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KEYWORDS Abstract This study aimed to investigate the chemical composition of Tribulus terrestris L. fruit
Tl omesiss L. Gaf (TT) extract named TT15 and its protective effect against ischemic stroke (IS) as well as corresponding
extract; mechanisms. The chemical composition of TT15 was analyzed by liquid chromatography-mass spec-
Chemical composition anal- trometry (LC-MS), and the compound identification was conducted via searching the in-house data-
ysis; base. The LC-MS-based multi-omics approach was applied to search the differential metabolites and
Metabolomics; differential proteins in rat brain tissue and to explore the biomarker and molecular mechanism of
Proteomics; TT15 against middle cerebral artery occlusion (MCAOQO). A total of 20 compounds were identified
Joint pathway analysis from TT15, mainly including alkaloids, flavonoids, phenols, quinones, and esters. These 20 com-

pounds significantly affected the metabolism of 44 metabolites and the expression of 51 proteins. Joint
pathway analysis showed that these metabolites and proteins were mainly involved in the response to
elevated platelet cytosolic Ca>™ and platelet activation, which inferred that TT15 may exert a protec-
tive effect against cerebral ischemic injury via regulating platelet function. This study provides useful
information for further exploration of the mechanisms of TT extract against IS.
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1. Introduction

With a mortality rate of about 25 % and a morbidity rate of about 5 %,
stroke is the third major cause of disability and the second leading cause
of death (Yang et al., 2021). It is classified into two major categories:
ischemic stroke (IS) and hemorrhagic stroke, and About 87 % of cases
are thought to be caused by ischemia (Neuhaus et al., 2017). In recent
years, increasingly recognized cases of stroke were found in young peo-
ple (Caplan and Biousse 2004), which makes treatment and prevention
of IS increasingly crucial. Stroke can be caused by a variety of factors
and mechanisms, including energy metabolism disorders, excitotoxicity,
oxidative stress, Ca>" overload, blood—brain barrier (BBB) leakage,
mitochondrial damage and dysfunction, and neurovascular unit
(NVU) damage. These factors and mechanisms all have connections
and interact with one another (Zhu et al., 2020). Currently, IS can be
effectively treated with thrombolysis and thrombectomy. However,
these techniques can only be used in 15 % of patients, because of the
short time windows limitation. Furthermore, many compounds have
shown neuroprotective effects in preclinical research but have yet to
be translated into effective medicines(Fluri et al., 2015). Therefore, there
is an urgent need for therapeutic strategies that are broadly applicable to
IS. The “one medicine, one target” approach is particularly challenging
to apply in the context of these complicated elements and their interac-
tions, leading to unfavorable outcomes in the treatment of stroke (Chen
et al., 2017; Chen et al., 2020).

Traditional Chinese medicine (TCM) has been utilized for thou-
sands of years to treat people with stroke-like symptoms and clinical
traits in China and East Asia. TCM has a lot of unique benefits in
the treatment of IS, including multi-site, multi-component, multi-
level, and multi-target comprehensive treatment and overall regula-
tion. Many researchers have studied extracts of TCM and their effec-
tive components for the treatment of IS and have achieved remarkable
results (Yang et al., 2016; Xie et al., 2021a; Xie et al., 2021b). Tribulus
terrestris (TT) is an annual creeping herb that has a variety of uses in
China, including depression relief, blood activation and wind dis-
pelling, eyesight brightening, and itching relief. We have conducted a
series of studies to investigate the effective components and underlying
mechanisms of TT against IS, with a special focus on the gross sapo-
nins that contain a mixture of dozens of different types of saponins.
Employing metabolomics, proteomics, network pharmacology, and
molecular docking approaches, the results demonstrated the therapeu-
tic and protective effect of the gross saponins against IS (Wang et al.,
2019; Guo et al., 2020; Wang et al., 2021). During our recent activity
screening pilot experiment, we found that other compositions besides
saponins also showed good anti-IS activity, such as TT15 isolating
from TT. Therefore, in this study, we focused on TT15, including
the analysis of its chemical composition, the evaluation of its anti-IS
effects as well as the corresponding potential mechanisms.

Advanced integrated omics approaches could offer fresh perspec-
tives on the pathophysiology and physiology of stroke, allowing the
characterization of a wide range of molecular regulatory disorders,
and they also are able to identify novel factors linked to IS
(Ludhiadch et al., 2020). Integrated omics entails looking at the biolog-
ical relationships in metabolites (metabolome) and proteins (proteome)
simultaneously and showing their interaction at the molecular level. The
identification of therapeutic targets and the discovery of biomarkers
could provide useful information on the therapeutic mechanisms of
TT15 against IS.

