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Salvianolic acid B alleviates neurological injury by upregulating
stanniocalcin 1 expression
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Background: Salvianolic acid B (Sal B) is a representative component of phenolic acids derived from the
dried root and rhizome of Salvia miltiorrhiza Bge. (Labiatae), which promotes angiogenesis in myocardial
infarction and diabetic cardiomyopathy. However, whether Sal B has a neuroprotective function in ischemic
stroke by promoting angiogenesis is still unclear.

Methods: In the present study, ischemic stroke models were induced in rats by middle cerebral artery
occlusion (MCAO), and Sal B (10 or 20 mg/kg/d) was intraperitoneally injected according to a previous
study. Neurological deficits were evaluated by the modified Longa five-point scale, modified Bederson scores
and cerebral infarction sizes by triphenyltetrazolium chloride (T'T'C) staining. Apoptotic cells were tested
by cleaved-caspase3 immunofluorescence staining and an in situ cell death (TUNEL) detection kit. Human
umbilical vein endothelial cells (HHUVECsS) exposed to hypoxia were used to investigate the effects of Sal B
on angiogenesis and tube formation 7z vitro.

Results: Sal B ameliorated the neurological deficits, decreased the cerebral infarction volumes in rats
with ischemic stroke, significantly increased the expression of vascular endothelial growth factor receptor 2
(VEGFR2) and VEGFA and promoted angiogenesis both iz vivo and in vitro. Furthermore, Sal B increased
stanniocalcin 1 (STC1) expression, induced the phosphorylation of protein kinase B (AKT) and mammalian
target of rapamycin (mTOR) activity, enhanced cell migration, and activated VEGFR2/VEGFA signaling in
endothelial cells.

Conclusions: This study showed that Sal B promoted angiogenesis and alleviated neurological apoptosis
in rats with ischemic stroke by promoting STCI.
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Introduction

Stroke is a common condition, leading to serious
mortality and long-term disability worldwide. Ischemic
stroke accounts for approximately 87% of stroke
cases (1). No currently known medications are effective
for managing acute ischemic stroke in conjunction with
vascular recanalization and supportive care (2). Therefore,
identifying a drug that is able to alleviate ischemic cerebral
apoplexy is vital. Restoring cerebral blood flow and saving
dying neurons is considered to be an effective therapy for
ischemic brain injury (3). Emerging evidence suggests
that angiogenesis promotes survival after ischemic stroke,
reduces rodent cerebral infarction volumes and improves
neurological function (4,5).

Salvianolic acid B (Sal B) is one of the most abundant
water-soluble compounds extracted from Salvia miltiorrhiza
(Danshen), and it is widely used for treating cardiovascular
vascular diseases (6). Sal B has been found to possess
potent antioxidative capabilities due to its polyphenolic
structure (7). Recently, intracellular signaling pathways
regulated by Sal B have been investigated both in vitro
and in vive in various cardiovascular experiments (7,8).
The cardiovascular protection by salvianolic acids is
not only because they act as reactive oxygen species
scavengers but also because they inhibit inflammation and
metalloproteinase expression in aortic smooth muscle cells.
Moreover, salvianolic acid has been reported to enhance
angiogenesis in vitro, and our previous study found that
Sal B could alleviate cardiac fibrosis and remodeling in
diabetic cardiomyopathy via fostering angiogenesis (9,10).
Therefore, we speculated that Sal B could protect neurons
from ischemia via angiogenesis.

Stanniocalcin-1 (STC-1) was first found to be a
glycoprotein hormone in the corpuscles of Stannius bony
fish. Increasing evidence indicates that STC-1 may be
associated with controlling the angiogenic process (11,12).
Although previous studies have suggested that STC-1
is highly expressed and associated with the regulation of
VEGE, modulating angiogenesis, the impact of STC-1 on
neurological injury remains unclear. Herein, we investigated
whether Sal B enhances vascular density in ischemic stroke
and decreases neurological injury and whether these effects
are dependent on STC-1 expression. We present the
following article in accordance with the ARRIVE reporting
checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-21-4779/rc).
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Methods
Animal model and experimental protocol

