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Cerebral ischemia has led to a high rate of both disability and mortality with massive healthcare costs. Although transcriptional
regulation is typically mediated by different combinations of TFs, a combined regulatory unit to synergistically activate
transcription has remained unclear in cerebral ischemia, especially in different drug treatments. In this study, TFs alterations after
6h cerebral ischemic injury and repair were performed by a concatenated tandem array of consensus transcription factor response
elements (catTFREs), and vital TFs were obtained by TFs-target imbalanced network. Drug intervention used Danhong injection
(DHI) and BNC (BuChang NaoXinTong Capsules), which has been widely prescribed in Chinese herb medicine for the treatment
of cerebrovascular and cardiovascular diseases. There were 198 TFs identified after 6h MCAO operation, and six TFs (Sox2,
Smad3, FoxOl1, Crebl, Egr,1 and Smad4) were considered as critical TFs in response to cerebral ischemia. Moreover, Smad3 was
identified as a hub TF among six vital TFs, and the transcription activity of Smad3 was further verified. These 6 TFs were all
reversed by DHI or BNC, indicating different medications may regulate different transcription factors through TF synergy.
Moreover, validation results indicated that Smad3 was a putative target TF for DHI and BNC-mediated protection against cerebral
ischemia. The observations of the present study provide a fresh understanding of biomolecules and possible new avenues for
therapeutic interventions, in addition to the new intervention pattern for different treatments for ischemia stroke.

1. Introduction

Cerebral ischemia, a serious neurological disease, has led to a
high rate of both disability and mortality with massive health-
care costs [1]. Though remarkable advancements have been
made to understand the mechanisms of cerebral ischemia, it
is still ambiguous. A large number of evidence has shown that
transcription factors (TFs) play an important role in oxidative
stress, inflammation, and apoptosis which are associated with
ischemia [2-4]. For example, hypoxia-inducible factor-la
(HIF-1a) is involved in pathologic conditions such as hypoxia
or ischemia and leads to severe cerebral injury [5]. Astrocytic

N-Myc downstream-regulated gene-2 (NDRG2)) is upregu-
lated after cerebral ischemia and is involved in inflammation
[6]. Signal transducers and activators of transcription (STATs)
were activated after cerebral ischemia then promoted the
expression of several critical proteins that induce brain injury
[7]. Oligodendrocyte transcription factor 1 (Oligl) was found
to be an important mediator during the differentiation and
remyelination after focal cerebral ischemia [8]. Although
transcriptional regulation is typically mediated by distinct
combinations of TFs, their combined regulatory cues to
synergistically activate transcription have remained unclear
in cerebral ischemia which indicated that there requires a need
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for large-scale quantitative profiling of TFs on cerebral
ischemia to reveal TFs synergy unit of functionality after drug
treatment.

It is prevalent that Chinese herb medicine exhibited
advantages of protective effect against cerebral ischemia.
Danhong injection (DHI) and BNC (BuChang NaoXinTong
Capsules), a Chinese herb medicine, have been widely used
for the treatment of cardiovascular and cerebrovascular dis-
eases in clinics. In the previous study, there are 176 compo-
nents of BNC such as flavonoids, triterpenoid saponins, and
phenolic acids identified, and a number of phytochemical con-
stituents of DHI involving flavonoids, quinochalcones, and
catechols are identified by using HPLC-MS [9, 10]. BNC and
DHI exhibited the brain protection effect; for example, BNC
can protect H9¢2 cells from oxidative damage through the
ERK1/2 signaling pathway [11] and have anti-ischemia effi-
ciency through intervening amino acids metabolon network
[12]. DHI prevents I/R-induced brain damage through
activating Nrf2/ARE signaling pathway [13]. Although the
protective effect and mechanism have been reported, its phar-
macological mechanisms, especially the putative regulatory
unit of TFs, are still unclear.

Although the low abundance of TFs makes it difficult to
analyze the TFs using proteome profiling, the catTFRE
method, a DNA construct of tandem TF DNA response ele-
ments, is an approach commonly used to identify endogenous
TFs at the proteome scale [14]. The catTFRE method was used
for large-scale detection of activated TFs. In addition, accord-
ing to the catTFRE method, there were as many as 400 TFs
from a single cell line and a total of 878 TFs from 11 cell types
identified, suggesting that this methodology will facilitate
discovering a broad perspective of TF activation, repression,
and regulatory synergy after cerebral ischemia [15].

In this study, large-scale quantitative profiling and
network pharmacology were integrated to reveal the differ-
ently expressed TFs responded to cerebral ischemia and TF
synergy units after different drug treatments. Furthermore,
six vital TFs were screened out, and Smsd3 was considered
as critical TFs against cerebral ischemia by medication of
BuChang NaoXinTong Capsules (BNC) and Danhong
injection (DHI). In addition, TF synergy indicated there is a
common TF unit of functionality of different medications.
These results provide new details of how TFs activated after
cerebral ischemia, as well as insight into a rationally designed
combination of drugs with potential synergy.

2. Materials and Methods

2.1. Animals and Reagents. Male C57BL/6 mice (Charles River
Laboratories) were purchased from the Animal Breeding
Centre of Beijing Vital River Laboratories Company (Beijing,
China). All animals were housed at 22 + 2°C with a relative
humidity of 50 £ 10% and a 12h light/12h dark cycle. The
animals had free access to water and fodder (Beijing Keaoxieli
Co, Ltd.). All experimental animal procedures were approved
in accordance with the Guide for the Care and Use of Labora-
tory Animals published by the US National Institutes of
Health (NIH publication No. 85-23, revised 1996) and were
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approved by the Academy of Chinese Medical Science’s
Administrative Panel on Laboratory Animal Care.