In the present integrated omics study, an MCAO rat model with IS
was constructed to evaluate the protective effect of the TT15 via tail
vein injection. Metabolites were detected by ultra-high performance
liquid chromatography equipped with quadrupole-Orbitrap mass spec-
trometry (UHPLC-Q-Orbitrap/MS) to investigate the protective
biomarkers and the metabolic pathway of IS. The tandem mass tags
(TMT)-based proteomics analysis was applied to observe the proteins
and further search for the therapeutic targets and the protection

mechanisms of the TT15 against IS. This study provides a new per-
spective for better understanding the process of IS and the therapeutic
mechanisms of TT15 on IS.

2. Material and methods

2.1. Materials

HPLC-grade acetonitrile, methanol, and formic acid were pur-
chased from Fisher Scientific Corporation (Loughborough,
UK). Ultrapure water was prepared using a Milli-Q purifica-
tion system (Billerica, MA, USA).

2.2. Preparation of TT15

The active fraction of TT fruit named TT15 was manufactured
by ourselves. Primarily, the TT fruit was ground to a coarse
powder and extracted with 70 % aqueous ethanol. The extract
solution was filtered and concentrated. The concentrated sam-
ple was diluted in 10 % acetonitrile aqueous solution and sep-
arated using an octadecylsilyl column, and then successively
eluted with different concentrations of aqueous acetonitrile
solution. The TT15 was eluted with 15 % aqueous acetonitrile.
All fractions were collected and dried under vacuum at 75 °C
for further use. For the LC-MS analysis, 1.25 mg of TT15 sam-
ple were dissolved in 1 mL 50 % aqueous ethanol, then cen-
trifuged at 10 000 g for 5 min at 4 °C. One microliter
supernatant was used for LC-MS analysis.

2.3. Animals and treatments

A total of 30 adult male Wistar rats, weight 250 + 20 g, were
purchased from Changsheng Biotechnology Co. Itd (Liaoning,
China). Animals were kept at room temperature (21 + 2 °C)
and humidity (50 £ 10 %) with 12/12 h light/dark cycles
and fed standard rat chow and water ad libitum. All treat-
ments of animals were approved by the Animal Ethics Com-
mittee, Academy of Traditional Chinese Medicine of Jilin
Province (approval No. JLSZKYDWLL-2018-015).

The animal treatment and MCAO model establishment
were performed by using our former method (see supplemental
material). After two weeks of acclimatization, all rats were ran-
domly divided into three groups, including the Sham group,
the Model group, and the TT15 group. Administration of
TT15 (3 mg/kg) was performed via tail vein injection for three
days before and 24 h after the MCAO operation for TT15 rats.
The sham-operated and MCAO rats were administrated with
the same volume of saline.

The neurological function score and brain cerebral infarc-
tion area of rats in the three groups were measured. The
remaining brain tissue was collected and stored at —80 °C.

24. LC and LC-MS analysis of TT15

The TT15 was analyzed by UHPLC-Q-Orbitrap/MS. An ali-
quot of 1 puL TT15 solvent was injected into a Vanquish
Duo UHPLC system (Thermo Fisher Scientific, San Jose,
CA, USA) equipped with a Waters ACQUITY HSS T3
column (1.8 pm, 2.1 x 100 mm) at 25 °C. The mobile phase
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consisted of 0.1 % aqueous formic acid (phase A) and acetoni-
trile (phase B) under the following gradient program: 0—5 min,
6 % B; 5-15 min, 6 %-9% B; 15-25 min, 9 %-10 % B; 25—
35 min, 10 %-11 % B; 35-45 min, 11 %-12 % B; 45-55 min,
12 %-13 % B; 55-65 min, 13 %-14 % B; 65-75 min, 14 %-
95 % B; 7590 min, 95 % B. The flow rate was set at
0.3 mL/min, and UV detection was applied at 254 nm.

The mass spectrometer was operated in positive ion modes,
and the profile data was recorded at the range of m/z 50-750.
The full scan acquisition was performed at the resolution of 35
000, while the tandem MS information was acquired under
ddMS2 (TOP 10) mode with a resolution of 17 500, and the
ramped normalized collision energy (NCE) of 25-45. MS
parameters setup were as follows, Sheath gas flow rate was 40,
Aux gas flow rate was 15, Spray voltage was 3.25 kV, Capillary
temperature was 250 °C, and the Aux gas heat temperature was
set as 350 °C. Before sample analysis, the mass spectrometer was
calibrated using the vendor-provided Pierce™ calibration solu-
tion (Thermo Fisher Scientific, San Jose CA, USA).

