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Trifolin, a bioactive component of theQingda granule, has demonstrated significant
antihypertensive potential; however, its precise mechanisms of action remain
largely unknown. This study aimed to investigate the antihypertensive effects of
trifolin and unravel its underlyingmolecularmechanisms. The influence of trifolin on
vascular contraction and relaxation and its regulatory effects on ion channels were
evaluated through a vascular tension experiment. Morphological changes in the
aortic tissues of mice with angiotensin Ⅱ-induced hypertension and the expression
profiles of contraction-associated proteins were analyzed via hematoxylin-eosin
staining and immunohistochemistry. Additionally, trifolin’s impact on calcium ion
dynamics and contraction-associated protein expression in angiotensin Ⅱ-activated
vascular smooth muscle cells (VSMCs) was determined through calcium flux assays
and western blot analyses. Trifolin treatment decreased the constriction of isolated
abdominal aortic rings induced by norepinephrine, KCl, and angiotensin Ⅱ in an
endothelium-independent manner and extracellular Ca2+ influx induced by these
three substances and thapsigargin. Moreover, trifolin treatment significantly
reduced the abdominal aortic wall thickness and downregulated the expression
of store-operated channels channel proteins (STIM1 and ORAI1) and calcium
signaling-related proteins (CaM, myosin light chain kinase, and p-MLC2) in the
abdominal aorta of hypertensive mice and angiotensin Ⅱ-induced VSMCs. In
conclusion, calcium signaling inhibition may underlie trifolin’s antihypertensive
effects and its ability to ameliorate vascular function. These findings offer new
therapeutic insights for hypertension treatment.
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1 Introduction

Hypertension, a chronic cardiovascular disorder, continues to be highly prevalent and
has a strong link to increased morbidity and mortality, thereby remaining to be a global
health challenge (Labarthe and Dunbar, 2012; Zhang et al., 2023). Its pathogenesis is
primarily driven by elevated vascular resistance, stemming from structural and functional
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changes including endothelial dysfunction, vascular smooth muscle
hypercontractility, and arterial remodeling (Savoia et al., 2011;
Montezano et al., 2015; Touyz et al., 2018). These pathological
alterations contribute to disease progression and complications;
thus, more precise and targeted therapeutic strategies are needed.
Among the numerous mechanisms regulating vascular function,
calcium signaling plays a pivotal role, given that increased
intracellular Ca2+ concentrations in vascular smooth muscle cells
(VSMCs) induce vasoconstriction (Allen andWalsh, 1994; Matsuda,
1997; Ikebe, 2008; Goulopoulou and Webb, 2014). Therefore,
calcium channel inhibition may be a key strategy in
antihypertensive therapy.

On the basis of the pivotal role of calcium signaling in VSMC
contraction and blood pressure regulation, calcium influx is
primarily mediated by three types of calcium channels: voltage-
dependent channels (VDCs), receptor-operated channels (ROCs),
and store-operated channels (SOCs) (Matsuda, 1997; Chin and
Chueh, 2000; Wynne et al., 2009; Misárková et al., 2016). These
channels collectively regulate intracellular Ca2+ concentrations,
initiating a cascade that induces conformational changes in
calmodulin (CaM) and activates myosin light chain kinase
(MLCK) (Fang et al., 2023). Subsequently, MLCK activation
phosphorylates the myosin light chain, causing vascular

constriction (Allen and Walsh, 1994; Ikebe, 2008; Walsh, 2011;
Hill and Meininger, 2016). Although calcium channel-targeting
drugs are widely used in clinical practice, their therapeutic
efficacy is often constrained by issues such as drug resistance and
inadequate therapeutic responses (Reinhart et al., 2023), likely
attributable to the complex regulatory mechanisms of calcium
channels and their diverse physiological roles in vascular
homeostasis (Thorneloe and Nelson, 2005; Wynne et al., 2009;
Martinsen et al., 2014; Touyz et al., 2018). Therefore, exploring
the calcium signaling pathways further and developing innovative,
targeted therapeutics are crucial to address these limitations and
improve the hypertension therapy.

Qingda granules (QDG) exhibited a significant antihypertensive
effect with low-to-moderate risk profiles in clinical trials (Qu et al.,
2024). They were also effective in reducing blood pressure in both
rats with spontaneous hypertension and mice with angiotensin Ⅱ
(Ang Ⅱ)-induced hypertension via enhanced vasodilation (Xiao
et al., 2016; Liu et al., 2017; Hei et al., 2020; Wu et al., 2020;
Zhang et al., 2020; Cheng et al., 2021; Long et al., 2021; Long
et al.,2024; Chen et al., 2022;Reinhart et al., 2023). Among its active
components, trifolin, a flavonoid compound, demonstrated
promising hypotensive effects in preliminary experiments.
However, the precise mechanisms underlying calcium signaling

GRAPHICAL ABSTRACT
Trifolin may exert antihypertensive effects and ameliorate vascular function by inhibiting the influx of extracellular calciummediated by calcium ion
channels .
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modulation and vascular function improvement by trifolin remain
inadequately understood, necessitating further investigation.

