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Abstract

Purpose: To investigate the protective effects of Compound Tongluo decoction (CTD)on neurological
function in rats, and the mechanism involved in its angiogenesis-promoting effect.

Methods: Rats were arbitrarily assigned to sham group, permanent middle cerebral artery infarction
(PMCAO) group, and PMCAO+CTD group (pMCAO plus 7-day oral treatment with CTD). Neurological
deficit scores and volume of stroke-damaged areas were measured after 7 days of treatment. The
levels of bone marrow-derived endothelial progenitor cells (BMEPCs) in serum and brain tissues were
determined by flow cytometry and immunofluorescence. The expression levels of sonic hedgehog
(Shh), vascular endothelial growth factor (VEGF), and angiopoietin-1(Ang-1) at infarct sites and in
BMEPCs were quantitated using western blot assay.

Results: The results showed that CTD markedly ameliorated neurological deficit, reduced volume of
affected areas, and promoted the production and homing of BMEPCs. Moreover, CTD upregulated Shh,
VEGF and Ang-lexpressions at ischemic sites and EPCs, but promoted the proliferation and metastasis
of EPCs. The CTD-induced changes were significantly suppressed by Shh inhibitor cyclopamine (CP).
Conclusion: These results demonstrate that CTD promotes angiogenesis after cerebral infarction,
probably by stimulating Shh signaling and triggering production and homing of EPCs, thereby providing
neuroprotection against cerebral infarction. Thus, CTD is a potential neuroprotective agent against
cerebral infarction in humans.
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INTRODUCTION burden on the family and society. About 87 % of

stroke cases are diagnosed with ischemic stroke
Stroke is a neurological disease associated with  (also known as cerebral infarction). At present,
high morbidity, mortality, and disability, and it the treatment of cerebral infarction is to restore
imposes tremendous health and economic blood reperfusion in the ischemic area as soon
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as possible. After restoring the supply of cerebral
blood flow, the " ischemic penumbra " can be
transformed into normal tissues, and the
recovery of nerve function can be promoted [1].
The establishment of collateral circulation has
been widely considered to be an effective way of
improving blood perfusion. Vascular remodeling
and angiogenesis are substantial bases for
neurovascular unit (NVU) protection,
neurofunctional remodeling, and establishment of
collateral circulation in the ischemic area [2].

Endothelial progenitor cells (EPCs) derived from
pluripotent stem cells are promising targets for
angiogenesis, re-endothelialization, and blood
vessel repair in various diseases. They are
expected to be useful for revascularization due to
their clinical values [3]. Evidence have shown
that EPCs differentiate into mature endothelial
cells (ECs) which play vital roles in angiogenesis
after cerebral ischemic injury [4]. They also offer
protection against endothelial injury and
dysfunctional endothelium by directly
incorporating themselves into newly formed
blood vessels or stimulating pro-angiogenic
growth factors or cytokines [5].

Compound Tongluo decoction (CTD) is a
Traditional Chinese Medicine preparation.
Several clinical validation studies have

demonstrated its efficacy in the treatment of
cerebral infarction. There is evidence that CTD
boosts neurological function after acute cerebral
infarction, and enhances ability to perform
activities of daily life in patients [6]. A study in
rats reported that it promoted micro-angiogenesis
following cerebral infarction by increasing the
expressions of VEGF and Ang-1, thereby
providing neuroprotection against ischemic injury
[7]. In the present study, the effect of CTD on
EPC production and homing, as well as its
relationship with the Shh signaling pathway were
investigated in a pMCAO rat model and bone
marrow-derived EPCs, as well as the mechanism
of action.

EXPERIMENTAL
Animals

Male SPF Sprague-Dawley (SD) rats weighing
250 — 280 g were provided by Nanjing Drum
Tower Hospital Affiliated to Medical College of
Nanjing University. The rats were raised in the
animal room of Nanjing Drum Tower Hospital
under a 12 h dark-light cycle at controlled
temperature of 20 - 23 °C and 40 - 60 % relative
humidity. Feed and water were supplied ad
libitum. All experiments were approved by the
Institutional Animal Welfare Ethics Committee of

Nanjing Drum Tower Hospital (approval no.
2019060312). The study followed the ethical
principles of the National Institutes of Health
Guide for the Care and Use of Laboratory
Animals.