The concatenated tandem array of consensus transcription
factor response element (catTFRE) DNA was synthesized by
GenScript (Piscataway, NJ, USA). Biotinylated catTFRE
primers were synthesized by Sigma (St. Louis, MO USA).
Nuclear extract prep kits were purchased from Thermo Fisher.
DHI (batch number: 13011023) was obtained from Shandong
Danhong Pharmaceutical Co., Ltd. (Shandong, China). BNC
(batch number: Z131117) was provided by the Buchang
Pharma Co., Ltd. (Shanxi, China). Deionized water
(R>18.2 MQ) used for all experiments was purified by using
a Millipore purification system (Billerica, MA, USA). All other
chemicals were of analytical grade reagent unless stated
otherwise.

2.2. MCAO Surgery and Drug Administration. In this study,
the intraluminal occlusion using monofilament for the prep-
aration of the permanent middle cerebral artery occlusion
(MCAO) model was applied [16]. Briefly, after anesthetized
with 1% pentobarbital sodium, a silicone-coated nylon
filament was inserted from the left external carotid artery
into the internal carotid artery to occlude the origin of the
middle cerebral artery. The whole surgery was completed
within 10 min, and the rectal temperature of the mice was
maintained at 37 + 0.5°C throughout the surgical procedure.
Sham mice were subjected to the same procedures as the
abovementioned with the exception of insertion of the nylon
filament into the common carotid artery. According to our
previous study [17, 18], six hours later after MCAO surgery,
the neurological deficit was determined using a modified
Neurological Severity Score which is a composite of motor,
sensory, and balance tests. The neurologic findings were
scored on a five-point scale: a score of 0 indicated no neuro-
logical deficit, a score of 1 (failure to extend left forepaw fully)
a mild focal neurological deficit, a score of 2 (circling to the
left) a moderate focal neurological deficit, and a score of 3
(falling to the left) a severe focal deficit; mice with a score
of 4 did not walk spontaneously and had a depressed level
of consciousness [19]. Then, the mice were sacrificed, and
the brain was divided into five sections immediately (1 mm
thickness); then, the slices were immediately stained with
0.5% 2,3,5-triphenyltetrazolium chloride (Sigma, St. Louis,
MO, USA) for 15 minutes at 37°C, and numeric images were
captured for the quantification of infarct volume. Volume
calculation with edema correction was performed blindly
using the following formula: 100 x (contralateral
hemisphere volume — noninfarct ipsilateral hemisphere
volume)/contralateral hemisphere volume [16].

50 mice were randomly divided into five groups: sham
operation (Sham, ten), the model group with water treatment
(MCADO, ten), MCAO group with DHI treatment (DHI, 5
mLekg !etime™! dosage, ten), MCAO group with BNC treat-
ment (BNC, 440-mg-kg'1-time'1 dosage, ten), and MCAO
group with Ginaton treatment (Ginaton, 5mLekg 'etime™
dosage, ten). BNC were orally administered twice a day for
5 days; DHI and Ginaton were intraperitoneally injected
twice a day for a total of 5 days. On the sixth day, one hour
after the last oral administration in the morning, cerebral
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ischemia was carried out by MCAO. DHI and Ginaton were
intraperitoneally delivered immediately after the MCAO
surgery. The protein of the entire brain was collected for
further analysis [17].

2.3. catTFRE Pull-Down and Trypsin Digestion. According to
the protocols of manuals, nuclear extract prep kits (Thermo
Fisher) were employed to obtain the nuclear extracts of the
mouse brain. Nuclear extract was mixed with biotinylated
DNA which was preimmobilized on Dynabeads. The mixture
was mixed with EDTA/EGTA to obtain 1mM and 200-
250mM salt concentration and then incubated at 4°C for
120min. The supernatant was abandoned away, and
Dynabeads were washed with NETN (100 mM NaCl, 0.5 mM
EDTA, 20mM Tris-HCI, and 0.5% (vol/vol) Nonidet P-40)
two times. Then, trypsin was used to digest the beads overnight.

2.4. LC-ESI-MS/MS Measurement and Protein Quantifications.
Separation for tryptic peptides was carried out from a C18
column (75pum inner-diameter, 360um outer-diameter
x10 cm, 3 ym C18) with a flow rate of 350 nL/min, and LTQ-
Orbitrap Velos (Thermo Scientific, USA) equipped with
nanospray ion source was employed to analyze. The spray
voltages were 1800 V with the ion transfer tube at 350°C. The
range of the survey scan was 375-1600 m/z with resolution
60,000 at m/z 400. The 10 most intense peaks with charge state
2 were obtained whereby performing collision-induced dissoci-
ation with a normalized collision energy of 35%, activation
time of 5ms, and one microscan, and the intensity threshold
was set at 500. The survey scan was acquired in the LTQ
normal scan mode.

The identification of proteins was performed through the
mouse RefSeq protein database (updated on 11-05-2017) in
Proteome Discovery version 1.3 using MASCOT to achieve
a false discovery rate (FDR) lower than 1%. It was set to be
20 ppm for precursor and 0.5 Da for the tolerance of product
ions. Oxidation (Met) of Acetyl (N terminus) was considered
as a variable modification; carbamidomethyl (Cys) was
considered as a fixed modification. One missed cleavage site
on trypsin was allowed. Transcription factors (TFs) were
assigned according to TF class. The results were analyzed
through a method of intensity-based absolute quantification
(iBAQ-) based protein quantifications by in-house software.
Briefly, the number of theoretical peptides were calculated
by in silico protein digestion with a PERL script; then, iBAQ
intensities were acquired, and all fully tryptic peptides
between 6 and 30 amino acids were counted while missed
cleavages were neglected.

