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a b s t r a c t 

Background: Saengmaeksan is a traditional herbal formula used in Korean medicine. We composed a modified 
formula based on Saengmaeksan (mSMS) with Puerariae Radix, Platycodonis Radix, Liriopis seu Ophiopogonis 
Tuber, Schisandrae Fructus, Coicis Semen, and Dioscoreae Rhizoma to investigate its in vivo and ex vivo antihy- 
pertensive effects and underlying mechanisms. 
Methods: The antihypertensive efficacy of mSMS was assessed using l -NAME-induced hypertensive mice and 
spontaneously hypertensive rats (SHR). The animals were treated with mSMS, and blood pressure was monitored 
weekly. Vascular effects were evaluated through organ bath studies and aortic histology, while oxidative stress 
was assessed using DCF-DA staining. Renal protection was examined via H&E and immunofluorescence staining 
for AT1R expression. The molecular mechanisms were explored through Western blot analysis and GTP-RhoA 
assays. 
Results: mSMS significantly reduced systolic and diastolic blood pressure in both hypertensive models, with 
the ethanol extract demonstrating superior efficacy. mSMS inhibited the RhoA/Rho kinase pathway, leading to 
reduced phosphorylation of MYPT1 and CPI17, and improved vascular relaxation. Additionally, mSMS attenuated 
aortic wall thickening, oxidative stress, and renal damage, with a marked decrease in AT1R expression in the 
kidneys. 
Conclusions: mSMS exhibits potent antihypertensive effects through the inhibition of the RhoA/Rho-kinase path- 
way, reduction of vascular remodeling, oxidative stress, and renal protection. These findings support the potential 
of mSMS as a novel therapeutic agent for hypertension, offering a multi-targeted approach with fewer side effects 
compared to conventional therapies. Further clinical studies are required to confirm its clinical efficacy. 
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. Introduction 

Hypertension, also known as high blood pressure, affects over 1 bil-
ion people worldwide. Hypertension is a major risk factor for cardio-
ascular diseases, stroke, and kidney failure, contributing significantly
o morbidity and mortality rates globally. 1 In the United States, nearly
alf of adults are affected or treated for hypertension. 2 Current antihy-
ertensive medications include diuretics, beta-blockers, ACE inhibitors,
ngiotensin II receptor blockers (ARBs) and calcium channel inhibitors
CCIs). However, most of these drugs are associated with various side
ffects and limitations. 3 , 4 Therefore, herbal medicines are gaining at-
ention for their potential antihypertensive properties, due to the fewer
ide effects and multi-targeted nature. 5 Emerging research has shown
hat certain herbal compounds can effectively reduce blood pressure
nd improve overall cardiovascular health, making them a promising
djunct or alternative to conventional antihypertensive drugs. 6-9 

The small guanosine triphosphatase (GTP) binding protein Ras ho-
olog family member A (RhoA) and its downstream effector Rho-
inase play an important role in smooth muscle contraction by agonist-
nduced Ca2 + -sensitization. 10 Activated RhoA increases the Ca2 + sen-
itivity of both MLC phosphorylation and contraction in smooth mus-
le. 11 Activation of Rho-kinase decreases the activity of myosin light-
hain phosphatase (MLCP) through phosphorylation of myosin phos-
hatase targeting subunit 1 (MYPT1) at Thr855 and protein kinase C
PKC)-potentiated inhibitory protein for heterotrimeric MLCP of 17 kDa
CPI17) at Thr38, enhancing vascular contractility. 12 Because of this key
ole in vascular smooth muscle contraction, 13 RhoA/Rho-kinase path-
ay is a promising target for novel antihypertensive strategies. 
This study focuses on the antihypertensive potential of a modified

ersion of an herbal medicine decoction named Saengmaeksan (mSMS).
e conducted a series of experiments including organ bath studies,
ouse studies using the NG nitro l -arginine methyl ester (L-NAME)
odel, 14 and studies on spontaneously hypertensive rats (SHR). 15 Also,
rgan bath studies were designed to investigate the direct effects of
SMS on vascular smooth muscle tone. We also compared the effect of
SMS with currently prescribed hypertension drugs such as amlodipine
nd losartan. Our results provide evidence of the efficacy and potential
echanisms of mSMS as a novel antihypertensive agent. 

. Methods 

.1. Reagents 

L-NAME, 11,9 epoxymethano-prostaglandin F2 𝛼 (U46619), KCl,
horbol 12,13-dibutyrate (PDBu), Ro31–8220, losartan, and amlodip-
ne were obtained from Sigma-Aldrich Co. (St. Louis, MO, USA). 

.2. Preparation of mSMS 

The herbal combination to prepare mSMS extracts were as follows:
uerariae Radix 40 g, Platycodonis Radix 40 g, Liriopis seu Ophiopogo-
is Tuber 40 g, Schisandrae Fructus 20 g, Coicis Semen 20 g, Dioscoreae
hizoma 20 g. The herbs were mixed and extracted by 1.8 L of 100 °C
.W. for 2 h or by storing in 1.8 L of 70 % ethanol in water for 3 days
t 20 °C. After being filtered, the extracts were concentrated by rotary
vaporation (Eyela, Tokyo, Japan) then freeze-dried. The vouchers for
ach herb are stored in the Department of Pharmacology, College of
orean Medicine, Kyung Hee University. 