Treatments

The rats were arbitrarily assigned to sham group,
pMCAO group, and pMCAO + CTD group. In the
sham group, surgery was used to separate
common, internal, and external carotid arteries
(CCA, ICA and ECA) without ligation. The rats
were intragastrically administered normal saline
once daily for 7 days. In the pMCAO group, the
rats underwent intragastric administration of
normal saline once daily after pMCAO operation
(ligation of the three mentioned arteries). Rats in
the pMCAO + CTD group were orally
administered CTD (Nanjing Hospital of
Traditional Chinese Medicine) at a dose of 24
g/kg, once daily after establishment of pMCAO
model. After 7 days of continuous treatment, all
rats were euthanized, and brain tissue
specimens were excised for further analysis.

Establishment of pMCAO cerebral infarction
model

The rat model of pMCAO was established using
a modified thread occlusion method described by
Longa [8]. Following anesthesia  with
intraperitoneal sodium pentobarbital (1%, 35
mg/kg), the rat CCA, ICA and ECA were
surgically separated. The proximal ends of the
CCA and ECA were ligated and closed, and the
ICA was sutured using a thread. A small incision
was made from the bifurcation to the upper end
of the CCA ligation. Then, the MAC was blocked
by inserting the tip round a single-thread nylon
filament (0.25 - 0.27 mm) into the ICA through
the CCA. The ICA ligation was available when
the 18 -22-mm filament was inserted from the
carotid bifurcation. After the tail end of the
threaded bolt was cut, the incision was sutured
layer by layer. The thread size was selected
according to the weight and nutrition of each
animal. All rats were kept at a mean temperature
of 37 °C + 0.5 °C until post-operation monitoring.

Isolation and transplantation of EPCs

The isolation of EPCs, in vitro amplification and
EPC culture were carried out as described earlier
[9]. After extraction from SD rat tibia and femur,
bone marrow monocytes were obtained through
Ficoll density gradient centrifugation. The
monocytes were cultured in EGM-2-MV medium
on an ePetri chip coated with human fibronectin
(Sigma, USA) to make them adhere to the
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sensor surface. They were cultured for 4 days,
and non-adherent cells were washed off using
PBS. The remnant monocytes were incubated in
fresh medium for 7 days. The differentiated
EPCs were fusiform-shaped and unavailable for
isolation as attached cells. The viable second- or
third-generation EPCs were prepared for further
experiments after 14 days of culture.

The 50 pg/ml Dil cell-labeling solution (Molecular
Probes, Inc., USA) was used to label ECPs. The
CM-Dil-labeled EPCs was injected into rats
through the tail vein. At the end of the animal
experiments, EPC expressions at infarct sites
were confirmed using inverted fluorescence
microscopy.

Evaluation of neurological function

The Longa scale was used to evaluate
neurological deficits in pMCAO rats at multiple
time points. A score of 0 was suggestive of
normal neurological function or no neurological
impairment, while a score of 1 indicated inability
to vertically extend the left front paw. Scores of 2,
3 and 4 were for leaning and cycling to the left,
faling to the left, and failure to walk
spontaneously/disturbance of consciousness,
respectively.

Triphenyltetrazolium chloride (TTC) staining

On day 7 after establishment of the pMCAO
model, the rats were sacrificed under 1%
pentobarbital anesthesia. Brain specimens were
frozen and transversally sectioned into 2-mm
slices which were placed in 2 % TTC to protect
from light, and incubated at 37 °C for 30 min.
Gross observation of brain slices showed that
normal brain tissue appeared red, while infarcted
areas were pale. The brain tissue sections were
fixed for 24 h, and images were captured using a
Sony Alpha 7R IV digital camera. The infarct
volume induced by pMCAO was calculated as
described elsewhere [10].

Fluorescence activated cell sorting (FACS)

Bone marrow samples (100 yL) were incubated
with PE-conjugated anti-rat CD34 monoclonal
antibody (Santa Cruz, USA) and biotin-
conjugated anti-rat VEGFR2 monoclonal
antibody (Novus Biologicals, USA) for 25 min in
the dark. Red blood cell lysis buffer (Beyotime
Technology Ltd., China) was added to the cell
samples. After 5-min incubation, the cells were
centrifuged at 1500 rpm for 5 min at 4°C, and
rinsed in PBS. The EPCs were stained with
Streptavidin FITC (eBioscience, USA) after 30-
min incubation, and the proportions of EPCs with

double-positive staining for CD34 and VEGFR2
were calculated.

Immunoblotting

Brain samples of the ischemic cortex or cells
were subjected to protein extraction by
homogenizing in an ultrasound homogenizer.
The supernatant was centrifuged in the cold for
10 min at 12000 g, and protein content was
measured using a BCA analysis kit. Equal
amounts of protein were resolved on SDS-
polyacrylamide gel electrophoresis and
transferred to polyvinylidene difluoride
membranes which were sealed by incubation
with 5 % fat-free milk solution, followed by
incubation overnight at 4°C with primary
antibodies i.e., rabbit anti-Shh (1:200), rabbit
anti-Ang-1(1:200), rabbit anti-VEGF (1:200), and
rabbit anti-GAPDH antibodies (1:500, Santa
Cruz, USA). Thereafter, the membranes were
incubated with HRP-conjugated anti-rabbit
antibody (1:2000, ICN Pharmaceuticals) at room
temperature for 2 h. Protein bands were
visualized and protein expressions levels of Ang-
1, Shh, VEGF were assessed using Image J
software, with the expression of GAPDH as a
loading control.

