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Chunghyul-dan, a
multi-botanical ethanol extract,
improves collateral perfusion and
neurovascular stability in
permanent focal cerebral
Ischemia
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Won Myoung Lee? Chang-Dae Lee* Seungwon Kwon?,
Sanghyun Lee*>, Ik-Hyun Cho?*°* and Sang-Kwan Moon™*

Department of Cardiology and Neurology, College of Korean Medicine, Kyung Hee University, Seoul,
Republic of Korea, ?Department of Convergence Medical Science, College of Korean Medicine, Kyung
Hee University, Seoul, Republic of Korea, *Department of Science in Korean Medicine, Graduate School,
Kyung Hee University, Seoul, Republic of Korea, “Department of Plant Science and Technology, Chung-
Ang University, Anseong, Republic of Korea, *Natural Product Institute of Science and Technology,
Chung-Ang University, Anseong, Republic of Korea, ®Institute of Convergence Korean Medicine, College
of Korean Medicine, Kyung Hee University, Seoul, Republic of Korea

Background: Collateral perfusion and neurovascular stability critically influence
outcomes after ischemic stroke; however, no pharmacological agent is currently
approved to enhance these processes.

Objectives: Chunghyul-dan (CHD), a standardized multi-botanical ethanol
extract with reported vascular and anti-inflammatory properties, was evaluated
for its neurovascular protective effects in a permanent middle cerebral artery
occlusion (pMCAO) mouse model.

The Process and Methods: Male ICR mice subjected to pMCAO received oral
Chunghyul-dan (30-120 mg/kg). Cortical infarct volume, anterior cerebral artery
perfusion, angiogenesis-related signaling, neuroinflammation, and endothelial
barrier integrity were assessed using histological analysis, laser Doppler
flowmetry, immunohistochemistry, and complementary in vitro studies in
BV2 microglia and bEND.3 endothelial cells.

Results: CHD significantly reduced cortical infarct volume, with maximal
protection observed at 60 mg/kg. Laser Doppler analysis demonstrated
enhanced ACA perfusion at 30 mg/kg during early ischemia. CHD upregulated
VEGF expression in ischemic cortex and endothelial cells, supporting vascular
remodeling. Neuroinflammation was attenuated, as CHD reduced Iba-1-positive
microglial activation and suppressed iNOS, IL-6, and TNF-a expression.
Endothelial barrier integrity was preserved through reduced PECAM-1
expression, restoration of claudin-5 and occludin, and selective inhibition of
STAT3 phosphorylation, whereas TLR4/MAPK signaling remained unchanged.
Conclusion: CHD confers multi-level neurovascular protection by promoting
collateral perfusion, facilitating VEGF-associated vascular adaptation, suppressing
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neuroinflammation, and stabilizing endothelial junctional architecture. These
findings support further translational evaluation of CHD as a pharmacological
modulator of collateral circulation in ischemic stroke.

angiogenesis, Chunghyul-dan, collateral circulation, ischemic stroke, neuroinflammation
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GRAPHICAL ABSTRACT

Proposed mechanism of neurovascular protection by CHD.
Schematic illustration summarizing the dual actions of CHD in
ischemic stroke: (i) enhancement of collateral perfusion through
VEGF-mediated angiogenesis and sustained ACA flow, and (ii)
suppression of microglial activation, inhibition of pro-inflammatory
mediators, and stabilization of endothelial barrier function. CHD
reduced PECAM-1 expression and preserved tight junction proteins
(claudin-5) via selective inhibition of the STAT3 pathway, thereby
maintaining blood—brain barrier integrity.

1 Introduction

In 2021, stroke ranked as the third leading cause of death
worldwide (7.3 million deaths; 10.7% of all deaths) and the
fourth leading cause of disability-adjusted life years (DALYs)
(160.5 million DALYs; 5.6% of all DALYs) (Collaborators, 2024).
That year, there were an estimated 11.9 million new cases and
93.8 million people living with the consequences of stroke. Resulting
from the interruption of cerebral blood flow and subsequent
neuronal death, its global burden continues to rise with
population aging, and the long-term care of survivors imposes a
substantial socioeconomic burden on both individuals and society.

Among stroke subtypes, ischemic stroke accounts for the
majority of cases and presents with diverse and complex clinical
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manifestations. Although reperfusion therapies—such as tissue
plasminogen activator (t-PA) administration and mechanical
thrombectomy—can achieve favorable outcomes when applied
during the hyperacute phase under specific conditions, their
clinical utility is constrained by a narrow therapeutic window
and strict eligibility criteria (Groan et al., 2021; Fan et al., 2025;
Sarraj et al., 2025). As a result, only a small proportion of patients
benefit from these interventions, and many survivors experience
persistent neurological deficits (Xuan Zheng et al,, 2021). These
limitations underscore the urgent need for novel therapeutic
strategies that extend beyond conventional reperfusion approaches.

Collateral circulation, a network of pre-existing arterial
anastomoses, plays a critical role in maintaining cerebral
perfusion after partial occlusion of major arteries in ischemic
stroke (Maguida and Shuaib, 2023). Robust collateral flow is
strongly associated with smaller infarct volumes, better functional
recovery, and lower mortality. By sustaining residual blood supply to
ischemic regions, collateral vessels extend the therapeutic window
for intervention and mitigate irreversible tissue injury. Despite
advances in understanding the structural and functional
dynamics of this vascular bypass system, no pharmacological
agent has yet been approved to specifically enhance collateral
circulation in stroke patients (Maguida and Shuaib, 2023; Liu
et al., 2025; Marilena et al., 2025). Pharmacological modulation
of collateral flow
complementary approach to invasive intracranial procedures
(Vasquez et al., 2021).