.3. High-performance liquid chromatography (HPLC) 

mSMS was standardized based on the metabolites from its com-
onents using HPLC. Specifically, puerarin, daidzin, schizandrin, and
omisin A were chosen as marker compounds for standardization. The
nalytical HPLC system was equipped with a Waters Alliance e2695
PLC system with 996 PDA detector (Waters Co., Manchester, UK) and
2

 RStech HECTOR-M C18 (4.6 mm × 250 mm i.d.; 5 μm). A HECTOR-M
18 column (4.6 × 250 mm, 5 μm, 100 Å, RStech) was used with the col-
mn temperature maintained at 40 °C. The injection volume was 10 μL,
nd samples were prepared at a concentration of 10 mg/mL in 100 %
ethanol. The mobile phase consisted of solvent A (water containing
.1 % formic acid, w/w) and solvent B (acetonitrile containing 0.1 %
ormic acid, w/w). The flow rate was maintained at 1.0 mL/min from
 to 24.0 min, increased to 1.2 mL/min at 24.1 min, and maintained
ntil 33.0 min. The gradient elution program was as follows: starting at
5 % A and 15 % B at 0 min, changing to 80 % A and 20 % B at 9 min,
hen to 40 % A and 60 % B at 14 min, followed by 1 % A and 99 % B at
9 min, which was maintained until 24 min. At 24.1 min, the gradient
as returned to the initial condition of 85 % A and 15 % B, and held
ntil 33 min for re-equilibration. 

.4. Ex vivo studies 

Ex vivo studies were approved by the Institutional Animal Care and
se Committee of National Institute for Korean Medicine Development
NIKOM-2022–14) and carried out in accordance with the Guide for
he Care and Use of Laboratory Animals, 8th edition. Vascular tension
as evaluated in thoracic aortic rings collected from Sprague-Dawley
ats, weighing 320–350 g. A vasoconstriction study was performed as
escribed previously. 16 Briefly, the thoracic aorta was excised and cut
nto four ring segments of 3.5 mm. Endothelium denudation was done
hen needed, by gently rubbing the internal surface with the edge of
 forceps. Each aortic ring was suspended in a water-jacketed organ
ath (6 mL) maintained at 37 °C and 95 % O2 –5 % CO2 , connected to
n isometric force transducer (Danish Myo Technology, Aarhus N, Den-
ark), and stretched to an optimal resting tension of 2.0 g, which was
aintained throughout the experiment. Each ring was equilibrated in
he organ bath solution for 60 min before the experiment measuring the
ontractile response after the addition of KCl. To determine the effect
f mSMS on vascular tension in an endothelium-intact or endothelium-
enuded rat aortic ring, vascular contractions were induced by throm-
oxane A2 agonist U46619 (10 nM) or KCl (50 mM), or PKC activator
DBu (0.1 μM). When each contraction reached a plateau, mSMS was
dded cumulatively (0.1–1.0 mg/ml) to elicit vascular relaxation. The
ffect of mSMS on vascular relaxation were determined after pretreat-
ent with Ro31–8220 (1.0 μM) or vehicle (0.1 % DMSO) for 30 min. 

.5. Western blot 

After functional study, muscle strips were quickly immersed in ace-
one containing 10 % trichloroacetic acid (TCA) and 10 mM dithiothre-
tol (DTT) precooled to − 80 °C. The aortic rings were washed in acetone
ontaining 5 mM DTT to remove TCA, air-dried and stored at − 80 °C un-
il use. Western blot assays were performed as previously described. 17 

n brief, stored muscle samples were homogenized in RIPA buffer with
rotease and phosphatase inhibitors. Protein-matched samples (Brad-
ord assay) were electrophoresed in SDS-PAGE gels, transferred to nitro-
ellulose membranes, and subjected to primary antibodies. Anti-mouse,
nti-goat and anti-rabbit antibodies conjugated with horseradish perox-
dase were used as secondary antibodies. 

.6. GTP RhoA assay 

Muscle strips were quick frozen by liquid nitrogen, and kept at
 80 °C. G-LISA RhoA Activation Assay Biochem Kit (Catalog no. BK124,
ytoskelecton Inc., Denver, CO, USA) was used to perform GTP RhoA
ssays, according to the manufacturer’s instructions as previously de-
cribed. 18 Briefly, muscle strip samples were homogenized in a lysis
uffer and were centrifuged at 13,200 rpm for 15 min at 4 °C. The
upernatant, containing 37 g of proteins, was transferred into a plate,
nd equal volumes of ice-cold binding buffer mixtures were added into
ach well. The plate was shaken on a cold orbital microplate shaker
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300 rpm) for 30 min at 4 °C, flicked out of the solution from wells,
nd incubated with diluted anti-RhoA primary antibodies followed by
econdary antibodies on a microplate shaker (300 rpm) at room tem-
erature for 45 min each. The plate was incubated with a horse radish
eroxidase detection reagent for 15 min at 37 °C, and, after addition of
 horseradish peroxidase stop buffer, the absorbance was immediately
ecorded at 490 nm. In total, four independent biological replicates were
erformed, using eight animals (2 vessels per replicate × 4 replicates).
ll contraction assays were completed prior to freezing, ensuring that
he RhoA activation status reflected the contractile state induced by drug
reatment. 