Male Sprague-Dawley rats (200-230 g) were purchased
from Vital River Laboratory Animal Technology Co.
(Beijing), housed at a constant temperature (24 °C), and
given a standard diet. Adult animals were subjected to
middle cerebral artery occlusion (MCAO) by using the
intraluminal suture model. First, after anesthetization
with 1% pentobarbital sodium, the right common carotid
artery, external carotid artery and internal carotid artery
were isolated. A monofilament nylon suture with a silicone-
coated tip (L3200, Jialing Biotech, Guangzhou, China)
was inserted into the external carotid artery lumen and
advanced into the internal carotid artery for approximately
2 cm to block the origin of the middle cerebral artery.
Occlusion was performed for 2 h, and then the nylon
suture was withdrawn for reperfusion. Sham surgery rats
underwent the same procedure but without the suture
inserted. Rats were randomly divided into four groups for
treatment: sham surgery (sham); MCAO; MCAO with Sal B
10 mg/kg/d (Sal B-L); and MCAO with Sal B 20 mg/kg/d
(Sal B-H) according to our previous study (13,14). Sal B
was administered every day by intraperitoneal injection for
3 weeks. The sham and MCAO groups received equal
volume of saline.

Experiments were performed under a project license
(No. DWLL-2021-140) granted by committee board of
Qilu hospital, in compliance the Guide for the Care and
Use of Laboratory Animals published by the US National
Institutes of Health and Shandong University.

Neurological functional assessments

Neurological function was evaluated at 2 and 3 weeks after
MCAO surgery in a blinded manner by using the modified
Longa five-point scale and modified Bederson score as
previously described (15,16). The modified Longa five-
point scale was as follows: 0: no apparent neurological
deficits; 1: left forelimb flexion; 2: spontaneous left circling;
3: falls to the left; and 4: no spontaneous movement or
loss of consciousness. Rats with scores of 1-3 points were
used in this study. The modified Bederson scores were as
follows: 0, no deficit; 1, lost forelimb flexion; 2, as for 1, but
plus decreased resistance to lateral push; 3, unidirectional
circling; 4, displayed longitudinal spinning or seizure
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activity; and 5, showed no movement.

Measurement of brain infarct volumes

3 weeks after surgery, rats were sacrificed under deep
anesthesia. After transcardial perfusion with ice-
cold phosphate buffer saline (PBS), brains were sliced
into 2.0 mm sections and immersed in 2% TTC
(2,3,5-triphenyltetrazolium chloride, Sigma-Aldrich, St.
Louis, MO, USA) for 30 min. Normal brain tissue appeared
red, and infarcted tissue appeared pale gray. Images were
taken of the slices, and infarct volumes were calculated by
using Image-Pro Plus 6.0 (Media Cybernetics) by a blinded
investigator.

Primary cortical neuronal cultures

Primary neuron-enriched cell cultures of cerebral cortex
prepared from newborn rats were isolated in a sterile
fashion, cut into blocks (I mm?*), and digested in phosphate-
buffered saline (PBS) containing 0.125% (w/v) trypsin
(Sigma) at 37 °C for 15 min. The reaction was terminated by
DMEM-HG culture (Dulbecco’s Modified Eagle Medium-
High Glucose culture) medium containing 10% (v/v) fetal
bovine serum (FBS). A single-cell suspension was prepared
and filtered with a 200-mesh screen. Cells were seeded onto
0.1 mg/mL polylysine (Sigma)-pretreated 6-well culture
plates at 1x10° cells/L and incubated in 5% CO, at 37 °C.
DMEM-HG culture medium was replaced by neurobasal
medium (Life Technologies, Carlsbad, CA, USA) buffered
with 4.8 mM HEPES (Sigma-Aldrich) and supplemented
2 h later with 2% (v/v) B-27 supplement (Life Technologies),
1.2 mM L-glutamine (Sigma-Aldrich), and 25 mg/L
gentamicin (Life Technologies). Cytarabine (10 pg/mL;
Sigma) was added on the third day for 24 h to inhibit glial
cell proliferation. Half of the culture medium was replaced
every 3 days. The cultures were maintained for 7 to 9 days
before the experiments.