The compound identification was conducted by comparing
the MS and MS/MS information with our established in-house
database. The chemical composition of TT was collected by
searching the database of Pubmed and China National Knowl-
edge Infrastructure (CNKI). Then the obtained information
was input into TraceFinder software to establish an in-house
database. After UHPLC-MS analysis, the raw data was
imported into the TraceFinder database, the m/z of com-
pounds was matched automatically in 5 ppm default error,
and their MS and tandem MS information were manually
examined. And some of the identifications were further con-
firmed using standard references.

2.5. LC-MS-based multi-omics analysis of brain tissue

The aqueous and organic extracts of brain tissue were obtained
using the different solvent systems. Then the UHPLC-Q-
Orbitrap/MS was used to analyze these two types of extracts
separately. The raw data obtained from LC-MS was processed
using Compound Discoverer software (CD 3.0, Thermo Scien-
tific) to perform peak extraction, alignment, and normaliza-
tion, and then exported into a dataset containing sample
codes, peak labels, and peak intensities. The obtained dataset
was imported into SIMCA software (version 13.0, Umetrics,
Umed, Sweden) for multivariate statistical analysis. After
biomarkers were screened out, the metabolite annotation was
performed by matching MS and MS/MS information via
searching databases. The annotated metabolites were then
imported into the MetaboAnalyst network tool (Chong
et al., 2018) for pathway analysis.

The protein extracted from brain tissue was analyzed by a
NanoLC-MS instrument. The raw data were searched using
Proteome Discoverer (PD) software version 2.1 (Thermo Sci-
entific) with the Mascot version 2.6 search engine (Matrix
Science, Boston, Massachusetts, USA) against the UniProt
Rattus Norvegicus database_20180123. After the differentially
expressed proteins (DEPs) were screened out, the Gene Ontol-
ogy (GO) annotation and KEGG pathway enrichment analy-
sis were performed on the DEPs by using the Metascape web
tool (Zhou et al., 2019).

The detailed parameters of the above analyses were listed in
the supplemental material.

3. Results

3.1. LC-MS analysis of TT15

As shown in Fig. 1A, several peaks were separated by LC anal-
ysis. Then the LC-MS detection was performed using the same
separation method to identify the main compounds, and the
corresponding BPC was shown in Fig. 1B. After in-house data-
base searching, 20 labeled peaks were identified and 5 of them
were confirmed with reference substances. As listed in
Table S1, 20 compounds belong to 5 classifications, including
eight alkaloids, seven flavonoids, three phenols, one quinone,
and one ester.

3.2. The effect of TT15 on MCAO in rats

The effects of TT15 on MCAO rats were evaluated by neuro-
logical function score and cerebral infarct size. As shown in
Fig. 2A, the rats in the Sham group do not have any neurolog-
ical defects. The Model group scored the highest out of the
three groups, showing that there was a neurological deficit fol-
lowing the MCAO operation. After TT15 administration, the
neurological function score significantly decreased from
2.16 £ 1.17 to 1.31 £ 0.60, indicating that TT15 has a neuro-
protective effect.
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Fig. 1 The LC chromatogram (A) and LC-MS base peak ion
chromatogram (B) of TT15.
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The typical results of infarct size from each group were pre-
sented in Fig. 2B. The infarction locations in the coronal por-
tion are represented by the white patches. Fig. 2C shows the
percentage of infarction area in rats. All of the rats in the
Model group displayed severe cerebral infarction, with an
infarct ratio of 31.74 £+ 17.55 %. Rats treated with TT15
showed a considerable reduction in the infarct ratio (19.19 +
16.19 %). These results indicated that the TT15 has a protec-
tive effect against MCAO.

3.3. Metabolomics analysis

3.3.1. Metabolome profile of brain tissue

The reproducibility and stability of the LC-MS method are
important prerequisites for metabolomics studies. In this
study, the quality control (QC) sample was used for method
evaluation. Five QC samples were initially run for system equi-
librium, followed by one QC sample run after every-four sam-
ple data collections to provide a dataset for method validation.
As shown in Fig. SI, relatively tight aggregation of QC sam-
ples among all samples was observed, indicating that the devel-
oped method has good repeatability and stability in both
positive and negative ion modes.