.7. Animal study 

To evaluate the in vivo efficacy of mSMS, the l -NAME-induced
ypertension mouse model and spontaneously hypertensive rat (SHR)
odel were used. All in vivo studies were approved by the Institutional
nimal Care and Use Committee of Kyung Hee University (KHSASP-23–
41) and carried out in accordance with the Guide for the Care and Use
f Laboratory Animals, 8th edition. Doses of mSMS were selected based
n the clinically used oral dose of 8000 mg/day in adult humans, with
sing converted doses of 500 mg/kg in mice and up to 800 mg/kg in
ats. 
For the l -NAME-induced hypertension study, 8-week-old female ICR
ice and 8-week-old male C57BL/6 mice were used. The mice were first
cclimated for one week in a controlled environment with a tempera-
ure of 25 ± 5 °C, humidity of 60 ± 20 %, and a 12-h light/dark cycle.
uring the acclimation period, the mice were provided with standard
aboratory chow and water ad libitum. Following acclimation, hyper-
ension was induced by administering l -NAME, an inhibitor of nitric
xide (NO) synthase. 19 l -NAME was dissolved in drinking water at a
oncentration of 1 mg/mL and was provided to the mice ad libitum for
 duration of three weeks. The water containing l -NAME was freshly
repared and replaced daily to ensure consistent dosing. Starting on
he same day, mice were divided into two groups: the control group re-
eived PBS, while the treatment group received mSMS (500 mg/kg/day)
ia oral gavage for 3 weeks. For the SHR study, 8-week-old male SHRs,
long with age-matched Wistar-Kyoto (WKY) rats as normotensive con-
rols, were housed under standard laboratory conditions with a con-
rolled temperature of 25 ± 5 °C, relative humidity of 60 ± 20 %, and a
2-h light/dark cycle. The animals were allowed free access to standard
how and water throughout the study period. mSMS, prepared in 100 μL
BS at the indicated doses, was administrated orally at consistent times.
osartan (20 mg/kg/day, per oral) and amlodipine (10 mg/kg/day, per
ral) were used as positive controls. 
Blood pressure was measured weekly using the CODA non-invasive

lood pressure system (Kent Scientific, Torrington, CT, USA) as previ-
usly described. 20 Following 1-week acclimation to the instrument, SBP
nd DBP were measured weekly at the tail using volume pressure record-
ng (VPR) sensor technology after a 10 min acclimation on a warming
ad. Each session comprised 2 sets of 15 measurement cycles. Values
etrieved from “Regular Cycle = True ” and “Accepted = True ” by the
ystem’s automated quality assessment were considered valid. For each
nimal, values from the most stable window within a ± 10 mmHg range
ere averaged, and only datasets with at least four valid cycles per time
oint were included. After the final week of treatment, the mice were
uthanized and blood and tissues were harvested for further analysis.
issues were either processed for histological studies or frozen in liquid
itrogen and stored at − 80 °C until further use. 

.8. Hematoxylin & eosin (H&E) staining 

Aorta and kidney tissues were harvested and fixed in 10 % neutral-
uffered formalin for 24 h. The fixed tissues were then embedded in
araffin and sectioned at a thickness of 5 μm. The sections were deparaf-
nized in xylene and rehydrated through graded alcohols. H&E staining
3

as performed to evaluate the structural changes. Briefly, sections were
tained with hematoxylin for 5 min, washed in running tap water, and
hen counterstained with eosin for 1–2 min. After dehydration through
raded alcohols and clearing in xylene, the sections were mounted using
 synthetic resin. The stained sections were observed under a light mi-
roscope, and the thickness of the aortic wall was measured using image
nalysis software. 

.9. Immunofluorescence (IF) staining 

Oxidative stress in aortic tissues was assessed using 2 ′ ,7 ′ -
ichlorofluorescin diacetate (DCF-DA) staining. Freshly isolated aorta
egments were incubated with 10 μM DCF-DA in a Krebs-Henseleit so-
ution at 37 °C for 30 min in the dark. After incubation, the aorta
egments were washed with PBS to remove excess DCF-DA. The flu-
rescence intensity, indicative of reactive oxygen species (ROS) lev-
ls, was captured using a fluorescence microscope with an excitation
avelength of 488 nm and an emission wavelength of 525 nm. The
uorescence images were analyzed using ImageJ software, and the
ean fluorescence intensity was calculated as a measure of oxidative
tress. 
To assess the expression of angiotensin II type 1 receptor (AT1R) in