Hematoxylin and eosin (H&E) and Nissl staining

Rats were anesthetized with anesthesia and transcardially
perfused with 30 mL PBS followed by 50 mL 4%
paraformaldehyde. Cerebral samples were fixed in 4%
paraformaldehyde for 24 h and then 5 mm paraffin sections
were made for subsequent analysis.
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Immunofluorescence staining

Cerebral samples were postfixed with 4% paraformaldehyde
for 24 h and then embedded in optimal cutting temperature
compound after cryoprotection in 20% and 30% sucrose
in 0.1 M PBS (pH 7.2) overnight. Tissue sections were first
incubated with the antibodies anti-MAP-2, anti-GFAP,
or anti-cleaved-caspase 3 (1:200; Abcam, Cambridge,
MA, USA) overnight at 4 °C, and then incubated with
antibodies goat anti-rabbit Alexa Fluor 594 (1:200) and
goat anti-mouse Alexa Fluor 488 (1:200) 30 minutes at
room temperature. Nuclei were counterstained with
40-6-diamidino-2-phenylindole (DAPI; Invitrogen). Data
were analyzed with ImageProPlus 6.0 (Media Cybernetics).

TUNEL staining

Apoptosis of rat cerebral tissue was detected using the
ApopTag Plus Peroxidase In Situ Apoptosis Detection Kit
(Millipore, MA, USA) according to the manufacturer’s
protocol. DAPI was used to stain the nuclei. Positive
cells were counted from five randomly selected fields in
nonconsecutive sections by using confocal microscopy.

Aortic ring angiogenesis assay

Diameter rings (1 mm) were sliced from the aortae of male
Sprague-Dawley rats (200-230 g), placed in a 96-well plate
coated with Matrigel Basement Membrane Matrix (BD
Biosciences, Billerica, MA, USA), and cultured with serum
from rats of the four groups. Serum was replaced every
2 days. On Day 10 of culture, explants were visualized under
an Olympus SZX16 Research stereo-zoom microscope.
The number of sprouts was counted manually. Three
independent experiments were used for each treatment.

Western blot analysis

Equal amounts of protein were separated by 10% SDS-
PAGE and then transferred to polyvinylidene fluoride
membranes. After incubation with the primary antibodies
and secondary antibody, the blots were analyzed using
enhanced chemiluminescence detection system. The
primary antibodies used were anti-STC1 (1:1,000, Santa
Cruz, Shanghai, China), anti-VEGFA (1:1,000; Abcam,
Shanghai, China), anti-VEGFR2, anti-AK'T, anti-
phosphorylated (p)-AKT, anti-mTOR, and anti-p-mTOR
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(1:1,000; Cell Signaling Technology, Shanghai, China).

Cell culture

Human umbilical vein endothelial cells (HUVECs)
(ATCC, Manassas, VA, USA) were cultured in
endothelial-cell medium supplemented with 5% FBS
and 1% endothelial-cell growth supplement. Cells were
cultured in a humidified normal air, 5% CO, incubator
or a humidified 5% CO,, 1% O, hypoxic incubator
at 37 °C. The 'medium was changed every 48 h. si-
STC1(5'- GACACAGUCAGCACAAUCATT-3"; 5'-
UGAUUGUGCUGACUGUGUCTT-3") and si-NC
duplexes (GeneChem, Shanghai, China) were transfected
into HUVECs by using Lipofectamine 3000. Then, the
cells were exposed to Sal B (50 pg/mL) for 24 h under
hypoxic conditions (1% O,, 5% CO,).

Matrigel HUVEC tube formation assay

HUVECs were cultured on a 24 well flat-bottom plates
which were coated with 70 pL/well cold Matrigel (BD
Biosciences, Billerica, MA, USA) and incubated for
30 min at 37 °C to allow gelation. Results was evaluated via
calculating the amount of branch points using Image].

Cell migration assay

Cell motility was examined by scratch assays. Cells were
seeded in 6-well plates and transfected with STC1 siRNA
until the cells reached 100% confluence. An artificial
gap was generated by scratching the cells with a 200 pm
pipette tip. Images were taken immediately and after Sal B
administration under hypoxia for 24 h.