The brain tissue metabolites were analyzed by the validated
LC-MS method, and the BPC in both positive and negative ion
modes were shown in Fig. S2, a good separation in 25 min was
achieved under the established data acquisition method. A few
differences were observed among groups, but the visual inspec-
tion was not enough to evaluate the effect of TT15. Thus we
applied multivariate statistical analysis to assess the variation
of the brain tissue metabolites in different groups.

As shown in Fig. 3, there is an obvious separation between
the Sham group and the Model group, indicating the meta-
bolic disorder occurred during the modeling process. The sam-
ples displayed a propensity to diverge from the MCAO rats
and were close to the Sham group following treatment with
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Fig. 2

TT15 (Fig. 4). And TT15 showed a stronger ability to regulate
organic extract since the organic extracted samples were closer
to the Sham group compared with the aqueous extracted sam-
ples. These findings indicated that the TT15 could recover the
metabolic changes to normal states mainly through regulating
the metabolism of organic metabolites.

3.3.2. Biomarker selection and metabolic pathway analysis

From the comparison of the Model group and the Sham
group, the features that fulfilled variation importance in the
project (VIP) > 1.5, fold change value (FC) > 1.5, and
P < 0.05 were screened as potential disease markers. The fea-
tures that met the same criteria from the comparison of the
TT15 group and Model groups were considered as the markers
of potential drug efficacy. The intersection of two sets of mak-
ers was selected as potential biomarkers, which were used to
evaluate the protective effect of TT15 against MCAO in rats.
Then these features were annotated by database searching
using accurate m/z, MS/MS information, isotope distribution,
etc. A total of 44 metabolites were annotated, and their
detailed information and change trends in different groups
were listed in Table 1. After being treated with TTI15, 36
metabolites that were significantly altered due to cerebral
ischemia were dramatically reversed.

For visualizing the variation tendency of the biomarker
among the three groups, a heat map was constructed based
on the relative intensity of metabolites. As shown in Fig. 5A,
the color differences indicate the metabolic disturbance in
the three groups. The similar colors in Sham and TT15 groups
suggested that TT15 can improve the metabolites disorders
back to normal.

The result of pathway analysis is shown in Fig. 5B, the
metabolic pathways disturbed by MCAO surgery mainly
include alanine, aspartic acid and glutamic acid metabolism,
glycerol phospholipid metabolism, tryptophan metabolism,
and so on.

Sham

The effect of TT15 on MCAO, cerebral infarct size (A), representative TTC staining of brain tissue (B), and neurological function

score (C). #P < 0.01, Model vs Sham group; *P < 0.05, TT15 vs Model group.
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Fig.3 PLS-DA score plots of Sham group and Model group based on the data acquired from aqueous extracts (A, ESI+, and B, ESI-),

and organic extracts (C, ESI+, and D, ESI-).
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Table 1 Annotated endogenous metabolites and their change trends in different groups.