idney tissues, immunofluorescence (IF) staining was performed. Kid-
ey sections were deparaffinized in xylene, rehydrated in graded alco-
ols, and subjected to antigen retrieval by heating in a citrate buffer
pH 6.0) for 20 min. The sections were then blocked with 5 % bovine
erum albumin (BSA) in PBS for 1 h at room temperature to prevent
onspecific binding. After blocking, the sections were incubated with
 primary antibody against AT1R (diluted 1:200 in PBS) overnight at
 °C. Following primary antibody incubation, the sections were washed
n PBS and incubated with a fluorescence-conjugated secondary anti-
ody (Alexa Fluor 488, diluted 1:500 in PBS) for 1 h at room tempera-
ure in the dark. Nuclei were counterstained with DAPI for 5 min. The
ections were mounted with antifade mounting medium and observed
nder a fluorescence microscope. The fluorescence intensity of AT1R
as quantified using ImageJ software. 

. Results 

.1. HPCL analysis of mSMS 

First, we analyzed the constituents of mSMS. HPLC analysis iden-
ified puerarin, daidzin, schisandrin, and gomisin A, the four known
ompounds of the herbal components of mSMS (Supplement 1). 

.2. mSMS shows vasorelaxation effects in endothelium-intact or 

ndothelium-denuded aortic rings 

We investigated the vasorelaxation response in aortic rings. U46619
aused contraction, and EtOH extract or water extract of mSMS was
dded cumulatively to elicit relaxation ( Fig. 1 a). EtOH extract of mSMS
howed significant relaxation starting at 0.4 mg/mL. Water extract
f mSMS at high concentrations also caused slight vasocontraction
n endothelium-intact aorta ( Fig. 1 b). In endothelium-denuded aortic
ings ( Fig. 1 c), water extract of mSMS showed better relaxation effect
han in endothelium-intact aorta but the effect of EtOH extract was
ecreased at 0.8 and 1.0 mg/mL concentrations ( p < 0.05). Overall,
tOH extract of mSMS showed higher vasorelaxation effects in both
ndothelium-intact and endothelium-denuded aorta. Next, the tension
f endothelium-denuded aortic rings induced by U46619 was measured
fter pretreatment with mSMS. The tension is expressed as percentage to
nitial contractions in response to 50 mM KCl. The contractile response
o U46619 was prevented by both extracts of mSMS, with EtOH extract
howing better effect ( Fig. 1 d, e). 
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Fig. 1. Effect of mSMS water and EtOH extracts on vascular contraction. Isolated rat aorta rings were pre-contracted with U46619 and then treated with 
mSMS water extract and ethanol extract. The contractile response was measured using the organ bath method. (a-c) The relaxation responses were expressed as 
the percentage to maximal contractions in response to U46619 (10 nmol/L). mSMS was added cumulatively (0.1–1.0 mg/ml) to elicit relaxation in aortic rings 
precontracted with U46619. (d, e) Pretreatment effect of mSMS on U46619-induced contraction was determined. Developed tension is expressed as a percentage of 
the contraction to KCl (50 mmol/L). Data are expressed as means of 5 experiments with vertical bars showing SEM. ∗ P < 0.05 vs. vehicle. 
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.3. mSMS exerts vasorelaxation effects through inhibition of 

hoA/Rho-kinase signaling 

After pretreatment with mSMS, we added U46619 to induce con-
raction until plateau, and the amount of GTP-RhoA was determined.
46619 increased GTP-RhoA (1.98 ± 0.11-fold vs. control), while
tOH extract of mSMS suppressed GTP-Rho levels (1.53 ± 0.10-fold
y 0.6 mg/mL and 1.45 ± 0.09-fold by 1.0 mg/mL). Water extract
howed insignificant changes ( Fig. 2 a). Next, we determined the level
f the phosphorylation of Rho kinase substrates MLC20, MYPT1, and
PI17. U46619- stimulated MYPT1Thr855 phosphorylation increased
ignificantly (2.10 ± 0.12-fold) compared with the control. As shown
n Fig. 2 b and c, the phosphorylation level of MYPT1Thr855 was sig-
ificantly decreased by mSMS (1.0 mg/ml mSMS_W, 1.59 ± 0.09-
old; 0.2, 0.6, or 1.0 mg/ml mSMS_E, 1.65 ± 0.10, 1.51 ± 0.11 and
.40 ± 0.07-fold). CPI17 is phosphorylated at Thr38. We also deter-
ined whether mSMS decreased the phosphorylation of CPI17Thr38 

nduced by U46619. U46619 increased the phosphorylation level of
PI17Thr38 as compared with the control, which was significantly de-
reased by pretreatment with mSMS (1.0 mg/ml mSMS_W, 0.76 ± 0.05-
old; 0.2, 0.6, or 1.0 mg/ml mSMS_E, 0.62 ± 0.12, 0.59 ± 0.07 and
.58 ± 0.08-fold). 
After pretreatment with Ro31–8220, mSMS was treated, then aor-

ic rings were challenged with PDBu. Pretreatment with Ro31–8220 in-
ibited the vascular contractility and phosphorylation of CPI17Thr38 in
esponse to PDBu. However, both mSMS_W and mSMS_E did not affect
DBu-induced vascular contraction ( Fig. 2 d) and CPI17 phosphorylation
 Fig. 2 e). 