Hence, this study aimed to elucidate the molecular mechanisms
by which trifolin exerts its antihypertensive effects, focusing on its
regulation of calcium signaling pathways (Figure 1). By investigating
these pathways, we could provide innovative insights into trifolin’s
therapeutic potential and strengthen scientific evidence for its
application in hypertension treatment.

2 Materials and methods

2.1 Reagents

Trifolin (purity >98%) was obtained from Chengdu Alfa
Biotechnology Co., Ltd. (Chengdu, Sichuan, China). Other
chemicals such as KCl, valsartan (Val), norepinephrine bitartrate
(NE), acetylcholine chloride (ACh), tetraethylammonium chloride
(TEA), 4-aminopyridine (4-AP), Nω-Nitro-L-arginine methyl ester
hydrochloride (L-NAME), indomethacin (Indo) and verapamil
(Ver) were purchased from Sigma-Aldrich (St. Louis, MO,
United States). Glibenclamide (Gli) and thapsigargin (TG) were
obtained from MedChemExpress (Shanghai, China). Calcium
chloride solution (CaCl2) and barium chloride dihydrate (BaCl2)
were purchased from Macklin (Shanghai, China). Ang Ⅱ was
ordered from Abcam (Cambridge Science Park, Cambridge,
United Kingdom). Fluo-4/AM and fetal bovine serum (FBS) were
purchased from Thermo Fisher Scientific (Waltham, MA,
United States). Antibodies against MLCK (Cat. No. 48846),

p-MLC2 (Cat. No.11114), and GAPDH (Cat. No. 52902) were
obtained from Signalway Antibody (College Park, MD,
United States). Antibodies against STIM1 (Cat. No. 1156-1-AP)
and ORAI1 (Cat. No. 28411-1-AP) were purchased from
ProteinTech (Rosemont, IL, United States). Antibody against
CaM (Cat. No. 4830s) was purchased from Cell Signaling
Technology (Danvers, MA, United States). Antibody against
MLC2 (Cat. No. AB92721) was obtained from Abcam
(Cambridge Science Park, Cambridge, United Kingdom).
UltraSensitive™ SP (Mouse/Rabbit) IHC kit (Cat. No. KIT-9720,
including secondary antibodies) was obtained from Maixin
Biotechnology (Shanghai, China). Hematoxylin-eosin (H&E) kit
(Cat. No. G1100-500) was purchased from Solarbio Technology
(Beijing, China). Flunarizine dihydrochloride and YM-58483 were
purchased from MedChemExpress (Shanghai, China). Alanine
aminotransferase (ALT), aspartate aminotransferase (AST), blood
urea nitrogen (BUN), and creatinine (CRE) assay kits were obtained
from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

2.2 Animals

To verify the effects of trifolin on the morphological change and
contractile function of the abdominal aorta in hypertensive mice, we
conducted an experiment using 36 male C57BL/6 mice (8 weeks
old), which were purchased from Hangzhou Medical College
(Certificate ID: SCXK 2019-0002; Hangzhou, China) and housed
under specific pathogen-free conditions at the Animal Center of
Fujian University of Traditional Chinese Medicine. The Animal

FIGURE 1
Experimental design schematic. Experimental design schematic for ex vivo, in vivo, and in vitro experiments.
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Care and Use Committee of Fujian University of Traditional Chinese
Medicine approved our study protocol (Approval No. 2022176).
These mice were randomly divided into six groups: control group,
Ang Ⅱ group, valsartan-treated group (10 mg/kg/day), and trifolin-
treated groups (0.1, 1, and 10 mg/kg/day). Treatments were
administered intragastrically once daily for 4 weeks.

To determine the effect of trifolin on the abdominal aorta’s
tension value, we used 50 5-week-old Wistar males purchased from
Shanghai Slac Laboratory Animal (Certificate ID: SCXK 2022–0004;
Shanghai, China). These mice were maintained under specific
pathogen-free conditions with a constant temperature of 24°C ±
2°C, a relative humidity of 50%–60%, and a light-dark cycle of 12 h.
The animals were provided with water and food throughout the
experiment. The committee approved the study protocol (Approval
No. 2023039).