Cell migration was examined in Transwell chambers.
The upper chambers were loaded with HUVECs, and
500 pL endothelial-cell medium containing 5% FBS with or
without 50 pg/mL Sal B was loaded into the lower chamber
for 24 h at 37 °C in a normoxic or hypoxic incubator. Cells
on the upper surface were removed with a cotton swab, and
then the migrated cells were fixed with 4% formaldehyde
and stained with 0.1% crystal violet.

Statistical analysis

Data collected from no less than 3 independent experiments
are shown as the mean = standard error of the mean (SD).
Statistical analysis involved one-way ANOVA (Analysis of
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Variance) followed by Tukey’s test with SPSS v16.0 (SPSS,
Chicago, IL, USA). Statistical significance was set at P<0.05.

Results
Sal B attenuates ischemic brain injury in MCAO rats

To ascertain the role of Sal B in ischemic stroke, we detected
infarct volumes and neurological deficit scores in rats
3 weeks after surgery. TTC staining showed significantly
extensive infarct volumes in the MCAO group compared
with the sham group, while Sal B at low and high doses
significantly reduced the area of infarction (Figure 1A,1B).
Moreover, using the Longa five-point neurological and the
modified Bederson neurological score system, we found
that Sal B administration could significantly improve
behavioral motor deficits compared with the MCAO group
(Figure 1C,1D). H&E staining in the cerebral cortex
region and Nissl staining in the hippocampus region were
performed to observe the neuroprotective function of Sal
B. Compared with normal nerve cells in sham rats, nerve
cells in the infarct area were extensively damaged in MCAO
rats, and the surviving neuron number was decreased
significantly. However, Sal B administration alleviated the
damage (Figure 1L, IF).

Sal B alleviates neuronal apoptosis in MCAO rats

To assess the role of Sal B in neuronal apoptosis, we
quantified neuronal cell death by cleaved-caspase3
immunohistochemistry and TUNEL staining. Apoptotic
neurons were increased in number in the cerebral cortex
region of MCAO rats compared with sham rats, and Sal
B treatment markedly reduced the number of apoptotic
neurons (Figure 24-2D). Additionally, western blot analysis
(Figure 2E,2F) further confirmed an increase in the
apoptosis proteins Bax and Bcl2 in MACO rats, which was
attenuated by Sal B administration.

Sal B alleviates primary cortical neuronal apoptosis

To investigate the protective effect of Sal B on neurons
specifically, not glial cells, which are both major cellular
components of brain tissue, we subjected primary
cortical neurons to serum of rats from the four groups.
Primary cortical neurons were identified by MAP-2
immunofluorescence staining, distinguished from glial