2.5. Gene Ontology and Pathway Enrichment Analysis and
Significant TF Identification. To identify the role of differen-
tially expressed TFs, Gene Ontology (GO) such as biological
process, molecular functions, and KEGG pathways were
performed by DAVID (https://david.ncifcrf.gov/, version
6.8) [20]. A p value <0.05 was considered significant for all
the enrichment analyses. Based on the DrugBank database
(http://www.drugbank.ca/, version: 5.1.6) and the Online
Mendelian Inheritance in Man (OMIM) database(http://
www.omim.org/, last updated: May 18, 2020) [21, 22], thera-

peutic targets related to ischemic stroke were collected in
Table S1. Protein—protein interaction analysis is increasingly
used to discern important disease-associated TFs and targets
that may drive aspects of a disease. For the revelation of vital
or hub TF response to ischemia stroke, PPI data with high
or medium relevance was obtained through String (http://
www.string-db.org/, version 11) [23]; then, based on the
network parameters (degree, betweeness, and closeness), vital
TFs and hub TF were identified.

2.6. EMSA and gPCR. The hub TFs and downstream effector
were explored through the LightShift chemiluminescent
EMSA kit (Pierce Biotechnology) and qPCR to analyze the
potential therapeutic targets. The sense strand sequences of
the oligonucleotides for the EMSA are as shown in Table S2.
Briefly, after the binding process, the mixture was incubated
with biotin-labeled DNA probe (10 fmol) for 15min at room
temperature. DNA probe/protein complexes were then
separated by 5% native polyacrylamide gel at 100V for
60 min, followed by transferring to a nylon membrane (GE
Healthcare), and visualized by chemiluminescence according
to the manufacturer’s instructions (GE ImageQuant LAS
4000mini). gPCR was employed to analyze the mRNA value
of the downstream effector, and the ACt was calculated as A
Ct = (Ctof target gene) — (Ct of actin gene).

2.7. Statistical Analysis. Statistical significance was deter-
mined by one-way ANOVA followed by Tukey multiple
comparison test or Student’s t-test, which is expressed as
mean * standard deviation with significant p values. A value
of p < 0.05 was considered statistically significant.

3. Results

3.1. DHI and BNC Exhibited the Protection Effect against
Ischemic Stroke. For the investigation of the BNC and DHI
protection against cerebral ischemia, the effects of both drugs
were evaluated by Longa’s Neurological Severity Score and
infarct volume and rate. Based on our previous study, the dose
of 5 rnL-kg‘lodf1 exhibited beneficial protection [17, 24] and
was therefore selected for further studies. The preventive effect
of varying dose BNC was assessed, and the medium dose
(440 mg-kg’lod’l) was used to do further studies (Figure S1).
As shown in Figure 1(a), after permanent occlusion of the
middle cerebral artery, the score in the model group was
found to be higher compared with the sham group (p < 0.05),
indicating prominent ischemic injuries occurred. After the
treatment with DHI, BNC, and Ginaton (positive control), the
scores were decreased suggesting the neurologic functions
were improved in MCAO mice. A similar phenomenon was
discovered in infarct volume. As shown in Figures 1(b) and
1(c), mice in the model group showed a higher degree in
infarction volume and infarction rate (28.25 + 4.13), while the
DHI, BNC, and Ginaton group were observed to reduce the
degree of infarction volume and infarction rate (DHI: 18.55 +
3.05; BNC: 19.58 + 5.53; Ginaton: 18.74 + 3.46, respectively).
All these results demonstrated the administration of Ginaton,
DHI, and BNC contributes to improving neurologic function
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group or Ginaton group versus the MCAO group.

and reducing ischemic injures and exhibits a beneficial
protective effect against cerebral ischemia.

3.2. Alteration of Transcription Factors Activities after Cerebral
Ischemia. Endogenous TFs in the brain after ischemia injury
were carried out by the catTFREs method, the tryptic peptides
were analyzed on high-resolution Orbitrap MS instruments
(Orbitrap Q-Exactive), and protein quantification was per-
formed by intensity-based absolute quantification (iBAQ-)
based quantification approach (Figure 2(a)) [25]. Aided by
annotation in the mouse RefSeq protein database, there were
198 TFs identified after six hours of MCAQ operation. Based
on the FOT (fraction of total), the portion of TF expression
in all detected TFs in the brain was an indicator of TF
abundance.

As shown in Figure 2(b), among the 198 identified
activated TFs, there were 183 TFs differently expressed in
the sham and model groups and found to provide critical
information regarding the clarification of roles of biomole-
cules behind the diseases. There were 138 TFs activated in
both the sham and model groups. In sham mice, there were
154 TFs activated. DAVID 6.8 was employed to investigate
the pathway and molecular function of these activated TFs.
There were some biological functions involved in brain
development such as response to hypoxia, redox state, and
negative regulation of neuron differentiation. In model mice,
there were 169 TFs activated which responded to the cerebral
ischemia. According to the FC (fold change), there were 54
TFs in the ischemic brains which showed a fold change of
>1.3, and 31 showed a fold change of <0.7(Figure 2(c)),
indicating that numerous TFs may be activated and involved
in cerebral ischemia. The annotation results of pathway and
biological process or molecular function are obtained from
DAVID 6.8. The annotation results indicated that these

activated TFs play an important role in various cellular
protein processes, such as response to DNA binding, regula-
tion of transcription, and neuron differentiation and develop-
ment; more importantly, they were found to respond to
calcium ion, redox state, and hypoxia indicating these
activated TFs were closely related to ischemia. The overlapped
GO items between the model and sham are shown in
Figure 2(d). After the overlapped biological function and path-
way items, response to hypoxia, redox state, transforming
growth factor-beta, TGF-beta signaling pathway, and FoxO
signaling pathway was found to annotate both in the sham
and model groups. Moreover, some potential TF targets
reported in the literature were clearly changed. For example,
pre-B-cell leukemia homeobox 3 (Pbx3) was downregulated
0.35-fold, and early growth response 1 (EGR1) was upregu-
lated 2.15-fold [2, 26], which implies that the combination of
the catTFREs method and iBAQ quantification approach
can accurately and quantitatively detect changes in the TF
activation and offer an opportunity to find novel potential
therapeutic targets.