.4. mSMS lowers blood pressure in l -NAME-induced hypertension mouse 

odels 

Next, we conducted animal studies to demonstrate the effect of
SMS in vivo. In male C57BL6 mice ( Fig. 3 a) and female ICR mice

 Fig. 3 b), EtOH extract of mSMS significantly suppressed systolic and
iastolic blood pressures. Water extract was less effective. mSMS is a
ulti-herbal decoction, consisted of 6 herbs. When each herb extract
as subjected to blood pressure tests in vivo, we could see that sin-
le herb extracts were not as effective as the decoction (Supplement 2).
ext, we prepared six 5-herb-decoctions by excluding an herb one by
ne. It was found out that mSMS, containing all 6 herbs, showed far by
he best effect compared to any of the 5 herb-combinations (Supplement
). 

.5. mSMS lowers blood pressure in the SHR hypertension rat model 

Next, we introduced the SHR rat model to evaluate the efficacy of
SMS. We also compared the antihypertensive effect of mSMS with
he two most widely prescribed drugs for hypertension: losartan (an
RB) and amlodipine (a CCI). As seen in Fig. 4 , while SBP rose to
10.7 ± 5.4 mmHg in SHR rats at week 4 (vs. 128.7 ± 2.7 mmHg in
KY rats), treatment with mSMS 400 mg/kg (186.0 ± 2.1 mmHg) and
00 mg/kg (180.2 ± 4.1 mmHg) significantly suppressed SBP. Losartan-
reated SHR rats showed SBP of 156.5 ± 2.3 mmHg and amlodipine
roup showed 161.7 ± 2.6 mmHg. DBP results were similar, showing
hat mSMS effectively lowers DBP in SHR rats at a comparable level to
ositive controls. 

.6. mSMS reduces thickness and oxidative stress in the aorta of SHR rats 

We measured the change in aorta thickness of SHR rats, since in-
reased aorta thickness is a typical pathological sign in hypertension
atients. 21 As shown in Fig. 5 a, a significant increase was observed
n SHR rats compared to WKY control rats (141.44 ± 8.63 μm vs.
63.13 ± 8.78 μm, p < 0.001). mSMS treatment reduced the thickness
f aorta at higher doses. Positive controls losartan and amlodipine were
5

ffective as well. The vascular DCF-DA staining revealed a significant
ncrease in ROS levels in SHR rats compared to normotensive WKY con-
rols ( Fig. 5 b). Specifically, the hypertensive group exhibited a 7.2-fold
ncrease ( p < 0.01), indicating heightened oxidative stress. mSMS treat-
ent significantly suppressed the level of DCF-DA intensity. Positive
ontrols losartan and amlodipine both showed decrease of ROS. 

.7. mSMS reduces injury and AT1R expression in the kidney of SHR rats 

Histological analysis using H&E staining was performed to assess the
xtent of renal injury in SHR rats ( Fig. 6 a). The untreated SHR rats ex-
ibited significant renal pathology, characterized by glomerular hyper-
rophy, increased mesangial matrix, and tubulointerstitial damage, in-
luding tubular dilation and inflammatory cell infiltration. In contrast,
HR rats treated with mSMS displayed marked improvements in renal
istology. H&E staining showed a significant reduction in glomerular hy-
ertrophy and mesangial expansion compared to the untreated group.
dditionally, the tubulointerstitial damage was notably attenuated, with
ewer dilated tubules and reduced inflammatory infiltration observed in
he treated rats. Moreover, the expression of AT1R, a key mediator in
he pathogenesis of hypertensive renal injury, was assessed in the kid-
ey tissue ( Fig. 6 b). Vehicle-treated SHR rats showed elevated AT1R
xpression compared to WYK rats, consistent with the hypertensive and
enal damage observed. mSMS treatment showed a tendency to reduce
T1R expression in the kidney, however without statistical difference.
et, at 400 and 800 mg/kg doses, the reduction rate was around 20 %.
he ARB losartan also decreased the expression of AT1R as expected. 

. Discussion 

.1. Summary of key findings 

In this study, we developed a modified herbal formulation, mSMS,
ased on Saengmaeksan to treat age-related hypertension. In both l -
AME-induced hypertensive mice and SHR rats, mSMS significantly re-
uced systolic blood pressure in a dose-dependent manner, with effi-
acy comparable to losartan and amlodipine. Mechanistically, mSMS
ttenuated vascular remodeling and reduced reactive oxygen species in
he aorta, preserved renal structure, and downregulated AT1R expres-
ion. At the molecular level, mSMS inhibited RhoA activation and down-
tream phosphorylation of MYPT1 and CPI17, implicating suppression
f the RhoA signaling axis as a central mechanism. These findings col-
ectively position mSMS as a promising multi-targeted antihypertensive
gent that exerts vasorelaxant and end-organ protective effects through
uppression of vascular oxidative stress and contractile signaling. 