Natural product-based therapeutics have attracted increasing

therefore represents a promising and

attention for their favorable safety profiles and multi-target
pharmacological actions in promoting resilience and treating
diverse diseases (Li, 2016; Zhu et al, 2022). Chunghyul-dan
(CHD), a modified formulation of Hwangryunhaedok-tang
(Huanglianjiedu-tang in Chinese, Orengedokuto in Japanese), is a
combinatorial botanical drug composed of Scutellariae Radix
(Scutellaria  baicalensis  Georgi), Coptidis (Coptis
japonica Makino), Phellodendri Cortex (Phellodendron amurense

Rhizoma

Rupr.), Gardeniae Fructus (Gardenia jasminoides Ellis), and Rhei
Rhizoma (Rheum palmatum L.) (Kim et al., 2010; Jung et al., 2018).
It contains multiple specialized metabolites, including flavonoids
(e.g., baicalin, wogonin), alkaloids (e.g., berberine), iridoid
glycosides (e.g., geniposide), and dianthrone glycoside (e.g.,
sennoside A) (Kim et al., 2010). Historically, Hwangryunhaedok-
tang has been prescribed to alleviate heat, inflammation, and
circulatory disturbances, particularly in disorders involving
hypertension, atherosclerosis, and cerebral hyperperfusion (Xiong
et al., 2013; Qi et al.,, 2019; Lee and Kwon, 2020; Jin et al., 2024).
Clinical have demonstrated its

and experimental studies

antihyperlipidemic, anti-inflammatory,  vasorelaxant, and
cerebrovascular flow-enhancing effects (Xiong et al, 2013; Qi
et al,, 2019; Lee and Kwon, 2020; Jin et al., 2024). In traditional
medicine,

Daio-Orengedokuto (Daehwang-Hwangryunhaedok-
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tang)—a derivative formula supplemented with Rhei Rhizoma—has
long been used for patients with atherosclerosis accompanied by
constipation, a condition associated with increased stroke risk (Kim
et al, 2002). Based on these traditional and pharmacological
backgrounds, CHD, a modern standardized form of Daio-
Orengedokuto, has been developed and investigated for its
potential neurovascular protective effects and therapeutic
applicability in cerebrovascular diseases.

Previous studies have reported diverse pharmacological
effects of CHD. It has been shown to inhibit stroke recurrence
by reducing microangiopathy progression in patients with small
vessel disease (Jung et al., 2018); protect dopaminergic neurons by
suppressing reactive oxygen species (ROS) generation and
preventing mitochondrial dysfunction in an in vitro
Parkinson’s disease model (Kim et al, 2010); and reduce
histopathological damage while improving motor and cognitive
functions in a mouse traumatic brain injury model, without
affecting brain edema or blood-brain barrier (BBB) integrity
(Choi et al.,, 2017). In addition, CHD exhibits antioxidative,
anti-inflammatory,  antihypertensive, and  antilipidemic
activities, suggesting that it may preserve endothelial function,
promote vasodilation, and facilitate arteriogenesis—mechanisms
that could enhance collateral circulation and cerebral blood flow
(Fan et al., 2022).

Based on these properties, we hypothesized that CHD
enhances collateral circulation, thereby improving cerebral
perfusion and mitigating ischemic injury. The present study
aimed to evaluate the neuroprotective efficacy and elucidate
the underlying mechanisms of CHD in a permanent middle
cerebral artery occlusion (pMCAO) mouse model. To our
knowledge, this is the first study to demonstrate that CHD
reduces ischemic stroke via

cortical infarct volume in

enhancement of cerebral blood flow.

2 Materials and methods
2.1 Reagents and apparatus

Berberine, baicalin, geniposide, wogonin, and sennoside A were
supplied by the Natural Product Institute of Science and
Technology, Anseong, Republic of Korea. Chromatographic
analysis was performed on a Waters HPLC system equipped with
a 1525 Binary HPLC pump and a 2489 UV/Vis detector (Waters,
Milford, MA, United States). HPLC-grade acetonitrile (ACN),
trifluoroacetic acid, and water were obtained from Scharlau
(Barcelona, Spain) and Honeywell (Burdick & Jackson,
Muskegon, MI, United States).

2.2 Preparation of CHD

CHD is alaboratory-prepared 80% ethanol extract composed
of five botanical drugs mixed in a fixed weight ratio (1:1:1:1:1):
Scutellariae Radix (S. baicalensis Georgi), Coptidis Rhizoma (C.
japonica Makino), Phellodendri Cortex (P. amurense Rupr.),
Gardeniae Fructus (G. jasminoides Ellis), and Rhei Rhizoma (R.
palmatum L.), as previously described (Jung et al., 2018; Lee
et al., 2023). Each dried botanical drug was purchased from
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Kyung Hee Herb Pharm (Wonju-si, Gangwon-do, Republic of
Korea), and botanical authentication was performed by Prof.
Sang Kwan Moon (Kyung Hee University Korean Medicine
Hospital). deposited in the
Herbarium of the same institution. The crude botanical drugs

Voucher specimens were
were mixed according to the above ratio and extracted with 80%
ethanol under reflux at 100 °C for 2 h. The ratio refers to the
weight of crude botanical drugs prior to extraction. The extract
was filtered, concentrated under reduced pressure using a rotary
evaporator, and lyophilized to obtain a powdered extract,
yielding 26.5% (w/w). All
manufactured under identical laboratory conditions to ensure

extract preparations were
reproducibility. All botanical materials were commercially
sourced and complied with national regulations. The species
used are not listed under CITES and are not subject to Nagoya

