O5 283.0917 4.59 3.58 ↓c ↑
3 inosine HMDB0000195 C10H12N4O5 268.0806 4.48 5.01 ↓b ↑
4 adenosine HMDB0000050 C10H13N5O4 267.0968 5.75 1.97 ↓b ↑
5 DL-glutamic acid HMDB0003339 C5H9NO4 147.0533 0.88 1.10 ↑b ↓
6 2-methylthiazolidine-4-carboxylic acid HMDB0246657 C5H9NO2S 147.0356 2.67 1.15 ↓b ↑d

7 adenine HMDB0000034 C5H5N5 135.0546 4.09 2.59 ↓a ↑
8 D-valine HMDB0250806 C5H11NO2 117.0791 0.75 1.63 ↑a ↓d

9 L-proline HMDB0000162 C5H9NO2 115.0635 0.72 1.46 ↑b ↓e

10 docosahexaenoic acid HMDB0251558 C22H32O2 328.2402 13.90 6.97 ↑a ↓
11 2-aminoethyl oleate HMDB0245016 C20H39NO2 325.2984 13.76 1.98 ↑b ↓
12 oleic acid HMDB0000207 C18H34O2 282.2559 14.88 1.07 ↓a ↑
13 petroselinic acid HMDB0002080 C18H34O2 282.2559 14.88 1.07 ↓a ↑
14 inosine HMDB0000195 C10H12N4O5 268.0809 3.96 3.78 ↓a ↑
15 β-pyrazol-1-ylalanine HMDB0034267 C6H9N3O2 155.0694 0.64 2.80 ↓a ↑d

16 L-pyroglutamic acid HMDB0000267 C5H7NO3 129.0428 0.28 4.69 ↓c ↑
17 xylitol HMDB0242149 C5H12O5 152.0688 1.02 2.78 ↑a ↓
18 cyromazine HMDB0029862 C6H10N6 166.0972 0.96 2.87 ↑a ↓
19 2-methylbutyrylcarnitine HMDB0000378 C12H23NO4 245.1627 1.03 2.80 ↑a ↓
20 11-hydroxynonadecanoic acid HMDB0340924 C19H38O3 314.2814 15.49 2.61 ↑a ↓
21 oleoylethanolamide HMDB0002088 C20H39NO2 325.2980 13.51 3.09 ↑a ↓
22 eicosapentaenoyl ethanolamide HMDB0013649 C22H35NO2 345.2668 13.77 3.16 ↑a ↓
23 arachidonic acid HMDB0001043 C20H32O2 304.2402 16.15 3.32 ↑b ↓
24 leukotriene E3 HMDB0002355 C23H39NO5S 441.2519 6.51 2.69 ↑a ↓
25 LysoPC (15:0) HMDB0010381 C23H48NO7P 481.3167 15.11 3.10 ↑a ↓
26 LysoPC (18:1) HMDB0061701 C26H52NO7P 521.3484 12.28 2.74 ↑a ↓
27 PA (20:0/20:4) HMDB0115078 C43H77O8P 752.5322 21.66 2.74 ↓a ↑
28 L-pyroglutamic acid HMDB0000267 C5H7NO3 129.0414 0.30 4.29 ↓c ↑
29 linolenelaidic acid HMDB0030964 C18H30O2 278.2247 11.98 4.28 ↑c ↑
30 stearic acid HMDB0000827 C18H36O2 284.2715 17.73 2.82 ↓a ↓
31 oleoylethanolamide HMDB0002088 C20H39NO2 325.2981 13.38 3.00 ↑a ↓
32 retinyl acetate HMDB0035185 C22H32O2 328.2402 13.64 3.58 ↑b ↓
33 docosatetraenoic acid HMDB0002226 C22H36O2 332.2717 16.03 3.66 ↑b ↓
34 13Z,16Z-docosadienoic acid HMDB0061714 C22H40O2 336.3030 18.72 2.69 ↑a ↓
35 tetracosahexaenic acid HMDB0002007 C24H36O2 356.2718 15.81 3.52 ↑b ↑
36 LysoPA (16:0) HMDB0007853 C19H39O7P 410.2433 11.85 3.40 ↑b ↓
37 LysoPE (P-18:1(9Z)) HMDB0240599 C23H46NO6P 463.3066 14.25 2.79 ↑a ↓
38 LysoPE (22:6) HMDB0011526 C27H44NO7P 525.2848 10.61 2.82 ↑a ↓
39 ceramide (d18:1/18:0) HMDB0004950 C36H71NO3 565.5433 21.72 2.91 ↑a ↓

aP < 0.05. bP < 0.01. cP < 0.001 vs Sham group. dP < 0.05. eP < 0.01 vs Model group.
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Effect of GSTTF on TLR4/MyD88/NF-κB Signaling
Pathway in Brain Tissue after MCAO. Western blot

analysis was applied to detect the protein expressions of
TLR4, MyD88, and NF-κB in the signaling pathway. As shown

Figure 4. Heat map (A) of the changes in the intensities of biomarkers, and bubble plot (B) of the metabolic pathway analysis.