MTT assay

The effect of CTD on the proliferation of EPCs
was determined using MTT assay kit (Sigma
Aldrich). Following seeding of cells in 96-well
plate (5 x 103 cells/well), 10 yL of MTT solution
was added from day 1 to day 3 for continuous
culture for 4 h. Thereafter, the supernatant was
discarded, and 200 yL DMSO was added to
each well to solubilize the formazan crystals
formed. After incubation for 10 min under vortex-
stirring, the absorbance of each well was
measured at 490 nm using a microplate reader
(Thermo MK3, USA).

Transwell migration assay

The density of EPCs was adjusted to 1 x 10°
cells/mL after CTD or CTD+CP treatment, for 24
h. Transwell assay was used to measure cell
migration in 24-Transwell plates (Costar, Corning
Inc., USA). A suspension of EPCs (1 x 10%, 200
pL/well) was added to the upper compartment of
the Transwell chamber, while a culture medium
containing 20 % FBS was placed in the lower
chamber. The EPCs were allowed to migrate for
15 h, after which the migrated cells were fixed
with methanol, and stained with crystal violet dye
solution. The stained cells were photographed
and counted in triplicate under light microscopy.
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Statistics

Values are expressed as mean * SD. Paired
comparison was done using t-test, followed by
Tukey’s post hoc test. The level of statistical
significance was set at p < 0.05.

RESULTS

CTD reduced cerebral infarction volume in
rats

The protective effect of CTD against ischemic
injury  following cerebral infarction was
determined in terms of stroke volume in each
group using TTC staining. The results showed
that stroke volume was markedly reduced in
pMCAO+CTD group, relative to pMCAO group (p
< 0.05; Figure 1 A).

Figure 1:
neurological function following cerebral infarction. A.

Effect of CTD on ischemic injury and

Lower neurological function score after CTD
treatment. B. Volume of pMCAO-damaged areas, as
determined using TTC staining. CTD treatment
decreased the volume of damaged areas in pMCAO
model. ¥P < 0.05, vs. sham; "p < 0.05, vs. pMCAQ; n =
8 per group

CTD improved neurobehavioral ability of rats
with cerebral infarction

The neurological function of rats with cerebral
infarction was determined at multiple time points
to ascertain the effect of CTD on neurobehavioral
ability. Longa’s profile showed that rats in the
PMCAO + CTD group achieved lower scores at
12 h, day 1, day 3, and day 7, when compared to
rats in pMCAO group (p < 0.05; Figure 1 B).

CTD promoted mobilization and homing of
BMEPCs in rats with cerebral infarction

The level of BMEPCs in each group was
determined flow cytometrically as an index of the
effect of CTD on angiogenesis. The pMCAO
group had a higher level of BMEPCs than the
sham group (p < 0.05). However, BMEPCs level
was higher in PMCAO+CTD group than in
pMCAO group (p < 0.05; Figure 2 A). The level

of EPCs at infarct sites was measured using
immunofluorescence after injection of CM-Dil-
labeled BMEPCs. The pMCAO + CTD group
exhibited the highest level of EPCs at infarct
sites, followed by the pMCAO group and the
sham group (Figure 2 B).
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Figure 2: Effect of CTD mobilization and homing of
BMEPCs in rats with cerebral infarction. A: Number of
BMEPCs, as determined using flow cytometry. The
number of CM-Dil-labeled cells was counted. B:
number of BMEPCs at infarct sites, as determined
using immunofluorescence. #p <0.05, vs. sham; p <
0.05, vs. pMCAO; n=3 per group; Scale bar: 50 um

CTD stimulated Shh signaling and
upregulated expressions of VEGF and Ang-l

To reveal the mechanism through which CTD
promoted angiogenesis in cerebral infarction, we
used the WB analysis to detect the expression of
Shh, VEGF and Ang-l. The pMCAOQO group had
significantly up-regulated cerebral expressions of
Shh, VEGF, and Ang-l, when compared with the
sham group, while there were even higher
expressions of Shh, VEGF and Ang-l in the brain
in PMCAO+CTD group than in the pMCAQO group
(p < 0.05). These results are shown in Figure 3 A
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Figure 3: CTD activated the SHH signaling pathway
and promoted the expressions of VEGF and Ang-l. A-
C. Quantification of cerebral Shh, VEGF, and Ang-I
expressions using WB analysis. The experiment was
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repeated three times independently. #P < 0.05, vs.
sham; "p < 0.05, vs. pMCAO