2.3 Animal model establishment and
evaluation

Hypertension was induced in 8-week-old male C57BL/6 mice via
continuous subcutaneous infusion of angiotensin Ⅱ (Ang Ⅱ, 500 ng/kg/
min) using Alzet 2004 osmotic mini-pumps. Ang Ⅱ was dissolved in
physiological saline and loaded into the pump. Control mice received
pumps containing saline only. The pump was implanted
subcutaneously on the mouse’s back under isoflurane anesthesia.
The mouse model in this study meets the criteria of the
hypertension model, that is, the systolic blood pressure (SBP) ≥
140 mmHg, and the diastolic blood pressure (DBP) and the mean
arterial pressure (MAP) also increase accordingly (Unger et al., 2020).

2.4 Vascular ring experiments

Vascular reactivity was assessed in the isolated abdominal aortic
rings. Rats were placed in a closed induction box and supplied with
air containing 3%–5% isoflurane. Approximately 1–2 min, the rats
could enter the anesthetized state. Subsequently, we rapidly removed
and dissected the aorta while avoiding blood vessel damage. All
surrounding connective tissues were then cleaned off without
damaging the intimal surface of the aorta. Next, the aorta was
sliced into 3–4 mm-long rings. These rings were subsequently
mounted in a myograph system (Danish Myo Technology,
Aarhus, Denmark) containing oxygenated physiological salt
solution (PSS) maintained at 37°C and equilibrated in the organ
bath for approximately 45 min before the experiment began. During
this period, we changed the PSS solution every 15 min to maintain
the optimal conditions. Thereafter, we precontracted the aortic rings
with KCl or norepinephrine (NE) and added cumulative doses of
trifolin to evaluate vasorelaxation.

2.5 Calcium flow experiments

A7R5 cells were seeded in confocal dishes at 0.8 × 104 cells/mL,
cultivated for 24 h, and then pretreated with or without trifolin
(200 μM) for 48 h. At the end of the treatment, fluo-4/AM (5 μM)
in Ca2+-free HEPES buffered salt solution (HBSS) was added to the

dish, followed by incubation for 15 min at 37°C in the dark. Then, we
carefully removed the supernatant and washed the cells thrice with
Ca2+-free HBSS. After incubation with Ca2+-containing HBSS for
10 min, the fluorescence intensity and the images were detected
using the Volocity software (PerkinElmer, Waltham, MA,
United States), and 60 mM of KCl was added during detection. To
assess the effect of trifolin on calcium influx and release, we stabilized
A7R5 cells with or without trifolin treatment in a Ca2+-free HBSS for
10 min after preincubation with flfluo-4/AM (5 μM) and then added
CaCl2 (2.5 mM), followed by NE, Ang Ⅱ, or thapsigargin stimulation.

2.6 Hematoxylin-eosin (H&E) staining

Murine abdominal aorta and heart tissues were dehydrated and
embedded in paraffin. These tissues were sectioned at 4 μm thick,
deparaffinized, and subjected to H&E staining. Nuclei were stained
with hematoxylin for 1 min and the cytoplasm with eosin for 3 s.
Stained sections were examined under a light microscope (Leica,
Wetzlar, Germany) at ×400 magnification. The average values of
media thickness (MT) and lumen diameter (LD) in the proximal and
distal regions of blood vessels were precisely measured using
ImageJ. Ultimately, the change in blood vessel thickness was
evaluated by calculating the MT/LD ratio (Xiao et al., 2016).

2.7 Immunohistochemical (IHC) staining

Vascular paraffin sections (4 μm thick) underwent
deparaffinization and heat-induced antigen retrieval, followed by
incubation with an endogenous peroxidase blocker and a
nonspecific staining blocker. Thereafter, the sections were incubated
at 4°C with primary antibodies such as MLCK (1:500), CaM (1:50),
MLC2 (1:200), p-MLC2 (1:400), STIM1 (1:100), and ORAI1 (1:100)
for 12–14 h. Subsequently, we applied biotinylated anti-mouse/rabbit
IgG polymer and streptavidin-horseradish peroxidase (HRP).
Diaminobenzidine served as a chromogenic agent, and the sections
were counterstained with hematoxylin. Finally, we randomly selected
three fields of view per section under a 400× light microscope and
quantified the positive expression rates by using the ImageJ software
(NIH, Bethesda, MD, United States).