Figure 5. Levels of TNF-α (A) and IL-6 (B) in the brain tissue of rats in each group. ***P < 0.001 vs Sham group; ##P < 0.01, ###P < 0.001 vs
Model group.

Figure 6. Protein levels (A, B) and the corresponding statistical graphs (C−F) of TLR4, MyD88, NFκB p65, and p-NFκB p65 in the brain tissue
from each group. ***P < 0.001 vs Sham group; ##P < 0.01, ###P < 0.001 vs Model group.
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in Figure 6, the expressions of TLR4, MyD88, and p-NF-κB in
the brain tissue of the Model group were significantly
upregulated, compared with that in the Sham group, indicating
that the brain tissue of the MCAO rats was in a state of
inflammation and the related signaling pathway was activated.
When GSTTF was administered, the expressions of TLR4,
MyD88, and p-NF-κB were markedly decreased, suggesting
that GSTTF had anti-inflammatory potential on brain tissue of
the MCAO rats through the suppression of TLR4/MyD88/
NF-κB signaling pathway.

■ DISCUSSION
Ischemic stroke has become an important factor that seriously
threatens the life and health of middle-aged and elderly
patients. Investigating the therapy and associated mechanisms
of ischemic stroke has far-reaching implications for improving
the quality of life of patients. TT is a medicinal herb that has
been confirmed to have many health benefits and its extract is
used as a food supplement in the United States and Europe. In
this study, we investigated the potential of GSTTF as a
medicinal food to treat MCAO-induced ischemic stroke using
LC−MS-based metabolomics combined with molecular
biology analysis.
The efficacy of GSTTF on ischemic stroke was evaluated by

brain tissue infarction area and neurobehavioral scores, and the
results showed that GSTTF could attenuate MCAO-induced
brain injury and improve impaired behavior in rats.
Metabolomics is a branch of system biology, which provides
a whole picture of metabolites and helps to understand the
process of life activities from the perspective of metabolic
changes.14 The extracts of brain tissue samples were analyzed
using LC−MS-based metabolomics. Consistent with the
efficacy assessment, the samples in the Model group were
separated from those in the Sham group, and the GSTTF
administration could make the samples leave the Model group
and approach the Sham group, which suggested that the
GSTTF exerted protective effects on MCAO by regulating the
changes of metabolites. The statistical analysis highlighted 39
metabolites that were significantly changed during the MCAO
modeling and were regarded as biomarkers. Most of them were
reversely regulated by GSTTF treatment. The metabolic
pathway analysis indicated that these biomarkers were greatly
involved in glycerophospholipid metabolism, sphingolipid
metabolism, arachidonic acid metabolism, etc.
Arachidonic acid metabolism plays an important role in

cardiovascular biology, carcinogenesis, and the development of
many inflammatory diseases.15 When the ischemic stroke
occurs, cerebral blood flow is stopped, and hypoxic brain tissue
triggers the quick cleavage of arachidonic acid from the
membrane phospholipid bilayer via the enzymatic hydrolysis of
phospholipase A2 (PLA2). Thus, in this study, arachidonic
acid was found at a higher intensity in the Model group
compared with that in the Sham group, while GSTTF
treatment could downregulate its intensity. Free arachidonic
acid undergoes enzymatic or nonenzymatic oxidative metab-
olism to form a number of bioactive molecules that lead to the
inflammatory response after stroke onset.16 Besides, glycer-
ophospholipid metabolism can also be mediated by PLA2,
which results in the elevation level of LysoPC in blood,
cerebrospinal fluid, as well as brain tissue after ischemic and
hemorrhagic strokes.17−19 The present study found that the
intensities of LysoPCs were significantly increased in the
Model group, which was in agreement with the published

reports. LysoPCs are potent mediators of poststroke brain
inflammation by stimulating IL-1β release and subsequent
microglial activation.20−22 The inflammation reaction has been
considered a major pathophysiological mechanism, and the
drugs that inhibit inflammatory responses and reduce the levels
of the related indicators have archived good clinical efficacy in
stroke treatment.23 Therefore, we hypothesized that GSTTF
exerted protective effects by modulating inflammatory
responses.
The proinflammatory cytokines, including TNF-α and IL-6,