Protocol restrictions.
2.3 Quality control of CHD extract

Sample and Standard Preparation: For analysis, sample aliquots
were dissolved in 80% methanol (MeOH) to a concentration of
20 mg/mL and subsequently clarified through a 0.45 pm PVDF
syringe filter. A series of working standard solutions were prepared
by the systematic dilution of a stock solution (also in 80% MeOH) to
establish calibration curves. Chromatographic Analysis: A YMC-
Pack Pro C18 column (4.6 x 250 mm, 5 um) was used for the analysis
at a column temperature of 35 “C. Detection was performed at a
wavelength of 270 nm with an injection volume of 10 pL. The mobile
phase, comprising 0.1% trifluoroacetic acid in water (A) and ACN
(B), was pumped at 1.0 mL/min. The elution gradient was
programmed as follows: an initial isocratic step at 7% B for
10 min, followed by a linear increase to 60% B over the next
35 min. The concentration of B was then rapidly increased to
90% within 1 min and held for 4 min. Finally, the column was
re-equilibrated at the initial 7% B for 10 min prior to the
subsequent run.

2.4 Animals and housing conditions

Seven-to eight-week-old male ICR mice (29-30 g; Samtako BIO
KOREA Co., Ltd., Osan, Republic of Korea) were housed in
standard polycarbonate cages (five per cage) under controlled
conditions (12-h light/dark cycle, lights on at 07:00; temperature
23 °C * 3 °G; relative humidity 55% + 5%). Food and water were
provided ad libitum. Animals were acclimated for at least 1 week
before experimentation.

2.5 Ethics statement

All experimental procedures involving animals were performed
in accordance with the ethical guidelines for the care and use of
laboratory animals and received prior approval from the
Institutional Animal Care and Use Committee of Kyung Hee
University (KHUASP(SE)-23-488). Randomization and blinded
data analysis were performed in accordance with NIH guidelines
for rigor in preclinical neurological research (Landis et al., 2012).
Every effort was made to minimize animal use and suffering during
the experiments.
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2.6 Administration of CHD

CHD and the vehicle control were administered once via oral
gavage 10 min prior to surgery. CHD was given at doses of 30, 60,
and 120 mg/kg, calculated based on the human equivalent dose
(HED) and adjusted for mice using standard body surface area
conversion methods. The vehicle group received an equivalent
volume of sterile distilled water (DW).

2.7 Permanent middle cerebral artery
occlusion (pPMCAO) surgery

The pMCAO model was established using a modified
protocol previously described (Majid et al., 2000). Male ICR
mice (29-30 g) were anesthetized with 2% isoflurane in a 70%
N,O and 30% O, mixture, and anesthesia depth was monitored
by loss of reflex to toe pinch. After placing the animal in a
stereotaxic frame, the scalp was incised between the left eye and
ear, and the temporalis muscle was retracted to expose the
temporal bone. A 2.0 mm burr hole was carefully drilled over
the distal segment of the left middle cerebral artery (MCA) using
a high-speed microdrill under a surgical microscope. Following
dural removal, the main trunk of the distal MCA was coagulated
using a bipolar coagulator and subsequently transected with
micro-scissors to ensure permanent occlusion. Mice exhibiting
subarachnoid hemorrhage, failure to develop neurological
symptoms (e.g., ipsilateral circling), or mortality during
surgery were excluded from analysis. Body temperature was
maintained at 36.5 °C-37.5 °C wusing a thermostatically
controlled heating pad (Harvard Apparatus, Holliston, MA,
United States) throughout the surgical procedure, and no
animals were allowed to drop below 36 °C. To ensure
reproducibility, all surgeries were performed by the same
experienced microsurgeon, and procedures were conducted
under blinded and randomized conditions in accordance with
NIH recommendations for preclinical neurological studies
(Landis et al., 2012).

2.8 Cerebral blood flow (rCBF) monitoring
by laser doppler flowmetry

To assess the collateral blood flow dynamics before and after
pPMCAO, regional rCBF was measured using Laser Doppler
(moorVMS-LDEF2, Moor Ltd.,
United Kingdom). A flow probe was affixed to the skull using

flowmetry Instruments
cyanoacrylate adhesive at a site corresponding to the distal
ischemic region (1.5 mm lateral to the midline and 1.0 mm
posterior to bregma). Real-time monitoring of anterior cerebral
artery (ACA) blood flow was conducted using the moorVMS-PC
software (Moor Instruments Ltd., United Kingdom). Baseline rCBF
was recorded prior to vessel coagulation. Measurements were
continuously collected for 15 min following occlusion of the
distal MCA. Changes in blood flow were quantified as percentage
values relative to pre-occlusion baseline at 5, 10, and 15 min post-
occlusion. These measurements allowed the evaluation of early
collateral

perfusion and the efficacy of pharmacological

intervention (Figure 1).
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2.9 Tissue preparation for histological
analysis

Tissue preparation was performed based on established
protocols for histological evaluation after focal cerebral
ischemia (Oh et al., 2024; Ha et al., 2025; Oh et al., 2025).
Briefly, mice were deeply anesthetized 24 h after pMCAO and
transcardially perfused with 0.1 M phosphate-buffered saline
(PBS) followed by 4% paraformaldehyde (PFA). Brains were
post-fixed in 4% PFA at 4 °C for 24 h and subsequently
cryoprotected in 30% sucrose solution for at least 3 days.
Coronal brain sections (30 um thick) including the infarct
core were obtained using a cryostat (CM3050S, Leica
Biosystems, Germany) and stored in PBS until use.