cells identified by GFAP (Figure 34). Then, we assessed
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Figure 1 Sal B attenuates ischemic brain injury in MCAO rats. (A) Representative images of serial brain sections showing ischemic infarct
in white as determined by TTC staining in the four rat groups: SH; OG; Sal B-L (10 mg/kg/d); Sal B-H (20 mg/kg/d). (B) Quantitative
analysis of the infarction volume. (C) Quantitative analysis of neurological outcomes of MCAO rats as measured with a 5-point NSS scale.
(D) Quantitative analysis of neurological outcomes of MCAO rats as measured with modified Bederson scores. (E) Representative images of
the cerebral cortex region with H&E staining (top row). Representative images of the hippocampal region with Niss! staining (bottom row)
(n=6 per group, scale bar: 50 pm). (F) Quantification of neuron counts were shown using mean = SD. *, P<0.05, **, P<0.01, ***, P<0.001. Sal B,
salvianolic acid B; MCAO, middle cerebral artery occlusion; TTC, triphenyltetrazolium chloride; SH, sham operation rats intraperitoneally
injected with saline; OG, rats with MCAO intraperitoneally injected with saline; Sal B-L, MCAO rats intraperitoneally injected with a low (L)
dose of Sal B; Sal B-H, MCAO rats intraperitoneally injected with a high (H) dose of Sal B; NSS, neurological severity score.
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Figure 2 Sal B alleviates neuronal apoptosis in MCAO rats. (A) Representative images of TUNEL staining (red) in the cerebral cortex region.
Scale bars =50 pm. (B) Representative images of immunofluorescence staining for cleaved-caspase3 (red) expression in the cerebral cortex region.
Scale bars =50 pm. (C,D) Quantitative analysis of the number of TUNEL- and cleaved-caspase3-positive neurons. (E,F) Western blot analysis of
Bax and Bcl2 expression and the ratio of Bax to Bcl2 in rats. (n=6 per group). Data are mean = SD. *, P<0.05, ***, P<0.001. Sal B, salvianolic acid
B; MCAO, middle cerebral artery occlusion; TUNEL, Terminal deoxynucleotidyl transferase dUTP nick end labeling; SH, sham operation rats
intraperitoneally injected with saline; OG, rats with middle cerebral artery occlusion intraperitoneally injected with saline; Sal B-L, MCAO rats
intraperitoneally injected with a low (L) dose of Sal B; Sal B-H, MCAO rats intraperitoneally injected with a high (H) dose of Sal B.
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primary neuronal cell apoptosis by co-staining for the
neuronal marker MAP-2 and TUNEL. Consistent with
our expected results, neurons exposed to hypoxia and serum
from MCAO rats for 24 h showed higher levels of apoptosis
compared with neurons from rats exposed to normoxia
and serum from sham rats. Treatment with Sal B at low
and high doses reduced the number of apoptotic neurons
(Figure 3B-3D). We examined the activity of cleaved
caspase-3, Bax and Bcl2 by western blot analysis. Similar
to the results iz vivo, in vitro, increased neuronal apoptosis
under hypoxia and serum from MCAO rats could be
attenuated by Sal B administration (Figure 3E-3H).

Sal B promotes angiogenesis in vivo and in vitro

Neurogenesis is linked to angiogenesis in the ischemic
brain. New blood vessels in the ischemic brain provide
scaffolds to draw neuroblasts to the ischemic boundary
region. Additionally, activated cerebral endothelial cells in
angiogenic vessels secrete cytokines to attract neuroblasts
to the region. The blockage of stroke-induced angiogenesis
reduces neurogenesis (4,5). To evaluate the effect of Sal B
on microcirculation in MCAO rats, we evaluated capillary
density in vivo by CD31 immunohistochemistry. Ischemic
stroke in rats substantially diminished vessel density at
3 weeks after surgery; however, Sal B administration
increased the vessel density (Figure 44,4B). Meanwhile,
an aortic ring angiogenesis assay was performed to further
assess the pro-angiogenesis effect of Sal B. The number of
sprouts of aortic rings cultured with serum from MCAO
rats was significantly inhibited under hypoxia, while serum
from Sal B increased sprouts of aortic rings under hypoxia
(Figure 4C,4D).

Sal B promotes angiogenesis in ischemic stroke rats by
upregulating STCI activity

The heatmap shows that STCI1 was identified as one
of several hypoxia-responsive genes related to hypoxia-
driven angiogenesis (Figure 5A). Several reports found that
STCI could increase vascular density and is associated
with angiogenesis (12,17-19). To investigate whether
Sal B promotes angiogenesis by activating STC1, we
evaluated the expression of STC1 by immunohistochemical
staining and western blot analysis in vive and in vitro.
Immunohistochemical staining showed increased STCI1
expression in MCAO rats compared with sham rats,
and Sal B treatment further increased STCI expression

© Annals of Translational Medicine. All rights reserved.
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(Figure 5B,5C). Western blot analysis (Figure 5D, 5E)
confirmed an increase in STCI expression in MCAO rats
that was further increased by low and high doses of Sal B.
Similarly, Sal B administration increased STCI levels of
HUVECs compared with the group exposed to normoxia
and hypoxia (Figure SE5G). The aboce results indicated
that Sal B administration enhances angiogenesis in ischemic
stroke via targeting STCI.