are released after brain injury to induce inflammation cascades
and exert neurotoxicity. The determination of these cytokines
in this study revealed that GSTTF treatment greatly reduced
their levels in brain tissue after MCAO, suggesting that GSTTF
improved cerebral injury through anti-inflammatory effects.
NF-κB is a major inflammatory mediator that interacts with a
wide range of immunological receptors. Dysregulated NF-κB
activation is implicated in various inflammatory diseases; thus,
targeting the NF-κB signaling pathway is considered an
attractive anti-inflammatory therapeutic approach.24 NF-κB
could regulate genes of ischemic stroke-related inflammatory
mediators such as TNF-α and IL-6. Our results showed that
phosphorylation of NF-κB was markedly activated, suggesting
that the NF-κB signaling pathway was associated with the
inflammatory response after ischemic stroke. The GSTTF
administration significantly downregulated the phosphoryla-
tion of NF-κB, which demonstrated the possibly anti-
inflammatory mechanism of GSTTF. A previous report also
revealed that the therapeutic effect of GSTTF on cerebral
ischemic injury was associated with NF-κB signaling.25
However, the effects of GSTTF on the upstream proteins of
the NF-κB signaling pathway have not been investigated. TLRs
are important components of the innate immune system.
When TLRs are activated, they can recruit MyD88 and
subsequently facilitate the activation of downstream signaling
pathways like the NF-κB and MAPK pathways and then
further induce the release of inflammatory cytokines.26,27 Based
on these, we further explored the potential protective
mechanisms of GSTTF on cerebral ischemic injury. Western
blot analysis revealed that GSTTF treatment significantly
decreased the higher expression of TLR4 and MyD88 induced
by MCAO. These findings suggested that GSTTF provided
neuroprotection via anti-inflammatory actions, possibly
through the TLR4/MyD88/NF-κB signaling pathway.
Overall, we investigated the metabolic pathways and

signaling pathways that were disturbed by MCAO, as well as
the effect of GSTTF on these pathways. Metabolomics analysis
showed that the protective effects of GSTTF on MCAO were
greatly associated with arachidonic acid metabolism and
glycerophospholipid metabolism, both of which were closely
related to inflammatory responses. Then, the inflammation-
related cytokines and proteins were determined, which
demonstrated the anti-inflammatory effect of GSTTF and
the corresponding mechanism. However, the connection
between the metabolic pathway and the TLR4/MyD88/NF-
κB signaling pathway is still not fully elucidated. According to
the definition of activity metabolomics, the metabolome affects
cellular physiology by regulating “omics” levels, including the
genome, epigenome, transcriptome, and proteome.28 The
metabolites are usually considered the downstream products,
whose important regulatory roles are usually ignored. The
metabolome could interact with other omics to act directly on
biological processes and phenotypes. For example, arachidonic
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acid, which was highlighted as a biomarker in this study, can be
metabolized by three distinct enzymatic systems, including
cyclooxygenase, lipoxygenase, and cytochrome P450 enzymes,
to produce a series of biologically active fatty acids. These fatty
acids produced by arachidonic acid metabolism have received a
lot of interest in cardiovascular and cancer biology, particularly
in inflammatory processes and diseases. Therefore, further
studies are required to explore whether GSTTF exerts its anti-
inflammatory effect by directly inhibiting the TLR4/MyD88/
NF-κB signaling pathway or by changing the metabolism of
active metabolites and then exerting an inhibitory effect.
Besides, lot of information was obtained from the LC−MS-

based metabolomics analysis, which gives us many clues to
explain the protective effect of GSTTF from different
perspectives. It is difficult for us to design experiments to
take into account all aspects of metabolic findings; thus, we
focused only on the inflammatory response to explain the
mechanism by which GSTTF exerts its cerebral protective
effects. GSTTF contains multiple components that act
synergistically with each other, and this multicomponent,
multitarget mode of action could explain the metabolomic
finding that multiple metabolic pathways are involved in its
protective effects on ischemic stroke, which warrants further
investigation.

■ CONCLUSIONS
GSTTF contains multiple compounds and can regulate
multiple aspects of our body. The comprehensive regulation
effect of GSTTF on MCAO was investigated by LC−MS-
based metabolomics, and several inflammation-related metab-
olites were highlighted as biomarkers. Then, the biochemistry
analysis revealed that GSTTF treatment greatly reduced the
higher levels of TNF-α and IL-6 induced by MCAO in brain
tissue. And this protective efficacy may be archived via
suppression of the TLR4/MyD88/NF-κB signaling pathway.
This study provides knowledge for understanding the neuro-
protective efficacy of GSTTF against ischemic stroke, which
expands its medicinal application and also confirms its
potential to be developed as a functional food or a food
supplement.