2.10 Immunohistochemistry

Immunohistochemical staining was performed according to
standard protocols with minor modifications (Oh et al., 2024;
Ha et al,, 2025; Oh et al., 2025). Briefly, free-floating coronal
brain sections were incubated in 3% hydrogen peroxide for
30 min to quench endogenous peroxidase activity. After
washing in phosphate-buffered saline (PBS) three times for
sections were blocked with a solution

10 min each,

containing 5% normal goat serum, 2% bovine serum
albumin, 2% fetal bovine serum, and 0.1% Triton X-100 in
PBS for 1 h at room temperature.

Tissues were incubated overnight (>18 h) at room temperature
with the following primary antibodies: mouse anti-PECAM-1/CD31
(1:500; Santa Cruz Biotechnology, Dallas, TX, United States) and
rabbit anti-Iba-1 (1:2000; Wako Pure Chemical Industries, Osaka,
Japan). After washing, sections were sequentially incubated with
biotinylated secondary antibodies—rabbit anti-mouse IgG or goat
anti-rabbit IgG (1:250; Vector Laboratories, Burlingame, CA,
United States)—and the avidin-biotin complex (ABC Kit; Vector
Laboratories, Burlingame, CA, United States) for 1 h each at room
temperature.

Immunoreactivity was visualized using 3,3’-diaminobenzidine
(DAB) in Tris buffer (pH 7.4) for 3-5 min. Stained sections were
mounted onto gelatin-coated slides, air-dried, dehydrated through
cleared in

graded ethanol, xylene, and cover-slipped.

Immunostaining was examined under a light microscope.

2.11 Quantification of immunohisto chemical
staining

Quantification of Iba-1 immunoreactivity was performed
based on previously established methods (Oh et al., 2024; Ha
et al., 2025; Oh et al., 2025). Briefly, immunopositive signals were
captured using a DP70 imaging system (Olympus, Tokyo, Japan)
at three predefined regions: the infarct border, the ipsilateral
proximal region adjacent to the infarct, and the ipsilateral
distal region farther from the infarct. Image analysis was
conducted using NIH Image] software (http://rsbweb.nih.gov/
ij/) to measure the optical density of Iba-1-positive areas. The
relative density values were used as an index of microglial
activation.
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FIGURE 1

Phytochemical profile of Chunghyul-dan (CHD). Representative HPLC chromatogram obtained using a YMC-Pack Pro C18 column (4.6 x 250 mm,

5 pm; 35 °C) with detection at 270 nm. The mobile phase consisted of 0.1% trifluoroacetic acid in water and acetonitrile at a flow rate of 1.0 mL/min under a
gradient elution (7%—-60% B, 0—35 min). Major marker compounds were identified by co-elution with authentic standards: geniposide, sennoside A,
coptisine, berberine, and wogonin. These peaks confirm the reproducible phytochemical profile of CHD used in this study.

2.12 BV2 cell culture

BV2 cells, a murine microglial cell line, were obtained from the
School of Dentistry, Seoul National University, and cultured
according to previously established protocols (Choi et al., 2023;
Jang et al., 2023; Jo et al., 2024). Briefly, cells were maintained in 100-
mm culture dishes containing Dulbecco’s Modified Eagle’s Medium
(DMEM; Gibco, Grand Island, NY, United States) supplemented
with 10% fetal bovine serum (FBS; Gibco) and 1% penicillin-
streptomycin (P/S; Gibco). Cultures were incubated at 37 °C in a
humidified atmosphere of 5% CO, and the culture medium was
replaced every 3 days.

2.13 bEND.3 cell culture and CHD treatment

All procedures were performed in accordance with previously
established methods, with slight modifications (Oh et al., 2024; Oh
et al,, 2025). Briefly, bEND.3 cells (ATCC® CRL-2299™), a mouse
brain microvascular endothelial cell line, were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin
(Gibco, Thermo Fisher Scientific, Waltham, MA, United States)
at 37 °C in a humidified incubator containing 5% CO,. After
stabilization, cells were seeded in 6-well plates at a density of 3 x
10° cells/well and allowed to attach for 24 h. To model BBB
disruption, lipopolysaccharide (LPS; 1 ug/mL) was added to the
medium for 4 h. CHD was administered at concentrations of 1, 10,
or 100 pg/mL for 1 h prior to LPS exposure.

2.14 MTT assay

The cytotoxicity of CHD was assessed in BV2 microglial cells
the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] assay, based on previously
reported methods (Jo et al., 2024). Briefly, BV2 cells were seeded
into 96-well plates and treated with various concentrations of CHD
(0.001-400 pg/mL). After 24 h of incubation, MTT solution (10 uL

using
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per 100 uL medium) was added to each well and incubated for 4 h at
37 °C. The supernatant was then removed, and 100 pL of DMSO was
added to dissolve the formazan crystals. Absorbance was measured
at 595 nm using a microplate spectrophotometer. The MTT assay
was additionally performed in bEND.3 endothelial cells to
determine the non-cytotoxic concentration range of CHD prior
to Western blot analysis.