To investigate how STCI regulates angiogenesis, we
investigated the role of STC1 in vessel formation. In the
Matrigel tube-formation assay, hypoxia significantly blocked
tube formation by HUVECs, whereas supplementing the
media with Sal B significantly increased tube formation
and branching, and siRNA-mediated inhibition of STCI1
remarkably enhanced the ability of Sal B to constitute
capillary-like structures (Figure 64,6B). Sal B upregulated
VEGFA and VEGFR2, but siRNA knockdown of STC1
expression reduced VEGFA and VEGFR2 expression
(Figure 6C). To reduce STCI1 expression, STC1 siRNA
was transfected into HUVECs. Sal B contributed to
HUVEC migration, which was counteracted by STCI
siRNA knockdown (Figure 6D-6G). Similar results were
obtained by Transwell chamber assays, which indicated that
knockdown of STCI expression could inhibit the invasion
of HUVEGs. These results suggested that blocking STC1
potentially attenuated angiogenesis under hypoxia.

Sal B induces AKT/mTOR phosphorylation by
upregulating STCI

The AKT/mTOR signaling pathway is involved in cell
migration and angiogenesis. In particular, accumulating
evidence has shown that the AKT/mTOR signaling pathway
plays an important role in stroke-induced angiogenesis
(5,20). Thus, we evaluated the phosphorylation of AK'T and
mTOR in HUVECs and the infarct area of rats. Low and
high doses of Sal B evidently enhanced the phosphorylation
of mMTOR and AKT in rats compared with sham and
MCADO rats (Figure 74,7B). Similarly, Sal B treatment
increased p-mTOR levels and phosphorylated (p)-AKT in
HUVECs (Figure 7C,7D) and STC1 inhibition reversed
the upregulating effects of Sal B on p-AKT and p-mTOR
levels.

Discussion

In this study, we investigated the effect of Sal B on
ischemic stroke in rats. Our results suggested that Sal B

Ann Transl Med 2022;10(13):739 | https://dx.doi.org/10.21037/atm-21-4779
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Figure 3 Serum containing Sal B alleviates primary cortical neuronal apoptosis. (A) Double immunofluorescence staining with antibodies against
MAP-2 (green) and GFAP (red). Scale bars =50 pm. (B) Morphological changes in primary cortical neurons after rat serum treatment. Scale bars
=100 pm. (C,D) Immunofluorescence staining with TUNEL staining (red, C) and antibodies against MAP-2 (green, D). Scale bars =50 pm. (E)
Quanttative analysis of the number of TUNEL-positive neurons. (F) Western blot analysis of cleaved caspase-3, Bax and Bcl2 expression. Quantification
of cleaved-caspase3 protein expression (G) and the ratio of Bax to Bcl2 (H) in rats. (n=6 per group). Data are mean + SD. *, P<0.05, **, P<0.01, ***,
P<0.001. Sal B, salvianolic acid B; GFAP, glial fibrillary acidic protein; TUNEL, Terminal deoxynucleotidyl transterase dUTP nick end labeling; SH, sham
operation rats intraperitoneally injected with saline; OG, rats with middle cerebral artery occlusion intraperitoneally injected with saline; Sal B-L, MCAO
rats intraperitoneally injected with a low (L) dose of Sal B; Sal B-H, MCAO rats intraperitoneally injected with a high (H) dose of Sal B.
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Figure 4 Sal B increases angiogenesis. (A) Immunochemical staining with antibodies against CD31 in cerebral tissue sections 3 weeks after

surgery from all rat groups. Scale bars =50 pm. (B) Evaluation of capillary density. (C) Vessel outgrowth in the aortic ring assay. Scale bars

=200 pm. (D) Quantification of vessel growth from aortic rings. Data are mean = SD. *, P<0.05, **, P<0.01. Sal B, salvianolic acid B; SH,

sham operation rats intraperitoneally injected with saline; OG, rats with MCAO intraperitoneally injected with saline. Sal B-L, MCAO rats
intraperitoneally injected with a low (L) dose of Sal B; Sal B-H, MCAO rats intraperitoneally injected with a high (H) dose of Sal B.

could attenuate the neurological injury of MCAO rats
by alleviating infarct volume and neuronal apoptosis.
Notably, we revealed the detailed mechanism in which Sal
B-promoted cerebral angiogenesis by enhancing STCI1
activity.