3.3. Alteration of TFs after Treatment with DHI and BNC on
TFs against Cerebral Ischemia. In order to investigate the
DHI and BNC putative TFs synergy against cerebral
ischemia, there were 151 identified in the DHI group and
186 were identified in BNC group. As shown in Figure 3(a),
compared with the model group, the BNC treatment group
presented 95 TFs with a fold change of >1.3 and 12 TFs with
a fold change of <0.7. In the DHI treatment group, there were
53 TFs which exhibited a fold change of >1.3, and 24 showed a
fold change of <0.7. As showed in Figure 3(b), among the four
group (sham, model, BNC and DHI), 121 TFs among four
group were identified both in DHI and BNC group which
implied DHI and BNC may intervene in the imbalanced TF
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work through mediated related TF targets. Based on the FOT
of 183 TFs, results were shown by hierarchical clustering
(Figure 3(c)). Further, the functions and biological processes
of differently expressed TFs were annotated based on DAVID
among 121 TFs in four groups; these TFs were involved in
neuron differentiation and TGF-beta transforming growth
factor production which is related to ischemia (p <0.05,
Figure 3(d)).

3.4. Potential TFs Synergy of DHI and BNC. For the identifi-
cation of vital TFs which responded to cerebral ischemia,
important TF-target responses associated with cerebral
ischemia were constructed. According to the “network
parameter” (degree, betweeness, and closeness), there were
6 TFs (Sox2, Crebl, Smad3, Smad4, Foxol, and Egrl)
screened out as the critical TFs (Figure 4(a)). After GO
enrichment analyses, the significant biological function of
these six TFs was transcription coactivator binding, tran-
scription cofactor binding, positive regulation of apoptotic
processes, response to hypoxia, regulation of Wnt signaling
pathway, response to transforming growth factor-beta, and
MAPK cascade (Figure 4(b)). Among these six TFs, Egrl
and Smad3 were reversed by DHI and BNC; Sox2, Crebl,
and Smad4 were only reversed by DHI; FoxO1 was reversed
only by BNC. The result indicated that DHI and BNC can not

only exhibit protection to improve neurologic functions and
decrease the infarct volume in MCAO mice but also mediate
the TF activities to prevent brain ischemia injury.

Further, PPI networks were constructed by retrieving the
interaction of these six vital TFs. As detailed in Figure 4(c),
the analysis result revealed there was an interaction between
these six vital TFs, and Smad3 were identified as hub TFs,
indicating that Smad3 and other five TFs may serve as a
common regulatory unit of TFs. The interactions between
these TFs were reported in the literature, such as Crebl,
and were found to bind to endogenous Egrl promoters
[27]; Smad3 and Egrl interacted via the Smad3 MH2 domain
and the EGR1 DNA-binding domain [28]; Crebl can also
bind to the TGFB2 gene promoter in cooperation with
Smad3 in glioblastoma [29]; FoxOl can bind to Smad3
[30]. For further verification of hub TFs to the protective
effects of DHI and BNC against cerebral ischemia, EMSA
was employed. As shown in Figure 4(d), Smad3 showed a
stronger binding in MCAO mice with DHI and BNC
treatment. Moreover, the mRNA value of Smad4 was also
measured by qPCR. As shown in Figure 4(d), the mRNA
value of smad4 which was active downstream effectors of
Smad3 showed a similar change in its mRNA expression after
cerebral ischemia (p < 0.05); although there are no significant
changes between the drug treatment and model groups, the
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mRNA value was showing a decreased trend compared with
the model group, after the treatment with DHI and BNC
[31].

4. Discussion

It is vital for TF regulation of pathogenesis processes in cerebral
ischemia. Herein, large-scale quantitative profiling of transcrip-
tion factors was used to comprehensively explore the transcrip-
tion factors in MCAO-induced cerebral ischemia. Importantly,
the catTFREs method with high-throughput nature, depth of
coverage, and high quantitative accuracy can reduce the noise
in high-throughput data and reveal the pathogenesis processes
in depth of coverage. Pharmacology results indicated that
MACO resulted in neurologic function dysfunction, but this
injury was relieved by treatment with DHI and BNC. Based
on the reliable preventive and protective effect of DHI and
BNC against cerebral ischemia, the catTFREs method and
network pharmacology were integrated, and six critical TFs
were initially screened out. Among these six TFs, Egrl and
Smad3 were reversed by DHI and BNC; the others were
reversed by DH or BNC. According to the PPI analysis and
literature, Smad3 were identified as hub TFs and interacted
with other five TFs, indicating Smad3 served as a hub TF and
interacted with other five TFs to respond to ischemia stroke.
Further validation of Smad3 reveals that Smad3 were putative
targets of BNC and DHI against cerebral ischemia, indicating

a different medication may regulate common transcriptional
unit through synergy between Smad3 and other TFs.