2.15 Western blotting

Protein expression levels in BV2 cells were assessed via Western
blotting, following standard protocols with minor modifications
(Choi et al., 2023; Jang et al., 2023; Jo et al., 2024). Briefly, after
treatment with CHD (at selected concentrations) for 24 h, cells were
lysed using RIPA buffer supplemented with protease and
phosphatase inhibitors. Protein concentrations were quantified
using a BCA assay, and equal amounts of protein were separated
by SDS-PAGE and transferred onto PVDF membranes. Membranes
were blocked with 5% skim milk in TBST and incubated overnight at
4 °C with primary antibodies against target proteins (e.g., NLRP3,
Caspase-1, IL-1pB, and f-actin). After washing, membranes were
incubated with HRP-conjugated secondary antibodies for 1 h at
room temperature. Signals were detected using enhanced
chemiluminescence (ECL) and visualized with a ChemiDoc
imaging system. Band intensities were quantified using Image]J

software and normalized to P-actin.
2.16 Statistical analysis

All data are presented as mean + standard deviation (SD). Statistical
analyses were performed using GraphPad Prism (version X; GraphPad
Software Inc., San Diego, CA, United States). One-way ANOVA
followed by Tukey’s post hoc test was used for comparisons among
three or more independent groups. For comparisons between two
groups, an unpaired two-tailed Student’s t-test was applied. For
cerebral blood flow (rCBF) measurements obtained by laser Doppler
flowmetry, two-way repeated-measures ANOVA followed by
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Bonferroni’s multiple-comparisons test was used to evaluate the effects
of treatment and time. A p-value <0.05 was considered statistically
significant. All experiments were performed at least in triplicate unless
otherwise stated. The number of animals or replicates (n) for each
experiment is specified in the figure legends. Outliers were not excluded
unless predetermined exclusion criteria were met, such as subarachnoid
hemorrhage or failure to induce infarction in pMCAO models.

3 Results
3.1 Quality control of CHD extract

For quality control, the representative marker metabolites were
quantitatively determined according to established methods (Jung
et al, 2018; Lee et al, 2023): geniposide from Gardeniae Fructus,
sennoside A from Rhei Rhizoma, coptisine from Coptidis Rhizoma,
berberine from Phellodendri Cortex, wogonin from Scutellariae Radix.
To ensure reproducibility and batch-to-batch consistency, the CHD
extract was analyzed by high-performance liquid chromatography
(HPLC). Quantified contents (mg/g extract) were as follows:
geniposide (21.2 min, 41.14 mg/g), sennoside A (25.7 min, 14.35 mg/
g), coptisine (27.8 min, 1.39 mg/g), berberine (29.7 min, 8.93 mg/g), and
wogonin (39.9 min, 10.20 mg/g) (Figure 1). This profiling confirmed the
presence of representative alkaloids, flavonoids, and iridoid glycosides,
thereby establishing a reproducible phytochemical fingerprint profile for
batch-level quality control for use in the present study.

3.2 CHD reduces cortical infarct volume in a
mouse model of ischemic stroke

To evaluate the neuroprotective efficacy of CHD, infarct
volume was measured 24 h after pMCAO using TTC staining
(Figure 2). Vehicle-treated mice (n = 11) exhibited extensive
cortical infarction with marked pale discoloration, whereas
CHD administration at 30 mg/kg (n = 11), 60 mg/kg (n =
11), and 120 mg/kg (n = 10) reduced infarct size in a dose-
dependent 2A).
confirmed a significant reduction in cortical infarct volume
in the 60 mg/kg group (vehicle: 24.2 + 5.4 mm?; CHD 60 mg/kg:
16.6 £ 4.8 mm?; p < 0.05), while both 30 mg/kg and 120 mg/kg
groups also showed a trend toward decreased infarct volume
2A,B).
potent neuroprotection

manner (Figure Quantitative analysis

compared with vehicle (Figures
that CHD confers
against ischemic injury, likely through improved collateral

These findings
demonstrate
neuroinflammation, and

perfusion,  suppression  of

stabilization of vascular integrity.

3.3 CHD enhances ACA perfusion following
MCA occlusion

Regional cerebral blood flow (rCBF) in the ACA territory was
monitored after pMCAO (Figure 3). In vehicle-treated mice, rCBF
transiently increased at 5 min (1.96 + 0.41-fold) but subsequently
declined (1.20 + 0.13 at 10 min; 1.17 + 0.14 at 15 min). In contrast,
CHD at 30 mg/kg significantly enhanced perfusion, reaching 2.16 +
0.44 at 5 min and remaining elevated at 10 min (1.52 + 0.35, p =
0.046 vs. vehicle) and 15 min (1.53 = 0.51, p = 0.046 vs. vehicle)
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FIGURE 2

CHD reduces cortical infarct volume after permanent MCA
occlusion (pMCAQ). (A) Representative TTC-stained coronal brain
sections obtained 24 h after pMCAO. Pale regions indicate infarcted
cortex. Vehicle-treated mice showed extensive cortical

infarction, whereas CHD administration (30, 60, or 120 mg/kg, p.o.,
10 min prior to occlusion) reduced infarct size. (B) Quantitative analysis
of cortical infarct volume at 24 h post-pMCAO in vehicle-treated mice
(DW, n = 11) and CHD-treated groups (30 mg/kg, n = 11; 60 mg/kg, n =
11; 120 mg/kg, n = 10). CHD significantly reduced infarct volume at
60 mg/kg, with other doses showing a decreasing trend compared
with vehicle. Data are presented as mean + SD. Statistical analysis was
performed using one-way ANOVA followed by Tukey's post hoc test.

(Figures 3A-C). Neither the intermediate dose (60 mg/kg) nor the
higher dose (120 mg/kg) produced significant changes (Figures
3A-C). These that
redistribution of cerebral perfusion via leptomeningeal collaterals

findings indicate CHD promotes
during early ischemia, thereby contributing to the observed
reduction in infarct volume. Representative Doppler traces are

provided in Supplementary Figure S1.