■ MATERIALS AND METHODS
Materials and Chemicals. The GSTTF with a purity of

saponin >60% was manufactured and obtained from
Changbaishan Pharmaceutical Co., Ltd. (Jilin, China). The
GSTTF was analyzed by HPLC, and the main components
were identified by comparison with standard references
(Figure S1). HPLC-grade acetonitrile, methanol, and formic
acid were purchased from Fisher Scientific Corporation
(Loughborough, U.K.). Ultrapure water was prepared using a
Milli-Q purification system (Billerica, MA).
Animals and Treatments. Thirty adult male Sprague

Dawley rats, weighing 180−220 g, were provided by the
Beijing Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, China). Rats were housed with 12 h of light−dark
cycle in a climate-controlled system with 40−65% relative
humidity and 19−23 °C. The animals were acclimated for 7
days before the operation. The whole animal treatments were
approved by the Animal Ethics Committee, Academy of
Traditional Chinese Medicine of Jilin Province (approval no.
JLSZKYDWLL2020-002).

All rats were randomly separated into three groups of 10
animals each: (1) Sham group (treated with normal saline),
(2) MCAO group (treated with normal saline), and (3)
GSTTF group (treated with GSTTF 200 mg/kg). Rats in the
GSTTF group were continuously gavaged with GSTTF for 2
weeks prior to MCAO modeling. The MCAO operation was
constructed 1 hour after the last treatment according to our
previous reports (see the Supporting Material).
LC−MS-Metabolomics Analysis. The aqueous and

organic extracts of brain tissue samples were analyzed by a
UHPLC-Q-Orbitrap/MS to obtain a comprehensive view of
metabolites. The procedures of sample preparation and LC−
MS condition are provided in the Supporting Material. After
raw data acquisition, the data preprocessing was performed
using compound discoverer (CD) software to generate a data
set, containing sample groups, accurate m/z value, and peak
intensity, for subsequent statistical analysis. Then, the partial
least-squares discriminant analysis (PLS-DA) was established
by the SIMCA software to exhibit the classification of samples
from different groups and screen the biomarkers that
contribute most to the sample classification. The features
that meet the criteria, including VIP >1, P < 0.05, and FC >2,
were selected as a biomarker. The compound annotation was
then conducted by matching the MS and MS/MS information
with database records.29,30 The metabolic pathway analysis was
conducted by importing the annotated metabolites into the
MetaboAnalyst web tool.31

Biochemical Determination and Western Blot Anal-
ysis. The concentrations of TNF-α and IL-6 in brain tissues
were measured using commercial kits (eBioscience, San Diego,
CA).
Brain tissue was extracted, and total protein was obtained

using RIPA buffer containing PMSF, followed by centrifuga-
tion at 12000 rpm for 10 min. Nuclear proteins were extracted
and their concentrations were determined by Lowry protein
assay. Total proteins were subjected to SDS-PAGE gel
electrophoresis and electroblotted onto PVDF membranes,
which were blocked in 5% BSA for 1 h and then incubated
overnight at 4 °C with the following primary antibodies. The
antibodies were as follows: β-actin (loading control; rabbit
monoclonal antibody 1:1000), cyclophilin B (CypB; loading
control; rabbit monoclonal antibody 1:1000), Toll-like
receptor 4 (TLR4; rabbit monoclonal antibody 1:1000),
myeloid differentiation factor 88 (MYD88; rabbit monoclonal
antibody 1:1000), nuclear factor-kappa B p65 (NF-κB p65;
rabbit monoclonal antibody 1:1000), phosphorylated NF-κB
p65 (p-NF-κB p65; rabbit monoclonal antibody 1:1000), and
then the membranes were incubated with 1:3000 secondary
antibodies and visualized with the ECL imaging system. The
protein expression was analyzed using the Image-J system.
Data Analysis. The data were expressed as mean ± SD.

One-way analysis of variance (ANOVA) followed by Tukey’s
post hoc test was conducted using GraphPad Prism software. P
< 0.05 was considered statistically significant.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.2c06625.

HPLC analysis of GSTTF; animals and treatments;
HPLC chromatograms of GSTTF (A) and the
chromatograms of nine standard references (B) (Figure
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S1); the base peak chromatograms of the QC sample
from aqueous (A, ESI+, and C, ESI−) and organic
extracts (B, ESI+, and D, ESI−) (Figure S2); the
representative BPC of aqueous brain tissue extract in
three groups acquired in positive ion mode (A−C) and
negative ion mode (D−F) (Figure S3); and the
representative BPC of organic brain tissue extract in
three groups acquired in positive ion mode (A−C) and
negative ion mode (D−F) (Figure S4) (PDF)
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