After cerebral ischemia, a large number of reactive
oxygen species and inflammatory cytokines were produced;
oxidative and inflammatory injury even apoptosis occurred.
Emergence evidence indicated that TFs were significant for
the regulation of pathogenesis processes in cerebral ischemia.
By making use of the catTFREs method, it offers the
opportunity to comprehensively investigate TF function with
a low noisy but high throughput and quantity in cerebral
ischemia. In this study, six vital TFs were screened out and
identified differentially expressed in the sham and model
groups, involving various biological processes and molecular
functions such as DNA binding, transcription neuron
differentiation, and hypoxia (Figure 4(b)). The alteration in
these molecules may reveal critical information regarding
the clarification of roles of TFs behind the disease. As a mem-
ber of the early growth response family of Cys 2 His 2-type
zinc finger proteins which served as amongst the first pool
of genes activated by different physiological stimuli, Egrl is
a sequence-specific transcription factor known to be induced
by hypoxia and important in vascular homeostasis [32-34].
Egrl was found to rapid activation in response to oxygen
deprivation underlying ischemic stress [35] and participated
in the regulation of inflammation and neuronal damage and
resulted in secondary brain damage after cerebral ischemia
indicating a variety of downstream genes were activated
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[36-40]. Egrl upregulated in MCAO mice in this study
which was reported sharply increased after ischemic stroke
[26]. Egrl was enriched in many biological processes,
especially hypoxia and ischemia in this study by GO analysis.
As a member of the bZIP superfamily, the cAMP response
element-binding protein 1 (Crebl) plays a significant role
in neural development and neuronal survival. Lacking Crebl
contributes to apoptosis, axonal growth defects, and degener-
ation of peripheral neurons which suggest the importance of
Crebl in neuronal survival and development [41]. Crebl
could bind to Egrl promoters [27]. As a member of the bZIP
superfamily, the cAMP response element-binding protein 1
(Crebl) was observed improving interaction with Ergl after
hypoxia [42]. Crebl and Egrl exhibited a synergistic role in
governing MAO-B gene expression under basal and
dopamine-induced conditions [43]. Crebl was decreased in
the model group compared with the sham group and also
involved in the diverse biological process especially in
response to hypoxia and regulation of transforming growth
factor-beta production which was one of the TGF-f signaling
molecules. Transforming growth factor  (TGF-f) family,
including TGF-f3s and bone morphogenetic proteins (BMPs),
serves a pivotal function in the pathogenesis of CNS disorders,
especially in cerebral ischemia [44-46]. Smads was activated
via BMPs and binds to their specific receptors; then,
phosphorylated Smad3 and Smad4 proteins aggregate into
complexes, transfer to the nucleus, and react with specific
transcription factors or DNA elements to function as tran-
scription factors, thereby regulating the expression of target

genes [44]. Herein, Smad3 and Smad 4 were elevated in the
model group compared with the sham group, indicating the
Smad3 signaling cascade was induced after 6h ischemia.
Forkhead box O1 (FoxOl) belongs to the FoxO subfamily.
Growing evidence suggested FoxOl is critical in cell cycle,
apoptosis, energy homeostasis, and regulation of antioxidant
genes to exhibit protective effect against oxidative stress,
indicating FoxOl is a vital mediator of oxidative stress [47].
As a member of the Sox family, SRY (sex-determining region
Y)-box 2 (Sox2) is expressed at an early stage of central neural
system development and marks neural stem cells [48]. Sox2
deficiency causes neurodegeneration and impaired neurogen-
esis in the adult mouse, such as intervening Alzheimer’s
disease development by decreasing the f-amyloid precursor
protein [49], protecting neurons from excitotoxicity by
BnNOS-Sox2-Shh axis [50, 51]. Based on the KEGG pathway
and GO enrichment analysis, 6 critical TFs were more
frequently involved in the BMP signaling pathway (Egrl and
Smad4), FoxO signaling (Smad4, Smad3, and FoxOl), trans-
forming TGF-f production, and TGF-f signaling (crebl,
Smad4, and Smad3), which were all important in pathological
processes of cerebral ischemia.

In order to test the effectiveness of our strategy, DHI and
BNC were both used to reveal critical TFs in response to
MCAO-induced cerebral ischemia. In this study, MCAO
was performed to confirm the preventive and protective
effect of DHI and BNC in reduced neuron injury. After the
catTFREs method and the intensity-based absolute quantifi-
cation (iBAQ-) based quantification approach analysis, there



were 186 TFs activated in BNC and 151 TFs in the DHI
group. Consistent with the results from DHI, the enrichment
results implied BNC mediated TFs related to the biological
process of response to hypoxia, transforming the TGF-f
production and the pathway of FoxO1 signaling. Although
the BNC and DHI may intervene in some similar biological
processes and pathways, they may play a different role in
some TFs. Sox2 was found to be interacting with Smad3,
and Sox2 loss antagonized TGF-f1 signaling by interacting
with Smad3 in vivo [52]. Crebl, related to response to
hypoxia, can cooperate with Smad3 to mediate a maximal
induction of Smad7 transcription following stimulation by
TGEF-B3 [53, 54]. FoxOl, only reversed by BNC, serves as
the target of TGF-1/Smad3 to promote hepatic gluconeo-
genesis [55]. The analysis showed that DHI and BNC may
intervene in different targets of some similar cellular pro-
cesses indicating they both have a common intervention
pattern.

5. Conclusions

In this study, large-scale quantitative profiling and network
pharmacology were used to construct the imbalanced
network of TFs after cerebral ischemia and critical TFs against
cerebral ischemia by medication, BuChang NaoXinTong Cap-
sules (BNC), and Danhong injection (DHI). The in-depth and
high quantitative accuracy of the catTFREs method analysis
makes it possible and highly valuable for the investigation of
TFs alteration response to cerebral ischemia. In this study, this
stratagem was used to investigate the TF alteration responded
to cerebral ischemia and common transcriptional regulatory
of different drugs, DHI and BNC, which exhibited preventive
effect in the pharmacology experiment. After investigation of
the six key TFs by network pharmacology, Smad3 were found
to be the hub TFs connected to other five TFs and constructed
the common unit of TFs of DHI and BNC. Further validation
indicated that Smad3 and other five TFs are putative target
TFs for DHI and BNC against cerebral ischemia. The observa-
tions of the present study provide a novel understanding
regarding the regulatory mechanism of cerebral ischemic
injury, and the common unit of transcriptional regulation
found in this study may result in the discovery of novel candi-
dates for the surveillance of cerebral ischemic injury.