3.4 CHD promotes VEGF-mediated
angiogenesis in the ischemic cortex and
endothelial cells

Prior to VEGF analysis, cell viability was assessed using an
MTT assay to determine non-cytotoxic concentrations of CHD
in bEND.3 cells. CHD concentrations up to 100 ug/mL did not
significantly reduce cell viability (Supplementary Figure S2), and
these concentrations were therefore selected for subsequent
whether the CHD-induced

experiments. To investigate
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increase in cerebral perfusion was associated with angiogenic
remodeling, VEGF expression was examined in the ischemic
cortex (Figure 4). Immunofluorescence analysis revealed
increased VEGF immunoreactivity in the peri-infarct region
of vehicle-treated mice, which was further augmented by
CHD administration, with the most pronounced effect
observed at 60 mg/kg (Figures 4A-C). In vitro, LPS-
stimulated bEND.3 endothelial exhibited modest
upregulation of VEGF, whereas co-treatment with CHD
(1-100 pg/mL) markedly increased VEGF protein expression

cells

in a concentration-responsive manner, as shown by Western
blot and densitometric analysis (Figures 4D,E). Together, these
findings suggest that CHD facilitates endogenous angiogenesis,
potentially enhancing the development and/or dilation of
collateral vessels in response to ischemic stress.

3.5 CHD suppresses neuroinflammation by
inhibiting microglial activation and pro-
inflammatory mediators

To assess the anti-inflammatory effects of CHD after ischemic
injury, immunohistochemical staining for Iba-1, a marker of
microglial activation, was performed in peri-infarct cortical
regions (Figure 5). Vehicle-treated mice exhibited a marked
increase in Iba-1-positive microglia, particularly in proximal
and distal areas relative to the CHD
administration significantly attenuated Iba-1 immunoreactivity

infarct border.

in these regions, whereas no significant effect was observed at the
infarct border zone (Figures 5A-E). To exclude potential
cytotoxic effects, BV2 cell viability was evaluated by MTT
assay. CHD concentrations up to 100 ug/mL did not
significantly affect cell viability, whereas higher concentrations
reduced viability (Supplementary Figure S3). In line with the in
vivo findings, LPS-stimulated BV2 microglial cells showed robust
upregulation of inflammatory proteins, including iNOS, IL-6, and
TNF-a. Pretreatment with CHD (10-100 pug/mL) suppressed the
expression of these mediators in a concentration-responsive
manner within the tested range (Figures 5F-I). Collectively,
these findings indicate that CHD mitigates ischemia-induced
neuroinflammation by inhibiting microglial activation and
restraining the production of pro-inflammatory cytokines
and enzymes.

3.6 CHD preserves endothelial barrier
integrity by modulating junctional proteins
and STAT3 signaling

To investigate whether CHD protects against ischemia-
endothelial PECAM-1
immunofluorescence was examined in the peri-infarct cortex

induced dysfunction,
(Figure 6). Vehicle-treated mice exhibited markedly elevated
PECAM-1 expression, consistent with endothelial activation
and blood-brain barrier (BBB) disruption. CHD significantly
reduced PECAM-1 levels across all tested doses (30, 60, and
120 mg/kg) (Figures 6B,C). To further evaluate these effects,
LPS-stimulated bEND.3 endothelial cells were analyzed by
Western 6D-K).
(1-100 dose-dependently

blotting
pg/mL)

(Figures CHD  pretreatment

reversed LPS-induced
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FIGURE 3

Effects of CHD on regional cerebral blood flow in the ACA

territory following permanent MCA occlusion (pMCAQ). (A) Summary
table of regional cerebral blood flow (rCBF) in the ACA territory
measured before and at 5, 10, and 15 min after pMCAO. Values

are expressed as fold change relative to baseline (pre-occlusion = 1).
(B) Time-course analysis of rCBF changes in the ACA territory. CHD at
30 mg/kg increased rCBF compared with vehicle (p = 0.046), whereas
no statistically significant differences were observed in the 60 mg/kg
and 120 mg/kg groups. Data are presented as mean + SD (n = 5-10 per
group). Cerebral blood flow (rCBF) was analyzed using two-way
repeated-measures ANOVA to assess the effects of treatment and
time, followed by Bonferroni's post hoc test for multiple comparisons.
Exact P values are indicated in the figure.

upregulation of PECAM-1 and restored the expression of the
tight proteins  claudin-5  (Figures = 6D-G).
Mechanistically, CHD suppressed phosphorylated STAT3
(p-STAT3), whereas TLR4, p-ERK and p-p38 levels were
unaffected (Figures 6H-K), suggesting selective inhibition of
the STAT3
indicate that CHD preserves endothelial barrier integrity by

junction

signaling pathway. Collectively, these results

attenuating  inflammatory  signaling—particularly
STAT3 suppression—and stabilizing junctional architecture

within the neurovascular unit.

through

4 Discussion

This study provides the first experimental evidence that
CHD, a multi-botanical
collateral circulation and protects the neurovascular unit in a

traditional extract, enhances
mouse model of acute ischemic stroke. CHD significantly
reduced cortical infarct volume, increased ACA perfusion,
promoted angiogenesis, suppressed neuroinflammation, and
preserved blood-brain barrier (BBB) integrity. These findings

indicate that CHD may serve as a promising pharmacological
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FIGURE 4