.2. Comparison with previous studies 

The original formulation of Saengmaeksan, consisting of Ginseng
adix, Ophiopogonis radix, and Schisandrae fructus, was traditionally
sed to restore qi and revive the pulse. Historically, this formula was
idely used to alleviate symptoms such as thirst, fatigue, and excessive
weating caused by summer heat. 22 Notably, historical records indicate
hat it was highly valued by the Joseon royal court, where it was con-
umed as a functional herbal tea during the summer. 23 Saengmaeksan
s shown to exert positive effects related to blood lipid, arteriosclero-
is index, and relaxation of contract artery. 24 Saengmaeksan also pro-
ects liver damage induced by alcohol in rats 25 or improve physical
tamina and reduces oxidative stress, thereby enhancing athletic per-
ormance and energy metabolism26 . Other studies demonstrated that
aengmaeksan has anti-inflammatory effects 27 and anti-hyperuricemic
ffects. 28 mSMS used in this study was developed with the specific goal
f improving circulatory dysfunction, particularly in elderly individu-
ls with a distinct hypertensive profile, which is characterized by ele-
ated systolic blood pressure but relatively low diastolic pressure. To
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Fig. 2. Effect of mSMS water and EtOH extracts on Rho/Rho kinase pathway. (a) RhoA activation was assessed by G-LISA after treatment with U46619 
(10 nmol/L). Modified Saengmaeksan had been pretreated for 30 min. Absorbance at the control (OD of around 0.4) was expressed as 1 arbitrary unit. (b) Phos- 
phorylation levels of MLC20, MYPT1, and CPI17 were measured by western blot. (c) Relative ratios of phosphorylation against the total protein forms of MCL20, 
MYPT1, and CPI17 were measured. Data are expressed as means of 4 experiments with vertical bars showing SEM. (d) Effect of mSMS on PDBu-induced contraction in 
PKC-inhibited conditons. PDBu (0.1 μmol/L) was added to elicit tension in the presence or absence of Ro31–8220, mSMS (0.6 or 1.0 mg/ml) for 30 min in the aortic 
rings with endothelium denuded. Developed tension was expressed as a percentage of the maximum contraction to KCl (50 mmol/L). (e) CPI17 phosphorylation at 
Thr38 was assessed by Western blots after PDBu treatment. ## P < 0.01 vs. vehicle; ∗ P < 0.05, ∗ ∗ P < 0.01 vs. U46619 alone (a-c) or PDBu alone (d, e). 

6
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Fig. 3. Effect of mSMS extracts on blood pressure in l -NAME-induced hypertensive mice. (a) Male C57BL6 mice or (b) female ICR mice were administered 
l -NAME for 3 weeks to induce hypertension. mSMS water extract or ethanol extract (500 mg/kg/day) was orally administrated simultaneously. Blood pressure (SBP 
and DBP) was measured once a week using tail-cuff method. Bar graph show the blood pressure at Week 3 as mean ± SEM. ## P < 0.01, ### P < 0.001 vs. control 
group; ∗ P < 0.05, ∗ ∗ P < 0.01 vs. l -NAME hypertension group. 
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his end, Panax ginseng was excluded due to its known hypertensive po-
ential in certain populations, 29 and the formula was reconstituted with
ix herbal ingredients: Puerariae Radix, Platycodonis Radix, Liriopis seu
phiopogonis Tuber, Schisandrae Fructus, Coicis Semen, Dioscoreae
hizoma. The rationale behind this modification was to preserve the
7

uid-nourishing and pulse-reviving properties of the traditional Saeng-
aeksan, while enhancing its therapeutic potential in vascular stiffness
nd pulse pressure imbalance. Here, we show that these six herbs syn-
rgistically exert an antihypertensive effect, yet each single herb do not
ave significant effects. Ingredients such as Puerariae radix 30 and Coicis
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Fig. 4. Effect of mSMS extracts on blood pressure in SHR hypertensive rats. SHR rats were orally administrated with mSMS ethanol extract at 200, 400, 
and 800 mg/kg/day. Blood pressure (SBP and DBP) was measured once a week using tail-cuff method for 4 weeks. Losartan (20 mg/kg/day) and amlodip- 
ine (10 mg/kg/day) were used as positive controls. WKY rats were fed PBS as a control group. Bar graph show the blood pressure at Week 4 as mean ± SEM. 
#### P < 0.0001 vs. WKY control group; ∗ P < 0.05, ∗ ∗ P < 0.01 vs. SHR hypertension group. 
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emen 31 are known to improve peripheral circulation and reduce sys-
olic overload, making the modified formulation more suitable for age-
elated vascular dysfunction. Platycodonis Radix improves vascular in-
ammation and oxidative stress, 32 Schisandrae Fructus shows cardio-
rotective effects in ovariectomized and balloon-induced carotid artery
njury rats, 33 and Dioscoreae Rhizomab exerts anti-hyperuricemic and
ephroprotective effects in hypertensive mice. 34 Based on this experi-
ental evidence, together with clinical aspects, suggest mSMS as a ben-
ficial therapeutic for hypertension patients. 