Data Availability

Please contact the corresponding author to access the data
supporting this study.

Conflicts of Interest

The authors declare no conflict of interest.

Authors’ Contributions

The study conceptualization was done by S.T., JW.,and H.Y.
The animal study was conducted by T.W. and Y.Z. The data
and network pharmacology analysis was done by F.G. and
J.X. EMSA and qPCR were done E.J. and ].X. J.X. wrote and

Oxidative Medicine and Cellular Longevity

prepared the original draft. ].W. wrote, reviewed, and edited
the manuscript. All authors have read and agreed to the pub-
lished version of the manuscript.

Acknowledgments

This research was funded by the National Natural Science
Foundation of China (No. 81673700, No. 81330086 and
No0.81973711) and National Science and Technology Major
Projects for “Major New Drugs Innovation and Develop-
ment” of China (2019ZX09201005 and 2019ZX09721001-
005-002).

Supplementary Materials

Figure S1. Protective effect of different dose BNC on MCAO
mice. Neurological score (A); infarct rate (B) and TTC stain-
ing of the brain (C). *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 BNC group or DHI group or Ginaton group
versus the MCAO group. Tables S1 and S2 are the data for

the manuscript. (Supplementary Materials)

References

[1] S.S. Virani, A. Alonso, E. J. Benjamin et al., “Heart Disease and
Stroke Statistics-2020 update: a report from the American
Heart Association,” Circulation, vol. 141, no. 9, pp. el39-
€596, 2020.

[2] J. H. Yi, S. W. Park, R. Kapadia, and R. Vemuganti, “Role of
transcription factors in mediating post-ischemic cerebral
inflammation and brain damage,” Neurochemistry Interna-
tional, vol. 50, no. 7-8, pp. 1014-1027, 2007.

[3] Q. T. Meng, R. Chen, C. Chen et al., “Transcription factors
Nrf2 and NF-«xB contribute to inflammation and apoptosis
induced by intestinal ischemia-reperfusion in mice,” Interna-
tional Journal of Molecular Medicine, vol. 40, no. 6,
pp. 1731-1740, 2017.

[4] C.]. Yang, J. Yang, Z. X. Fan, and J. Yang, “Activating tran-
scription factor 3-an endogenous inhibitor of myocardial
ischemia-reperfusion injury (review),” Molecular Medicine
Reports, vol. 13, no. 1, pp. 9-12, 2016.

[5] Z.Zhang, L. Yao, ]. Yang, Z. Wang, and G. Du, “PI3K/Akt and
HIF-1 signaling pathway in hypoxia-ischemia (review),”
Molecular Medicine Reports, vol. 18, no. 4, pp. 3547-3554,
2018.

[6] Y. L. Deng, Y. L. Ma, Z. L. Zhang et al., “Astrocytic N-Myc
downstream-regulated Gene-2 is involved in nuclear tran-
scription factor kB-mediated inflammation induced by global
cerebral ischemia,” Anesthesiology, vol. 128, no. 3, pp. 574-
586, 2018.

[7] Z. Liang, G. Wu, C. Fan et al,, “The emerging role of signal
transducer and activator of transcription 3 in cerebral ischemic
and hemorrhagic stroke,” Progress in Neurobiology, vol. 137,
pp- 1-16, 2016.

[8] H.Zhao, X.Y. Gao, Z. H. Liu et al., “Effects of the transcription
factor Oligl on the differentiation and remyelination of oligo-
dendrocyte precursor cells after focal cerebral ischemia in
rats,” Molecular Medicine Reports, vol. 20, no. 5, pp. 4603-
4611, 2019.


http://downloads.hindawi.com/journals/omcl/2020/5879852.f1.zip

Oxidative Medicine and Cellular Longevity

(9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

[22]

W. Songsong, X. Haiyu, M. Yan et al., “Characterization and
rapid identification of chemical constituents of NaoXinTong
capsules by UHPLC-linear ion trap/Orbitrap mass spectrome-
try,” Journal of Pharmaceutical and Biomedical Analysis,
vol. 111, pp. 104-118, 2015.

L.L.Xu, Z. P. Shang, T. Bo et al., “Rapid quantitation and iden-
tification of the chemical constituents in Danhong Injection by
liquid chromatography coupled with orbitrap mass spectrom-
etry,” Journal of Chromatography. A, vol. 1606, article 460378,
2019.

F. Zhang, B. Huang, Y. Zhao et al., “BNC protects H9¢2 cardi-
omyoblasts from H 2 O 2 -induced oxidative injury through
ERK1/2 signaling pathway,” Evidence-based Complementary
and Alternative Medicine, vol. 2013, Article ID 802784, 12
pages, 2013.

J. Xu, X. Liu, L. Luo et al., “A metabonomics investigation into
the therapeutic effects of BuChang NaoXinTong capsules on
reversing the amino acid-protein interaction network of cere-
bral ischemia,” Oxidative Medicine and Cellular Longevity,
vol. 2019, Article ID 7258624, 14 pages, 2019.

H. Guo, M. ]. Li, Q. Q. Liu et al., “Danhong injection attenuates
ischemia/reperfusion-induced brain damage which is associat-
ing with Nrf2 levels in vivo and in vitro,” Neurochemical
Research, vol. 39, no. 9, pp. 1817-1824, 2014.

Q. Zhou, M. Liu, X. Xia et al., “A mouse tissue transcription
factor atlas,” Nature Communications, vol. 8, no. 1, article
15089, 2017.

C. Ding, D. W. Chan, W. Liu et al., “Proteome-wide profiling
of activated transcription factors with a concatenated tandem
array of transcription factor response elements,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 110, no. 17, pp. 6771-6776, 2013.