CHD promotes VEGF-mediated angiogenesis in ischemic cortex and endothelial cells. (A) Schematic illustration of coronal brain section indicating the
peri-infarct region analyzed. (B) Representative immunofluorescence staining of VEGF in the peri-infarct cortex 24 h after pMCAQO. VEGF expression was
increased by pMCAO and further enhanced by CHD, particularly at 60 mg/kg. Scale bar = 50 pm. (C) Quantification of VEGF fluorescence intensity in
(B), showing significant dose-dependent enhancement by CHD. (D) Western blot analysis of VEGF protein levels in LPS-stimulated bEND.3 endothelial

cells treated with CHD (1-100 pg/mL, 1 h pretreatment). (E) Densitometric quantification of (D), normalized to B-actin, confirming dose-dependent
upregulation of VEGF. Data are presented as mean + SD. Statistical analysis was performed using one-way ANOVA followed by Tukey's post hoc test

strategy for targeting collateral circulation, a therapeutic gap in
current stroke treatment paradigms.

4.1 Collateral perfusion and VEGF-mediated
vascular adaptation

Collateral circulation is increasingly recognized as a critical
determinant of infarct size, functional recovery, and therapeutic
responsiveness in ischemic stroke (Maguida and Shuaib, 2023;
Liu et al., 2025; Marilena et al., 2025). In this study, CHD rapidly
increased ACA blood flow following pMCAO, as confirmed by
laser Doppler flowmetry. This early perfusion enhancement
likely reflects improved leptomeningeal anastomosis flow,
which
progression (Vasquez et al., 2021; Marilena et al., 2025).
Mechanistically, CHD upregulated VEGF
ischemic brain tissue and LPS-stimulated endothelial cells

sustains penumbral viability and delays infarct

expression in

(Figure 4). VEGF is a central mediator of angiogenesis and
arteriogenesis—key  processes in collateral remodeling
(Clayton et al., 2008; Eelen et al., 2020). Together, these
findings suggest that CHD supports both acute vascular
responses and longer-term vascular adaptation.

4.2 Multi-pathway signaling integration and
dose-dependent neurovascular outcomes

Although ERK and p38 are recognized downstream mediators
of VEGF signaling, their activation is highly time-dependent and
typically transient, often peaking within minutes to hours after
stimulation (Simons et al., 2016). Because protein expression in
the present study was assessed at a later time point under ischemic
conditions, early phosphorylation events may not have been
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detected. Therefore, the absence of sustained p-ERK and p-p38
elevation does not necessarily negate upstream VEGF pathway
activation. Moreover, VEGF-driven angiogenesis is regulated
through multiple parallel cascades—including PI3K/Akt and
nitric oxide-related signaling—highlighting coordinated multi-
pathway integration rather than reliance on a single MAPK axis
(Carmeliet and Jain, 2011; Potente and Makinen, 2017). The dose-
dependent dissociation observed in this study likely reflects
collateral

temporally distinct mechanisms early

perfusion and ultimate infarct limitation. CHD at 30 mg/kg

governing

significantly enhanced early ACA perfusion following MCA
occlusion; however, this transient hemodynamic improvement
alone was insufficient to reduce infarct volume at 24 h. In
contrast, the 60 mg/kg dose significantly reduced infarct size
without further augmenting early ACA flow, indicating that
sustained neurovascular protection extends beyond immediate
perfusion effects. At this dose, CHD enhanced VEGF expression,
suppressed microglial activation, and preserved endothelial
integrity, supporting  durable
protection. Thus, early collateral perfusion and final infarct

junctional collectively tissue
reduction represent related yet mechanistically distinct outcomes,
reflecting multi-level neurovascular regulation rather than a singular
hemodynamic mechanism. Importantly, no evidence of dose-related
toxicity was observed at the highest tested dose (120 mg/kg). The
highest dose did not worsen infarct size, inflammatory markers, or
endothelial injury compared with the vehicle group, and no
mortality or abnormal behavioral changes were detected during
the experimental period. These findings indicate that the non-linear
dose-response pattern reflects differential engagement or saturation
of protective mechanisms rather than toxicity. Consistent with this
interpretation, prior clinical evaluation involving 656 patients
reported a low incidence of adverse events (2.0%) and no
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CHD suppresses microglial activation and pro-inflammatory mediator expression. (A—E) Immunohistochemistry for Iba-1 in peri-infarct cortex 24 h
after pMCAO. Vehicle-treated mice exhibited increased Iba-1-positive microglia in proximal and distal regions, whereas CHD administration (30, 60, and
120 mg/kg, p.o.) significantly attenuated microglial activation. Scale bar = 100 pm. (F-1) Western blot analyses of iNOS, IL-6, and TNF-a in BV2 microglial
cells pretreated with CHD (10-100 pg/mL, 1 h) followed by LPS stimulation (1 pg/mL, 4 h) (F). Densitometric quantification normalized to p-actin,
showing concentration-responsive suppression of inflammatory mediator expression (G-1). Data are presented as mean + SD. Statistical significance was
determined by one-way ANOVA followed by Tukey's post hoc test. Exact p values are indicated in the graphs.

evidence of hepatotoxicity or nephrotoxicity (Cho et al, 2003),
further supporting the safety profile of CHD within clinically

relevant dosage ranges.