CTD enhanced amounts of VEGF and Ang-l in
BMEPCs via activation of Shh signaling

The Shh inhibitor CP was used to confirm the
effect of Shh pathway activation in vitro. The
results revealed that CTD markedly enhanced
the expressions of Shh, VEGF, and Ang-l in
EPCs of rats, relative to control (p < 0.05).
However, this effect was potently repressed by
CP (p < 0.05). These results are shown in Figure
4A-C.
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Figure 4: Effect of CTD expression levels of Ang-l and
VEGF in BMEPCs. Quantification of expression levels
of Shh, VEGF, and Ang-l in BMEPCs using WB (A-C).
#p < 0.05, vs. control; ‘p < 0.05, vs. CTD; n =3

CTD boosted proliferation and migration of
BMEPCs through Shh pathway activation

The influence of CTD on proliferative and
migratory potential of BMEPCs were determined
in vitro. It was found that CTD triggered a high
level of EPC activity, when compared to control
(p < 0.05). In contrast, co-treatment with CTD
and CP significantly suppressed the viability of
EPCs (p < 0.05; Figure 5 A). The Transwell
assay showed that CTD markedly facilitated the
migration of EPCs, but this was markedly
suppressed with co-administration of CP (p <
0.05). These results are shown on Figure 5 B.
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Figure 5: Effect of CTD on proliferation and migration
of BMEPCs. A: cell viability of EPCs, as determined
using MTT assay. B: migration of EPCs, as
determined using Transwell migration assay. *P <
0.05, vs. control; 'p < 0.05,vs. CTD; n=6

DISCUSSION

Ischemic stroke caused by cerebral artery
occlusion results in severely impaired blood
supply to a specific region of the brain and cell
death, rapid shrinkage of infarct areas, and
neurological dysfunction. Local reperfusion at
infarct sites is currently a popular strategy for
treating these lesions so as to induce remission
[10]. Interventions aimed at activating collateral
circulation and anastomosis early may propel
cerebral blood flow to ischemic areas, with
continuous activation stimulating angiogenesis
[11]. There is growing evidence indicating that
angiogenesis produces extra blood flow for
speedy microcirculation in infarct regions,
thereby enhancing recovery of neurological
function and reducing the volume of stroke-
damaged areas [12]. The results of this study
showed that CTD significantly reduced pMCAO-
damaged areas and improved neuromotor
recovery, with higher levels of EPCs in peripheral
blood and ischemic brain tissue at 1, 3, and 7
days after pMCAO. These results indicate that
CTD provides neuroprotection against ischemic
damage.

During early angiogenesis, VEGF, VEGFR-2,
Ang-l, and Tie-2 are synchronously expressed on
vessels from their formation to maturation [13].
Studies have shown that Shh signaling regulates
amounts of Ang-1 and VEGF in ischemic areas,
making it a common morphogenetic factor in
neurodevelopment and angiogenesis during
embryogenesis [14]. Several evidence have
proved that Shh also mediates angiogenesis in
postpartum life under pathological conditions
[15,16]. Specifically, it produces strong
angiogenetic effects via regulation of the Ang-1
and VEGEF in interstitial mesenchymal cells [17].
In addition, it reduces the volume affected by
MCAO by promoting angiogenesis after ischemia
[18]. The present study has revealed that CTD
markedly up-regulated the expressions of Shh,
VEGF and Ang-I at pMCAO-affected areas in
rats. It also stimulated the expressions of these
proteins in BMEPCs in vitro. This study also
revealed that CTD-induced promotion of the
migratory and proliferative potential of BMEPCs
in vitro were suppressed by the Shh inhibitor CP.
Thus, CTD enhanced formation and migration of
BMEPCs probably through activation of the Shh
pathway and control of levels of VEGF and Ang-
1.

CONCLUSION

This study has shown that CTD enhances
recovery of neurological function in pMCAO rats
by reducing the volume of pMCAO-damaged
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regions. It facilitates angiogenesis by promoting
the formation and homing of BMEPCs via
activation of Shh pathway through control of the
levels of VEGF and Ang-1. Overall, CTD offers
effective neuroprotection against ischemic brain
injury. Thus, the findings shed some light on the
efficacy of CTD in cerebral infarction, and
provide a basis for further investigations for
enhanced neurological recovery after permanent
middle cerebral artery infarction.
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