E. Z. Longa, P. R. Weinstein, S. Carlson, and R. Cummins,
“Reversible middle cerebral artery occlusion without craniect-
omy in rats,” Stroke, vol. 20, no. 1, pp. 84-91, 1989.

J. Wei, Y. Zhang, Q. Jia et al., “Systematic investigation of tran-
scription factors critical in the protection against cerebral
ischemia by Danhong injection,” Scientific Reports, vol. 6,
no. 1, article 29823, 2016.

F. Liu, D. P. Schafer, and L. D. McCullough, “TTC, fluoro-Jade
B and NeuN staining confirm evolving phases of infarction
induced by middle cerebral artery occlusion,” Journal of Neu-
roscience Methods, vol. 179, no. 1, pp. 1-8, 2009.

B. Lapergue, B. Q. Dang, J. P. Desilles et al., “High-density
lipoprotein-based therapy reduces the hemorrhagic complica-
tions associated with tissue plasminogen activator treatment in
experimental stroke,” Stroke, vol. 44, no. 3, pp. 699-707, 2013.
D. W. Huang, B. T. Sherman, and R. A. Lempicki, “Bioinfor-
matics enrichment tools: paths toward the comprehensive
functional analysis of large gene lists,” Nucleic Acids Research,
vol. 37, no. 1, pp. 1-13, 2009.

A. Hamosh, A. F. Scott, J. S. Amberger, C. A. Bocchini, and
V. A. McKusick, “Online Mendelian Inheritance in Man
(OMIM), a knowledgebase of human genes and genetic disor-
ders,” Nucleic Acids Research, vol. 33, no. Database issue,
pp. D514-D517, 2004.

D. S. Wishart, C. Knox, A. C. Guo et al,, “DrugBank: a compre-
hensive resource for in silico drug discovery and exploration,”
Nucleic Acids Research, vol. 34, no. 90001, pp. D668-D672,
2006.

(23]

(24]

(25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

D. Szklarczyk, A. Franceschini, S. Wyder et al., “STRING v10:
protein-protein interaction networks, integrated over the tree
of life,” Nucleic Acids Research, vol. 43, no. D1, pp. D447~
D452, 2015.

J. Xu, L. Tang, Q. Zhang et al., “Relative quantification of neu-
ronal polar lipids by UPLC-MS reveals the brain protection
mechanism of Danhong injection,” RSC Advances, vol. 7,
no. 72, pp. 45746-45756, 2017.

B. Schwanhdusser, D. Busse, N. Li et al., “Global quantification
of mammalian gene expression control,” Nature, vol. 473,
no. 7347, pp. 337-342, 2011.

L. Yang, Y. Jiang, Z. Wen et al., “Over-expressed EGR1 may
exaggerate ischemic injury after experimental stroke by
decreasing  BDNF expression,” Neuroscience, vol. 290,
pp. 509-517, 2015.

S. San-Marina, Y. Han, F. Suarez Saiz, M. R. Trus, and M. D.
Minden, “Lyll interacts with CREB1 and alters expression of
CREB1 target genes,” Biochimica et Biophysica Acta,
vol. 1783, no. 3, pp- 503-517, 2008.

J. Fortin and D. J. Bernard, “SMAD3 and EGR1 physically and
functionally interact in promoter-specific fashion,” Cellular
Signalling, vol. 22, no. 6, pp. 936-943, 2010.

L. Rodon, A. Gonzalez-Junca, M. del Mar Inda, A. Sala-Hoj-
man, E. Martinez-Saez, and J. Seoane, “Active CREBI1 pro-
motes a malignant TGFf2 autocrine loop in glioblastoma,”
Cancer Discovery, vol. 4, no. 10, pp. 1230-1241, 2014.

M. Belli, C. Secchi, D. Stupack, and S. Shimasaki, “FOXO1
negates the cooperative action of FOXL2C134W and SMAD3
in CYP19 expression in HGrCl cells by sequestering SMAD3,”
Journal of the Endocrine Society, vol. 3, no. 11, pp. 2064-2081,
2019.

J. Zhao, M. Lee, S. Smith, and D. Warburton, “Abrogation of
Smad3 and Smad2 or of Smad4 gene expression positively reg-
ulates murine embryonic lung branching morphogenesis in
culture,” Developmental Biology, vol. 194, no. 2, pp. 182-195,
1998.

K. Tamama and D. J. Barbeau, “Early growth response genes
signaling supports strong paracrine capability of mesenchymal
stem cells,” Stem Cells International, vol. 2012, Article ID
428403, 7 pages, 2012.

P. Schalch, G. Patejunas, M. Retuerto et al, “Homozygous
deletion of early growth response 1 gene and critical limb
ischemia after vascular ligation in mice: evidence for a central
role in vascular homeostasis,” The Journal of Thoracic and
Cardiovascular Surgery, vol. 128, no. 4, pp. 595-601, 2004.
S.F.Yan,]. Lu, Y. S. Zou et al., “Hypoxia-associated induction
of early growth response-1 gene expression,” The Journal of
Biological Chemistry, vol. 274, no. 21, pp. 15030-15040, 1999.
S. F. Yan, T. Fujita, J. Lu et al., “Egr-1, a master switch coordi-
nating upregulation of divergent gene families underlying
ischemic stress,” Nature Medicine, vol. 6, no. 12, pp. 1355-
1361, 2000.

J. Milbrandt, “A nerve growth factor-induced gene encodes a
possible transcriptional regulatory factor,” Science, vol. 238,
no. 4828, pp. 797-799, 1987.

M. Nour, E. Scalzo, and D. S. Liebeskind, “Ischemia-reperfu-
sion injury in stroke,” Interventional neurology, vol. 1, no. 3-
4, pp. 185-199, 2013.