4.3 Neurovascular protection via anti-
inflammatory and endothelial-
stabilizing effects

Post-ischemic neuroinflammation and endothelial barrier
dysfunction exacerbate secondary brain injury (Candelario-Jalil
et al, 2022; Duan et al, 2024). CHD significantly reduced Iba-
1-positive microglial activation in peri-infarct regions and
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suppressed the expression of iNOS, IL-6, and TNF-a. These anti-
inflammatory effects are consistent with prior reports showing that
constituents found in CHD (e.g., berberine, baicalin, and wogonin)
can modulate inflammatory signaling and oxidative stress responses
(Shieh et al., 2000; Qiu et al., 2025). Moreover, CHD preserved BBB
integrity by reducing PECAM-1 expression and restoring tight
junction proteins such as claudin-5. PECAM-1 is not only a
marker but also a mediator of vascular inflammation and
permeability (Privratsky et al, 2010). Stabilization of the
endothelial barrier likely limited leukocyte infiltration and
vasogenic edema, both of which contribute to infarct expansion
(Chen et al., 2021; Stanzione et al., 2022).
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FIGURE 6

CHD preserves endothelial barrier integrity by modulating junctional proteins and TLR4/STAT3 signaling. (A) Schematic showing infarct region used

for analysis. (B,C) PECAM-1 immunofluorescence in peri-infarct cortex 24 h after pMCAO. Vehicle-treated mice exhibited strong PECAM-1 expression,
which was significantly reduced by CHD (30, 60, 120 mg/kg, p.o.). Scale bar = 50 um. (D—-K) Western blot analyses of PECAM-1, claudin-5, occludin, TLR4,
p-ERK, p-p38, and p-STAT3 in LPS-stimulated bEND.3 endothelial cells with or without CHD pretreatment (1-100 pg/mL) (D). Densitometric
quantification normalized to p-actin. CHD dose-dependently suppressed PECAM-1 expression, restored claudin-5, and selectively inhibited p-STAT3,
whereas TLR4, p-ERK, and p-p38 remained unchanged (E-K). Representative Western blots are shown. Densitometric analysis was normalized to p-actin.
Data are presented as mean + SD. Statistical significance was determined by one-way ANOVA followed by Tukey's post hoc test. Exact p values are

indicated in the graphs.

4.4 CHD suppresses STAT3 signaling to
preserve endothelial integrity

Endothelial ~dysfunction and inflammation key
contributors to BBB disruption after ischemic stroke (Kadry
et al., 2020; Zapata-Acevedo et al., 2024). In the present study,

CHD preserved endothelial integrity by selectively downregulating

are
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p-STAT3, whereas TLR4, p-ERK, and p-p38 remained largely
unaffected. STAT3 is an established regulator of endothelial
activation and barrier breakdown in neuroinflammatory
conditions (Narasimhan et al., 2009; Gesuete et al., 2014; Wang
etal., 2015; Mowry et al.,, 2021; Huang et al., 2026; Wu et al., 2025),
suggesting that selective STAT3 suppression represents a principal

mechanism underlying CHD-mediated barrier stabilization.
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Although certain CHD constituents have been reported to
TLR4/MAPK
inflammatory models, endothelial signaling responses are highly

influence signaling in macrophage-dominant
context- and time-dependent. MAPK phosphorylation is typically
rapid and transient following receptor stimulation, and early
dynamic changes may not persist at later time points
(Carmeliet and Jain, 2011; Simons et al., 2016). Moreover,
endothelial

signaling—including

regulation involves coordinated multi-pathway
PI3K/AKkt, eNOS, STAT
pathways—rather than reliance on a single MAPK cascade (De
Bock et al.,, 2013; Carmeliet and Jain, 2011; Potente and Makinen,
2017). Within this framework, the observed selectivity toward

STAT3 likely reflects preferential engagement of barrier-

and

regulatory mechanisms rather than broad upstream inhibition
of the TLR4/MAPK axis.

4.5 Therapeutic implications and
translational potential

Currently, therapeutic approaches to enhance collateral
circulation are limited to mechanical or investigational methods,
with no approved drugs directly targeting this vascular system
(Marilena et al, 2025). The present study suggests that
CHD—through its multifaceted effects on cerebral perfusion,
angiogenesis, inflammation, and BBB stabilization—can address
this unmet need. Moreover, oral administration, rapid efficacy,
and reported clinical tolerability of CHD (Jung et al.,, 2018; Lee
et al, 2023) enhance its translational potential for ischemic
stroke treatment.

4.6 Limitations and future directions

This study primarily examined acute-phase neuroprotection; its
influence on long-term neurological and functional outcomes
requires extended follow-up studies. Although STAT3 inhibition
emerged as a central regulatory mechanism, additional
pathways—such as eNOS/PI3K/Akt, alternative MAPK cascades,
and VEGF-associated downstream effectors—may also contribute
to CHD’s effects. Comprehensive multi-pathway and time-resolved
analyses will be essential to delineate the broader molecular network.
Furthermore, as CHD is a multi-component botanical formulation,
the synergistic
pharmacokinetic/pharmacodynamic characteristics of its bioactive

independent efficacy, interactions, and
constituents remain to be defined. Future studies isolating and
mechanistically evaluating key compounds will be critical for
robust quality control, formulation optimization, and clinical

translation.

5 Conclusion

CHD exerts multi-level neurovascular protection in ischemic
stroke by enhancing collateral perfusion and selectively suppressing
STAT3-dependent endothelial inflammatory signaling. These
findings support the therapeutic potential of CHD as a
of
neurovascular stability and warrant further translational and

pharmacological modulator collateral ~circulation and

clinical investigation.
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5.1 Limitations of the study

No positive control was included in this analysis. Based on the
there established
pharmacological agent specifically targeting collateral perfusion in

authors’  assessment, is currently no
ischemic stroke. Therefore, this study was designed to evaluate the
mechanistic effects of CHD relative to vehicle treatment rather than

to compare it with an established collateral-targeting agent.
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