Hypoxia and ischemia induced by MCAO surgery leads
to ischemic cell death in neurons and organ dysfunction.
Fortunately, neuronal damage could be limited and
recovered through the activation of angiogenesis and
vasculogenesis (21,22). Therefore, discovering a drug that
can alleviate nerve injury will have a significant impact
on clinical practice. Sal B is the most abundant and
bioactive constituent of S. miltiorrhizae, the dried root of
S. miltiorrbiza Bge., a popular traditional Chinese herbal
medicine used to treat various diseases (10,20,23,24). A
previous study showed that Sal B reduces the infarct size
and improves the neurobehavioral function against I/
R-induced brain injury in mice by increasing the viability
of microglia and astrocytes, inhibiting inflammation and
apoptosis and enhancing blood-brain barrier integrity.
Furthermore, Sal B promotes angiogenesis and improves
microcirculation in the ischemic myocardium and cerebrum

(10,25,26). The current study found that Sal B strengthens

© Annals of Translational Medicine. All rights reserved.

angiogenesis and attenuate neurological injury in rats with
ischemic stroke by enhancing STC1. Furthermore, we
found that Sal B attenuated ischemic stroke-associated
neurological injury via increasing the expression of STCI
and promoting angiogenesis by stimulating the VEGFR2
and VEGFA expression in vivo and in vitro.

STCI is a secreted multifunctional protein. It acts as a
hormone regulating calcium and phosphate homoeostasis
that was originally discovered in bony fish and later
found in humans (11,27). STCI is expressed in a wide
variety of tissues, such as the intestine, heart, lung,
kidney, and cerebral neurons (12). Recently, increasing
evidence has shown that STCI plays a cellular protective
function in several fundamental biological processes,
such as angiogenesis, inflammation, carcinogenesis and
wound repair (12). STC1 is expressed in a wide variety
of tissues but is not detected in the circulation under
normal circumstances. STCI is upregulated in in vitro
models of angiogenesis and at sites of pathological
angiogenesis (27). Furthermore, STC1 overexpression can
increase the vascular density (28). Regulation of STCI may
be a key feature of the angiogenic response since it is one of
several hypoxia-responsive genes coupled to hypoxia-driven
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Figure 5 Sal B increases cerebral STCI actvity. (A) Heatmap showing the differendally expressed genes in the hypoxia-treated group compared
with the control group. (B) Representative STC1 immunohistochemistry staining of cerebral tissue sections. Scale bars =50 pm. (C) Assessment of
the STC1 area in all rat groups. Western blot analysis of STC1 expression (D,E), iz vivo and (F,G), in HUVECs. (n=6 per group). Data are mean =
SD. *, P<0.05, **, P<0.01. Sal B, salvianolic acid B; STC1, Sal B increased stanniocalcin 1; HUVEC, human umbilical vein endothelial cell; SH, sham
operation rats intraperitoneally injected with saline; OG, rats with middle cerebral artery occlusion intraperitoneally injected with saline; Sal B-L,
MCAO rats intraperitoneally injected with a low (L) dose of Sal B; Sal B-H, MCAO rats intraperitoneally injected with a high (H) dose of Sal B.
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Figure 6 Sal B promotes angiogenesis by upregulating ST'C1 expression. (A) Representative HUVEC tube-like structures in all treatment groups:
si-NC, HUVECs under normoxia; si-NC+Hypoxia, HUVECs under hypoxia; si-NC+Hypoxia+Sal B, HUVECs treated with Sal B (50 pg/mL)
under hypoxia; si-STC1+Hypoxia, HUVECs treated with siRINA to knockdown STCI under hypoxia, si-STC1 + Hypoxia + Sal B, HUVECs
treated with siRNA to knockdown STCI and Sal B (50 pg/mL) under hypoxia. Scale bars =200 pm. (B) Quantification of tube-like structures. (C)
Western blot analysis of STC1, VEGFR2, and VEGFA expression. (D,E) Representative micrograph of the scratch assay and Transwell chamber
assay. (F,G) Evaluation of cell migration on the basis of the scratch assay and Transwell chamber assay results (n=3). Data are mean = SD. *, P<0.05,
** P<0.01. Sal B, salvianolic acid B; STCI, Sal B increased stanniocalcin 1; HUVEC, human umbilical vein endothelial cell.
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Figure 7 Sal B increases mTOR and protein kinase B (AKT) signaling activation by upregulating STCI expression. Western blot analysis
of (A) phosphorylated (p)-mTOR and total (t)-mTOR expression; (B) p-AKT and t-AKT expression in rats; (C) p-mTOR and t-mTOR
expression; and (D) p-AKT and t-AKT expression in HUVECs. (n=3). Data are mean = SD. *, P<0.05, **, P<0.01. mTOR, mammalian
target of rapamycin; Sal B, salvianolic acid B; ST'C1, Sal B increased stanniocalcin 1; HUVEC, human umbilical vein endothelial cell; SH,