No. Metabolite Formula Exact HMDB ID Model/ TT15/ Type
mass Sham Model
1 Argininic acid C6H13N303 175.09553 HMDB0003148  ]*** kaa Aqueous
extract
2 N,N-Dimethylarginine C8H18N402 202.14290 HMDB0001539  {#*** i Aqueous
extract
3 Cysteineglutathione disulfide C13H22N408S2 426.08793 HMDB0000656 | ** 1* Aqueous
extract
4 Glutamylglutamic acid CIOHI6N207  276.09559 HMDBO0028818 | *** (I Aqueous
extract
5 Acetyl arginine C8H16N403 216.12211  HMDB0004620 | ** i Aqueous
extract
6 18-HETE C20H3203 320.23272 HMDB0006245 ]** 1 Aqueous
extract
7 g-Glutamyltyrosine CI4H18N206  310.11887 HMDB0011741 ]*** 1 Aqueous
extract
8 Pregnanetriol C21H3603 336.26622 HMDB0006070 1** (I Aqueous
extract
9  PS(40:6) C46H78NOI0P  835.53628 HMDB0010167 1** (155 Aqueous
extract
10  LysoPI(20:4/0:0) C52H98NOSP  620.29616 HMDB0008356 1** 19 Aqueous
extract
11 1-Stearoylglycerophosphoserine C24H48NOYP 52530733 HMDB0061698  ]*** [ Aqueous
extract
12 PS(44:12) C50H74NOI10P  879.50501 HMDBO0012450 1#%* (1% Aqueous
extract
13 PS(38:4) C44H78NOI10P  811.53737 HMDBO0010165 %%+ (I Aqueous
extract
14 PA(35:2) C45H86NOTP  686.48898 HMDB0011455 %%+ [ Aqueous
extract
15  Sulfanilic acid C43H8ONO7P  173.01491 HMDB0011448 | *** i Aqueous
extract
16  Castanospermine C8HI5NO4 189.10009 HMDB0249700 7** s Aqueous
extract
17 Acetyl-DL-carnitine CY9H18NO4 203.11566 HMDB0000201 1** T Aqueous
extract
18  N4-Acetylcytidine C11HI15N306 284.08621 HMDB0005923 1* (I Aqueous
extract
19  5,6-dihydroxy-2-indolecarboxylic CI9HTNO4 193.03763 HMDBO0001253  7%%** s Aqueous
acid extract
20  Proline CSHI9NO2 115.06366 HMDB0000162 | *** i Organic extract
21 Aspartic acid C4H7NO4 133.03872  HMDB0000191 | *** Rt Organic extract
22 Glutamic acid C8H13N303 147.05457 HMDBO0060477 |*** i Organic extract
23 2-Aminomuconic acid C6H7NO4 157.03893 HMDB0001241 | *** ki Organic extract
24  Methionine sulfoxide CSHIINO3S 164.98239 HMDB0002005 |*** s Organic extract
25  Guanidino succinic acid C5H7N304 174.05231 HMDBO0302618 | *** ik Organic extract
26  Indoleacrylic acid C11HINO2 187.06531 HMDBO0000734 | *** s Organic extract
27  Tryptophan CI1IHI2N202  204.09186 HMDB0000929 | *** 1%+ Organic extract
28  Methoxsalen C12H804 216.04194 HMDBO0014693 | *** s Organic extract
29  Homocarnosine CIOHI6N403  240.12443  HMDBO0000745 | *** i Organic extract
30 Inosine C10H12N405 268.08311 HMDBO0000195 [ *** (i Organic extract
31 LysoPE(18:1/0:0) C23H46NO7P 479.30565 HMDBO0011505 7*** (155 Organic extract
32 Diglyceride C31H6005 664.50994 HMDBO0007008 | *** i Organic extract
33 GPE(18:2/20:2) C43H8ONO7P  753.57405 HMDBO0011448 ]##* (I Organic extract
34 Gpcho(36:2) C40H8ONOSP  771.61941 HMDB0000564 %%+ | Organic extract
35  GPE(18:2/22:1) C45H86NO7P 783.62086 HMDBO0011455 1*%* 1 Organic extract
36  Coenzyme Q9 C54H8204 794.62791  HMDBO0006707 *** (I Organic extract
37  GPE(18:2/24:1) C47H9ONO7P  811.65230 HMDB0011462 ]*** kaa Organic extract
38 PC(42:10) C50H8ONOSP  853.56888 HMDB0008452 %%+ (55 Organic extract
39  Coenzyme Q10 C59H9004 862.69089 HMDB0001072 ]*** 1 Organic extract
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Table 1 (continued)

No. Metabolite Formula Exact HMDB ID Model/ TT15/ Type

mass Sham Model
40  PE-NMe(24:0/20:0) CS50H100NO8P  873.71709 HMDBO113713  *** (s Organic extract
41  Gpcho(44:3) C44H84NOSP 881.72460 HMDBO0000593  *** [ Organic extract
42 PG(20:3(6,8,11)-OH(5)/i-24:0) C50H93011P 900.64727 HMDBO0272290 (*** (s Organic extract
43 TG(62:13) C65H10006 976.75760  HMDBO0055057  1*** s Organic extract
44  DMPE(38:7) C33H6206 789.54243  HMDBO0000548  7*** s Organic extract

* P < 0.05 ** P < 0.01, *** P < 0.001, the Model group versus the Sham group;
# P < 005 % P < 0.01, 7 p < 0.001, the TT15 group versus the Model group.
The exact mass was inferred from CD software based on the different adduct ions of the metabolite detected by LC-MS.
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Fig. 6 Circos plot (A) and enrichment network (B) of DEPs.