.3. Clinical and scientific implications 

In this study, we utilized two different in vivo models to determine
he therapeutic effect of mSMS in hypertension: The l -NAME mouse
odel and SHR model. l -NAME, an inhibitor of NO synthase, 19 induces
ypertension in animals by reducing NO production, which is essen-
ial for vasodilation. 35 The SHR model is a genetically hypertensive rat
odel that mimics essential features of hypertension seen in human. 15 

SMS effectively reduces blood pressure in the l -NAME-induced hyper-
ension mouse model, both in males and females. Importantly, each of
he 6 herbal components failed to exert antihypertensive effect in vivo,
nd all 5 herb-combinations showed less effect than mSMS. Using the
HR model, we confirmed the dose-dependent antihypertensive effect
f mSMS. At doses of 400 mg/kg/day or higher, mSMS exerts a sig-
ificant blood lowering effect in SHR rats. Its statistical difference to
ehicle-treated SHR rats was comparable to an ARB losartan and a CCI
mlodipine. 
Aortic wall thickening is a common pathological change associated

ith hypertension, resulting from increased pressure load on the arterial
alls, leading to vascular remodeling characterized by smooth muscle
ell hypertrophy and increased extracellular matrix deposition. 36 This
8

tructural alteration contributes to increased vascular stiffness, which
urther exacerbates hypertension and associated cardiovascular compli-
ations. 37 The reduction in aortic wall thickness not only reflects im-
roved vascular structure but also implies a potential decrease in ar-
erial stiffness, which could translate into better overall cardiovascular
utcomes. 38 By preventing or reversing the pathological changes in the
orta, mSMS may help to alleviate the burden of hypertension on the
ardiovascular system, reducing the risk of severe complications such
s aortic aneurysm, dissection, and heart failure. Hypertension is closely
ssociated with ROS, where excessive ROS production leads to oxidative
tress therefore contributes to vascular dysfunction and increased blood
ressure. 39 ROS can reduce the availability of NO, a key vasodilator, by
orming peroxynitrite, which impairs vasodilation and increases vascu-
ar resistance. This oxidative stress also activates pathways that promote
nflammation and vascular damage. 40 mSMS treatment resulted in de-
reased ROS levels in the aorta, indicating its antihypertension effects
re related to oxidative stress and subsequent inflammation in the blood
essels. 
Hypertension significantly affects kidney function through the

verexpression of AT1R. Angiotensin II, a vital hormone in the
enin-angiotensin-aldosterone system (RAAS), causes vasoconstriction,
odium retention, and aldosterone secretion via AT1R, raising blood
ressure. 41 In hypertension, the upregulation of AT1R in the kidneys
ntensifies these effects, worsening hypertension and causing renal dam-
ge. Higher kidney injury score in hypertensive patients often correlates
ith increased AT1R activity, indicating more severe kidney injury and
oorer outcomes. 42 ARBs like losartan and valsartan reduce these ef-
ects by inhibiting AT1R, lowering blood pressure, and protecting the
idneys. This intervention can decrease renal injury and improve over-
ll cardiovascular and renal health . 43 Our results confirm that losartan
educed AT1R and histological damage in the kidney, corresponding to
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Fig. 5. Effect of mSMS extract on histological changes and oxidative stress in aorta of SHR rats. (a) Representative images of aorta sections stained with H&E, 
showing the structural integrity and morphology of the aortic wall. Bar graph represent the thickness of aorta. (b) Representative images of aorta sections stained 
with DCF-DA to assess ROS levels. Increased fluorescence indicates higher levels of oxidative stress in the aortic tissue. Bar graph represent the relative fluorescence 
intensities. ### P < 0.001 vs. WKY control group; ∗ P < 0.05, ∗ ∗ P < 0.01, ∗ ∗ ∗ P < 0.001 vs. SHR hypertension group. 
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revious knowledge. mSMS treatment, while improving renal injury, did
ot significantly reduce AT1R expression, suggesting its mechanism of
ction may not involve AT1R. 
RhoA kinase is an enzyme that regulates vascular smooth muscle

ontraction and blood pressure. Overactivation of the RhoA/Rho ki-
ase pathway significantly contributes to hypertension by increasing
mooth muscle contractility and impairing endothelial function, lead-
ng to elevated vascular resistance. 44 This pathway is crucial for the sig-
aling of vasoconstrictive agents like endothelin-1 and angiotensin II,
9