K. Tureyen, N. Brooks, K. Bowen, J. Svaren, and R. Vemuganti,
“Transcription factor early growth response-1 induction medi-
ates inflammatory gene expression and brain damage



10

(39]

(40]

[41]

(42]

(43]

(44]

(45]

(46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

following transient focal ischemia,” Journal of Neurochemistry,
vol. 105, no. 4, pp. 1313-1324, 2008.

T. B. Liang, K. Man, T. Kin-Wah Lee et al,, “Distinct intragraft
response pattern in relation to graft size in liver transplanta-
tion,” Transplantation, vol. 75, no. 5, pp. 673-678, 2003.

M. Okada, S. Fang Yan, and D. J. Pinsky, “Peroxisome
proliferator-activated receptor-y (PPAR-y) activation sup-
presses ischemic induction of Egr-1 and its inflammatory gene
targets,” The FASEB Journal, vol. 16, no. 14, pp. 1861-1868,
2002.

B. E. Lonze, A. Riccio, S. Cohen, and D. D. Ginty, “Apoptosis,
axonal growth defects, and degeneration of peripheral neurons
in mice lacking CREB,” Neuron, vol. 34, no. 3, pp. 371-385,
2002.

S. Kant, S. M. Craige, K. Chen et al., “Neural JNK3 regulates
blood flow recovery after hindlimb ischemia in mice via an
Egrl/Crebl axis,” Nature Communications, vol. 10, no. 1,
p- 4223, 2019.

V. Arige, A. Agarwal, A. A. Khan et al., “Regulation of mono-
amine oxidase B gene expression: key roles for transcription
factors Sp1, Egrl and CREB, and microRNAs miR-300 and
miR-1224,” Journal of Molecular Biology, vol. 431, no. 6,
pp. 1127-1147, 2019.

N. G. Frangogiannis, “The inflammatory response in myocar-
dial injury, repair, and remodelling,” Nature Reviews Cardiol-
0gy, vol. 11, no. 5, pp- 255-265, 2014.

R. M. Lyons and H. L. Moses, “Transforming growth factors
and the regulation of cell proliferation,” European Journal of
Biochemistry, vol. 187, no. 3, pp. 467-473, 1990.

K. M. Dhandapani and D. W. Brann, “Transforming growth
factor-beta: a neuroprotective factor in cerebral ischemia,” Cell
Biochemistry and Biophysics, vol. 39, no. 1, pp. 13-22, 2003.

A. Buisson, S. Lesne, F. Docagne et al., “Transforming growth
factor-beta and ischemic brain injury,” Cellular and Molecular
Neurobiology, vol. 23, no. 4/5, pp. 539-550, 2003.

A. Eijkelenboom and B. M. Burgering, “FOXOs: signalling
integrators for homeostasis maintenance,” Nature Reviews
Molecular Cell Biology, vol. 14, no. 2, pp. 83-97, 2013.

A. A. Avilion, S. K. Nicolis, L. H. Pevny, L. Perez, N. Vivian,
and R. Lovell-Badge, “Multipotent cell lineages in early mouse
development depend on SOX2 function,” Genes ¢ Develop-
ment, vol. 17, no. 1, pp. 126-140, 2003.

A. L. Ferri, M. Cavallaro, D. Braida et al., “Sox2 deficiency
causes neurodegeneration and impaired neurogenesis in the
adult mouse brain,” Development, vol. 131, no. 15, pp. 3805-
3819, 2004.

D. Zhang, H. Wang, H. Liu, T. Tao, N. Wang, and A. Shen,
“nNOS translocates into the nucleus and interacts with Sox2
to protect neurons against early excitotoxicity via promotion
of Shh transcription,” Molecular Neurobiology, vol. 53, no. 9,
pp. 6444-6458, 2016.

D. H. Tompkins, V. Besnard, A. W. Lange et al.,, “Sox2 is
required for maintenance and differentiation of bronchiolar
Clara, ciliated, and goblet cells,” PLoS One, vol. 4, no. 12, article
€8248, 2009.

L. Deng, L. Huang, Q. Guo, X. Shi, and K. Xu, “CREBI and
Smad3 mediate TGF-f3-induced Smad7 expression in rat
hepatic stellate cells,” Molecular Medicine Reports, vol. 16,
no. 6, pp. 8455-8462, 2017.

(54]

(55]

Oxidative Medicine and Cellular Longevity

G. Liu, W. Ding, J. Neiman, and K. M. Mulder, “Requirement
of Smad3 and CREB-1 in Mediating Transforming Growth
Factor-f3 (TGFp) Induction of TGFf3 Secretion,” The Journal
of Biological Chemistry, vol. 281, no. 40, pp. 29479-29490,
2006.

K. C. Arden, “FoxO: linking new signaling pathways,” Molecu-
lar Cell, vol. 14, no. 4, pp. 416-418, 2004.



	Systematical Identification of the Protective Effect of Danhong Injection and BuChang NaoXinTong Capsules on Transcription Factors in Cerebral Ischemia Mice Brain
	1. Introduction
	2. Materials and Methods
	2.1. Animals and Reagents
	2.2. MCAO Surgery and Drug Administration
	2.3. catTFRE Pull-Down and Trypsin Digestion
	2.4. LC-ESI-MS/MS Measurement and Protein Quantifications
	2.5. Gene Ontology and Pathway Enrichment Analysis and Significant TF Identification
	2.6. EMSA and qPCR
	2.7. Statistical Analysis

	3. Results
	3.1. DHI and BNC Exhibited the Protection Effect against Ischemic Stroke
	3.2. Alteration of Transcription Factors Activities after Cerebral Ischemia
	3.3. Alteration of TFs after Treatment with DHI and BNC on TFs against Cerebral Ischemia
	3.4. Potential TFs Synergy of DHI and BNC

	4. Discussion
	5. Conclusions
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