3.4. Protein expression and bioinformatics analysis

Protein extracts from rat brain tissues were analyzed by TMT-
based quantitative proteomics technology. The proteins with
FC > 1.2 or FC < 0.83 between the two groups were selected
as differentially expressed proteins (DEPs). In the comparison
of the Sham group and the Model group, 297 DEPs were fil-
tered out, and 104 DEPs were screened out when the TTI15
group was compared to the Model group. Fifty-one overlayed
proteins between two sets of DEPs were selected as potential
marker proteins and listed in Table S2. The expression of 40
DEPs expressions increased in the Model group, and 35 of
them decreased after the TT15 treatment. Meanwhile, the
expressions of 11 downregulated proteins were reversed after
the treatment with TT15. A Circos graph (Fig. 6A) was con-
structed to visualize the DEPs distribution between the two
comparisons, where each DEP was assigned to a point on
the corresponding group of comparison arcs. The purple curve
connected the common DEPs in the two comparisons, and the
blue curve connected the proteins with different characteristics
but sharing the same enrichment process or pathway. The cor-
responding enrichment network in Fig. 6B shows that the
DEPs are greatly associated with negative regulation of hydro-
lase activity, acute-phase response, blood coagulation, etc.
Functional modules of the DEPs were explored by
MCODE, and two clusters, containing 8 and 4 proteins,

respectively, were generated (Fig. S3). Proteins in the same
cluster are thought to be more intimately connected and inter-
act to execute specific biological functions. For example, pro-
teins in Cluster I were mainly involved in the complement
and coagulation cascades pathway; and four proteins in Clus-
ters II belong to keratin. These proteins may have important
regulatory roles in the treatment of IS by TT15. Collectively,
these results confirmed the protective effect of TTI5 on
MCADO O in rats from the proteomic perspective.

3.5. Joint pathway analysis

To have a better understanding of obvious alteration in the
relationships of metabolites and DEPs, we imported potential
treatment targets and metabolic biomarkers into the online
analysis platform named IMPaLA to accomplish the Joint
Pathway Analysis (Kamburov et al., 2011), and further explore
pathways involving both the treatment targets and the poten-
tial metabolic biomarkers. As shown in Fig. 7, the effect of
TT15 is mainly associated with response to elevated platelet
cytosolic Ca®", platelet activation signaling and aggregation,
folate metabolism, complement and coagulation cascades,
scavenging of heme from plasma and fibrinolysis pathway.

4. Discussion

The MCAO model was successfully established and evaluated
by the cerebral infarct size and the neurological function score.
TT15 can decrease cerebral infarct size and improve the behav-
ior of MCAO rats. The metabolites and proteins of brain tis-
sues in different groups were analyzed by the LC-MS-based
multi-omics method. A total of 44 metabolites and 51 proteins
were screened out, and their relative pathways were further
studied to explore the protective mechanism of TT15 against
MCAO.

4.1. Metabolite profile analysis

In metabolomics, to ensure analysis of as many metabolites as
possible, we investigated the metabolic changes of aqueous
and organic extract of brain tissue, respectively. The classifica-
tion of the Sham group and Model group was observed in the
PLS-DA score plot, suggesting metabolic disturbance occurred
during the MCAO operation. Furthermore, the samples in the
TT15 group showed tendencies of separation from the Model
group and close to the Sham group, which is consistent with
the results in infarct size and neurological score, proving that
the TT15 has a protective effect to MCAO. A total of 44 metabo-
lites were screened out as biomarkers via statistical analysis.
The brain is the second most lipid-rich organ in the human
body, accounting for about 50 % of'its dry weight. Thus, a large
number of lipids were screened out as potential biomarkers,
including phosphatidylethanolamine (PE), phosphatidylserine
(PS), phosphatidylcholines (PC), etc. They are important com-
ponents of brain tissue that are essential to sustain normal brain
function and homeostasis when stroke damage is present. Vari-
ous lipids, including simple lipids, phospholipids, glycolipids,
and fatty acids, are structural components of biological mem-
branes, messengers in cellular signaling pathways, and energy
producers. Numerous neurological disorders and neurodegen-
erative diseases that are characterized by dysregulated lipid
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metabolism have served to highlight the critical role that lipids
play in tissue physiology and cell signaling. Alterations in lipid
metabolism have been identified as key events leading to central
nervous system (CNS) damage such as stroke (Muralikrishna
Adibhatla and Hatcher, 2006; Adibhatla and Hatcher, 2007).
Numerous metabolomics and lipidomics studies also confirmed
the strong relations between lipid metabolism and IS (Au, 2018;
Shin et al., 2020).