ey players in hypertension. 45 Inhibition of Rho kinase has been shown
o lower blood pressure, induce vasodilation, and improve endothelial
unction. 46 Our study demonstrated that U46619, a thromboxane A2
eceptor agonist, 47 activated RhoA and increased phosphorylation of
LC20, inducing contraction. This activation was inhibited by mSMS,
uggesting that mSMS may suppress GTP RhoA activation. Additionally,
SMS inhibited U46619-induced phosphorylation of MYPT1 at Thr855,
 site targeted by Rho kinase, 48 indicating regulation of vasoconstriction
hrough suppression of the Rho-kinase-MYPT1 pathway. CPI17, another
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Fig. 6. Effect of mSMS extract on histological changes and AT1R expression in kidney of SHR rats. (a) Representative images of kidney sections stained with 
H&E. Bar graph quantifies the kidney injury score, highlighting the degree of renal damage. (b) IF staining of kidney sections for AT1R. Bar graph presents the 
quantification of AT1R fluorescence intensity. ## P < 0.01, ### P < 0.001 vs. WKY control group; ∗ P < 0.05, ∗ ∗ ∗ P < 0.001 vs. SHR hypertension group. 
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ownstream effector of Rho-kinase, 49 was also inhibited by mSMS, as
hown by reduced CPI17Thr38 phosphorylation. However, mSMS did
ot affect the PKC pathway, indicating the importance of the RhoA/Rho
inase pathway in the mechanism of action of mSMS. Overall, mSMS re-
uced MLC20 phosphorylation and vasoconstriction, suggesting its po-
ential as a therapeutic agent targeting the Rho kinase pathway, which
s crucial in the pathophysiology of hypertension. 
Recent clinical trials involving multi-herbal decoctions have high-

ighted the potential of various herbal medicines to treat hyperten-
ion. 50-54 In a clinical trial in 17 male college tennis players, Saengmaek-
10
an significantly reduced fatigue markers and enhanced immune func-
ion, suggesting improved fatigue resistance, liver function, and immune
esponse with Saengmaeksan intake during high-intensity exercise. 55 An
CT examined the effect of Saengmaeksan on energy metabolism during
xercise. Participants were evaluated for changes in energy expenditure
nd metabolic efficiency. 26 Another pilot RCT evaluated the efficacy
nd safety of a combined treatment of Ojeok-san plus Saengmaeksan
or gastroesophageal reflux-induced chronic cough, indicating that the
ombination could be effective for chronic cough management. 56 Af-
er demonstration of the efficacy of mSMS in a single-arm, prospective,
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bservational study, 57 and the positive results of this study, our inves-
igational new drug (IND) application to the Korean ministry of Food
nd Drug Safety has been recently approved based on. We are currently
reparing for a phase I clinical trial to further evaluate the safety and
harmacokinetics of mSMS. 

.4. Strengths and limitations 

This study offers several notable strengths. First, we developed a ra-
ionally designed multi-herb decoction (mSMS) based on the traditional
erbal formula Saengmaeksan, particularly optimized for age-related
ascular dysfunction. Importantly, this optimization reflects scientific
vidence and clinical rigor, balancing traditional therapeutic concepts
ith modern biomedical understanding. Second, the antihypertensive
fficacy of mSMS was validated across two established in vivo models
f hypertension, l -NAME-induced mice and SHR rats. Moreover, we con-
rmed blood pressure-lowering effects in both male and female animals,
trengthening the translational relevance. Another important finding is
rom our mechanistic studies, in which we elucidated multiple thera-
eutic pathways targeted by mSMS, including RhoA signaling, AT1R
xpression, and oxidative stress. Lastly, the comparative analysis of in-
ividual herbs, 5-herb combinations, and the full 6-herb formulation
emonstrated a clear synergistic effect of mSMS in vivo, supporting the
olistic principle of herbal synergy. 
However, also certain limitations should be addressed through fur-

her investigation. First, while mechanistic studies were rigorously per-
ormed, the causal role of these pathways was not fully validated in
ivo. Second, long-term safety and toxicity of chronic mSMS adminis-
ration remain to be evaluated, although a single-dose toxicity study
data not shown) confirmed acceptable short-term safety. Also, addi-
ional translational studies are required to determine whether the ob-
erved antihypertensive effects and mechanistic insights can be repli-
ated in human populations. Further investigations including pharma-
okinetics, bioavailability, and potential herb-drug interactions will be
ecessary to support clinical application of mSMS. 

.5. Conclusion 

In conclusion, our study demonstrates that the multi-herbal decoc-
ion, mSMS, exhibits significant antihypertensive effects both in vitro
nd in vivo. Through a series of experiments, we confirmed that mSMS
xerts its vasorelaxation effects primarily by inhibiting the RhoA/Rho-
inase signaling pathway, which plays a crucial role in smooth muscle
ontraction and the development of hypertension. The ethanol extract of
SMS showed superior efficacy compared to the water extract, indicat-
ng that specific phytochemicals within mSMS, such as isoflavones and
omisin A, are key contributors to its therapeutic effects. In animal mod-
ls, mSMS not only effectively reduced systolic and diastolic blood pres-
ure but also mitigated vascular remodeling and oxidative stress, which
re common pathological features of hypertension. The findings of this
tudy are presented as a schematic diagram in Supplement 4. These find-
ngs suggest that mSMS has the potential to serve as a novel therapeutic
gent for hypertension, offering a multi-targeted approach with fewer
ide effects compared to conventional antihypertensive drugs. 
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