sham operation rats intraperitoneally injected with saline; OG, rats with middle cerebral artery occlusion intraperitoneally injected with saline; Sal B-L,
MCAQO rats intraperitoneally injected with a low (L) dose of Sal B; Sal B-H, MCAO rats intraperitoneally injected with a high (H) dose of Sal B.

angiogenesis (29). It has been reported that STC-1 also
has antioxidant effects, which may play a role by inducing
mitochondrial uncoupling protein (UCP), which in turn
may reduce the formation of ROS (30). The expression of
STC-1 is upregulated in the ischemic penumbra of human
and rat cerebral infarction (31), which is important for

© Annals of Translational Medicine. All rights reserved.

poststroke function. STC-1 hormone has a neuroprotective
effect on cerebral ischemia—reperfusion injury. These effects
are achieved by reducing brain edema and inhibiting the
permeability of the blood-brain barrier. In the hippocampus
of rats, STC-1 also attenuates cerebral ischemia-reperfusion
injury by preventing oxidative damage to lipids and
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proteins (32).

To elucidate the mechanism by which Sal B alleviates
neurological injury via enhancing angiogenesis, we
explored the function of Sal B in HUVECs under hypoxic
conditions, the main pathological factor of ischemic stroke.
Inhibition of STC1 by siRNA evidently abolished the
Sal B-upregulated VEGFR2 and VEGFA and decreased
HUVEC tube formation. Furthermore, Sal B enhanced
HUVEC migration, and siRNA knockdown of STCI
reversed this trend but could not inhibit the proliferation
of HUVECs, which is consistent with a previous study.
In conclusion, our results support the role of Sal B in
improving cerebral angiogenesis by targeting STCI activity.

Angiogenesis plays a vital role in the regeneration
progress of post-ischemic tissue. Angiogenic vessels
provide neurotrophic support to neurons, improve cerebral
microcirculation perfusion and reduce infarct volumes
(25,26). Additionally, neuroblasts have been found to be
concentrated around blood vessels after stroke (24). Hence,
restoring local blood perfusion in ischemic brain tissue plays
a key role in tissue repair and functional recovery, especially
in the later stages of stroke (5). However, previous studies
reported that post-ischemic angiogenesis follows a temporal
course (33). Endothelial cells begin mitosis as early as 1 day
after mouse cerebral reperfusion after 30 min of MCAO,
and the number of vessels begins to significantly increase
on the third day before peaking at 7 days after stroke.
The level of VEGEF is also increased but decreases to near
the pre-ischemic level or even lower at 7 to 10 days after
stroke (10). Our study showed that Sal B increases VEGF
as well as VEGFR2 expression thus promoting angiogenesis
via inhibiting STC1 and ameliorating microcirculatory
disruption in ischemic stroke after MCAO.

In summary, Sal B may protect against neuronal
apoptosis and attenuate neurological injury in ischemic rats
by enhancing angiogenesis, which may be involved in the
upregulation of VEGF and VEGFR2 by targeting STCI.
These findings provide a novel therapeutic approach for
ischemic stroke by taking advantage of Sal B.
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