Several amino acids (AAs) and their derivatives were high-
lighted. Among them, arginine and its derivatives, glutathione
derivatives were reported to be related to oxidative stress in the
process of brain tissue injury (Wiesinger, 2001; Reynaert et al.,
2006; Van Guldener et al., 2007). The neuroprotective effect of
L-arginine administration has been demonstrated through its
improvement of cerebral blood flow and reduction of neuro-
logical damage after experimental traumatic brain injury
(Cherian et al., 2003; Cherian and Robertson, 2003). Glutamic
acid, proline, aspartic acid, and tryptophan are associated with
neurogenic diseases, and glutamic acid, proline, and aspartic
acid belong to excitatory amino acids (EAA) (Victor Nadler
et al., 1988; Thomas, 1995; Mattson, 2008). It was reported
that the excessive release of EAA was the pathological mecha-
nism behind ischemic brain damage. Reducing the expression
of EAA transporter 3 in the rat MCAO model could improve
IS (Barahimi et al.,, 2021). Accelerated degradation of
tryptophan and complementary increases in kynurenine
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metabolites are also frequently observed in serum, cere-
brospinal fluid, and/or brain tissue in various diseases such
as stroke (Chen and Guillemin, 2009). A clinical study also
showed that the tryptophan level was significantly lower in
stroke patients than that in the control group (Ormstad
et al., 2013). From the perspective of metabolomics, TT15
played an anti-IS role by comprehensively regulating the meta-
bolism of lipids and amino acids, including glycerophospho-
lipid metabolism, arginine and proline metabolism,
tryptophan metabolism, etc.

4.2. Protein expression analysis

A total of 51 overlapping DEPs were selected in the comparison
of Model vs Sham and TT15 vs Model. As shown in Table S2,
the alternation in the expression of proteins proved that TT15
has a protective effect on IS. The PPI network was constructed
and two function modules were generated by the MCODE algo-
rithm. As shown in Fig. S3, cluster I contains C3, C4a, Fga, Fgb,
and Fgg, etc; and cluster II consists of several keratins.
Apolipoprotein C1 (ApoCl) is an apolipoprotein that plays
an active role in the processing of lipids in both endogenous
and exogenous environments. It completes this by acting as
ligands for cell membrane receptors and regulating the activity
of pertinent enzymes, transporters, and lipid transfer proteins.
ApoCl1 was thought to be closely related to Alzheimer’s dis-
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ease (AD) and may be a risk factor for the disease. According
to a study, both healthy and AD participants’ astrocytes and
endothelial cells from diverse parts of the human hippocampus
expressed ApoCl. In senile plaques from the brains of AD
patients, ApoCl colocalized with B-amyloid and increased
the neuronal death brought on by soluble oligomers of [-
amyloid. Besides, the ApoCl-deficient mice showed cognitive
impairment (Abildayeva et al., 2008; Berbee et al., 2011).
Increased levels of ApoCl1 are detrimental to arterial arteries,
as evidenced by the finding that people at cardiovascular risk
also had elevated levels of ApoCl and myocardial infarction
(Fuior and Gafencu, 2019). Similar results were observed in
the present study, ApoCl was up-regulated in the Model
group and was down-regulated after being treated with TT15.

C3isacomponent in the complement system that can be trig-
gered by various stimuli via three distinct recognition pathways,
including the classical, the alternative, and the lectin pathways.
(Ricklin et al., 2010). Studies on numerous disorders, including
stroke, traumatic brain injury, multiple sclerosis, and AD,
revealed a connection between complement system activation
and the inflammatory response. (Alawieh et al., 2018; Dalakas
et al., 2020). And numerous studies regarded C3 as their main
target for the treatment of IS (Gomez-Arboledas et al., 2021).
In addition to its several advantageous roles in maintaining
brain homeostasis, the complement system was also linked to
neurodegeneration. In the CNS, complement proteins are gener-
ated by neurons, microglia, astrocytes, and oligodendrocytes
(Veerhuiset al., 2011; Berkowitz et al., 2021), and multiple com-
plement proteins (such as C3 or C4) were discovered to be raised
in the brains of patients with Huntington’s Disease (HD), AD
and PD (Ma et al., 2019; Gomez-Arboledas et al., 2021). In
the present study, the up-regulated C3 and C4 expression in
the Model group were reduced after being treated with TT15,
which suggested that the level of C3 and C4 could be potential
predictors of outcome after IS.

Fibrinogen (Fg) is made up of two sets of three different
polypeptide chains, Fga, Fgb, and Fgg (Kopyta et al., 2014),
which plays a significant role in blood clotting and circulation
through interaction with platelets. Besides, through its influence
on a variety of cellular receptors, including integrins, intracellu-
lar adhesion molecule-1, and vascular endothelial cadherin, Fg
has been recognized as a key regulator of inflammation, wound
healing, angiogenesis, and neoplasia (Krishnamoorthy et al.,
2011). Fg can promote atherosclerosis and thrombosis, and
the plasma levels of Fg are well-known risk factors for arterial
thrombosis (Koster et al., 1994). According to the worldwide
genome-wide association studies (GWAS) Catalog, variations
of FGG were linked to thromboembolism, glycine, and fibrino-
gen levels; and variants of FGA were linked to stroke, throm-
boembolism, and fibrinogen levels (Abu-Farha et al., 2020).
Recently, the roles of FG B polymorphisms in IS were intensively
analyzed. It was reported that —148C/T and —455G/A poly-
morphisms of FG B can affect plasma Fglevels and are also asso-
ciated with an increased risk of thrombotic disorders, which
could be considered as potential biological markers for the
development process of IS (Luo et al., 2019). A study using
the human serum sample showed that four proteins, including
plasminogen, prothrombin, histidine-rich glycoprotein, and
Fga, were upregulated in patients with stroke and could be con-
sidered as candidate markers to make the diagnosis of IS more
accurately and quickly (Lee et al., 2020). In the present study,
increased expression of Fg in MCAO rats could lead to the

increase of insoluble fibrin and induce the IS. After treatment
with TT15, the expression levels of Fga, Fgb, and Fgg all
decreased, suggesting that TT15 has an intervention effect on IS.

From the results of MCODE analysis, proteins in cluster I
were mainly involved in the complement and coagulation cas-
cade that was regarded as the main pathway for gross saponin
of TT to exert an anti-IS effect in our previous study (Wang
et al., 2021). Cluster II contains four keratins that few studies
reported their relation with stroke. But in MS-based proteomic
analysis, keratin is often considered a contaminant because
keratin from the researchers’ skin and hair can be found on
all surfaces and dust during sample processing. And many pro-
cedures have been recommended in protocols to minimize ker-
atin contamination (Fox et al., 2008; Mellinger et al., 2021).
Therefore, the keratins highlighted in this study need to be fur-
ther confirmed in our future studies.

4.3. Potential treatment pathway for TT15 against MCAO

Joint pathway analysis showed that the most significantly
enriched pathway was the response to elevated platelet cytoso-
lic Ca®>" and platelet activation with 14 and 15 molecules
involved, respectively. The results suggested that the TT15
may exert the anti-IS effect via regulating platelet function.

Hemostasis depends on the adhesion, activation, and aggre-
gation of platelets on the exposed subendothelial extracellular
matrix, but this process can also result in the obstruction of
diseased vessels. Therefore, precise regulation of platelet acti-
vation is necessary to guarantee that it occurs only when nec-
essary. Platelet activation and aggregation are considered key
steps in arterial thrombosis and exacerbation. Inhibition of
platelet activation appears to be an attractive strategy for
stroke prevention (Marquardt et al., 2002). Different agonists
can activate platelets via various signaling pathways, which in
turn causes an increase in the intracellular Ca®* concentration.
Ca®™ is an essential second messenger in nearly all cells, which
controls a variety of essential cellular functions. (Berridge
et al., 2003). Elevated Ca’>" concentration in platelets has
the potential to influence a number of cellular activation pro-
cesses, including degranulation and inside-out activation of
integrin allbPB3, which is necessary for platelet aggregation
(Shattil and Brass, 1987). Several in vivo studies have indicated
that the various Ca®>' entry mechanisms are important for
pathological thrombus development while having little impact
on hemostasis (Varga-Szabo et al., 2009), which makes mole-
cules that regulate Ca®" entrance in platelets an attractive
therapeutic target for ischemic cardio- and cerebrovascular
events prevention and therapy.

TTI15 may alleviate the development procession of IS and
protect the cerebral ischemia injury by comprehensively regu-
lating proteins associated with the Ca®>* entry and further
influencing the platelet activities. Further studies will be
needed to validate the findings in this study and make the
underlying mechanisms more clearly.

5. Conclusion

In this study, the chemical composition of TT15 was annotated by LC-
MS analysis, and 20 compounds were identified. Then the LC-MS-
based multi-omics approach was applied to investigate the therapeutic
effects of TT15 against IS. A total of 44 metabolites and 51 differential
proteins that were greatly regulated by TT15 were screened out. The
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joint pathway analysis showed that these differentially regulated mole-
cules were significantly associated with platelet activities, indicating the
possible pathway for TT15 against IS. Further investigation should be
performed to verify the pathways and related proteins in the neuropro-
tective actions of TT15 on IS.
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