2.8 Cell culture and treatment

The rat aortic smooth muscle cell line A7R5 was obtained from
Wuhan Pricella Biotechnology Co., Ltd. (Wuhan, Hubei, China) and
maintained in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin in a humidified atmosphere with 5% CO2 at 37°C.
Once the cells reached 80% confluence, they were subcultured. For
the experiments, cells were seeded in six-well plates at 0.8 × 105 cells
per well. We then cultured the cells in a serum-free DMEMmedium
for 6 h before adding 1 μM of Ang Ⅱ for hypertension stimulation as
a model and being treated with different trifolin concentrations (50,
100, and 200 µM) or equivalent amounts of DMSO as a control.
After 48 h of treatment, the cells underwent western blotting, and
the calcium flow assays were harvested for further analysis.
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2.9 Western blotting

After extracting the total proteins from A7R5 cells, we determined
the protein concentration by using the bicinchoninic acid assay. Equal
amounts of protein were separated via sodium dodecyl sulfate
polyacrylamide gel electrophoresis and transferred onto the
polyvinylidene fluoride membranes. The membranes were incubated
with primary antibodies against MLCK (1:1,000), CaM (1:500), MLC2
(1:1,000), p-MLC2 (1:1,000), STIM1 (1:1,000), ORAI1 (1:1,000), and
GAPDH (1:5,000) overnight at 4°C. After incubation with HRP-
conjugated secondary antibodies for 2 h, proteins were detected using
enhanced chemiluminescence and analyzed using the ImageJ software.

2.10 Assay kit experiments

The fresh blood of mice was centrifuged at 3,500 rpm for 10 min.
Extract the serum and keep it in the refrigerator at 80°C.
Determination of ALT, AST, BUN, and CRE levels by assay kits.

2.11 Quantification and statistical analysis

Quantitative data were collected from at least three independent
experiments and all statistical analyses were performed using the SPSS
statistical program (SPSS/PC+, version 22.0, Chicago, IL, United States).
Datawere expressed asmean± SD. Statistical significancewas determined
using one-way ANOVA followed by Bonferroni’s post hoc test for

multiple comparisons. Repeated measures invoked repeated-measures
ANOVA. A p-value <0.05 was considered statistically significant.

3 Results

3.1 Trifolin promotes vasorelaxation in the
abdominal aortic rings

To investigate the vasorelaxant effect of trifolin on the abdominal
aortic rings inWistar rats, we initially measured the resting tension of
the isolated rings pretreated with various trifolin concentrations (0.5,
1, and 2mM). Trifolin treatment did not significantly affect the resting
tension of the aortic rings (Figure 2A). However, it significantly
enhanced the vasorelaxation of endothelium-intact aortic rings
precontracted with KCl (60 mM; Figure 2B) or NE (1 μM;
Figure 2C). Moreover, trifolin (2 mM) pretreatment significantly
decreased the vasoconstriction of endothelium-intact aortic rings
stimulated by KCl (60 mM; Figure 2D), NE (1 μM; Figure 2E), or
Ang Ⅱ (1 μM; Figure 2F).

3.2 Trifolin attenuates L-type calcium
channel-dependent constriction of isolated
abdominal aortic rings

To determine whether trifolin vasodilation is endothelium-
dependent, we removed the endothelium of the aortic rings,

FIGURE 2
Trifolin promoted vasorelaxation in the abdominal aortic rings. Endothelium-intact aortic rings from Wistar rats were treated with various
concentrations of trifolin (0.5, 1, or 2 mM). (A) Detection of the resting tension of endothelium-intact aortic rings. (B–C) Vasorelaxation of endothelium-
intact aortic rings precontracted with KCl (60 mM) (B) or NE (C). (D–F) Endothelium-intact aortic rings from Wistar rats were pretreated with trifolin
(2mM). Detection of the vasoconstriction of endothelium-intact aortic rings precontracted with KCl (D), NE (E), or Ang Ⅱ (F). Data were shown as the
mean ± SD. *p < 0.05 vs. Control group.
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leading to relaxation rate decrease, which was then treated with
acetylcholine chloride (10 μN) (Figure 3A). Moreover, NE
stimulation increased the tension value on the endothelium-
intact and endothelium-denuded aortic rings, but trifolin
treatment significantly relaxed both rings (Figure 3B). As
shown in Figures 3C,D, trifolin treatment yielded no different
effect on the vasorelaxation of endothelium-denuded aortic rings
after preincubation with the inhibitors of endothelial channel
inhibitors [Indo (10 μM) or L-NAME (0.1 mM)]. Given that
potassium and calcium channels both play significant roles as ion
channels in VSMCs, we evaluated the vasorelaxant effect of
trifolin treatment on the abdominal endothelium-denuded
aortic rings after pretreatment with the blockers of K+

channels [TEA (0.1 mM), 4-AP (0.1 mM), BaCl2 (0.1 mM), or
Gli (0.01 mM)]. We found that K+ channel blockers showed no
effect on trifolin-induced vasorelaxation of the endothelium-
denuded aortic rings precontracted with NE (Figures 3E–H).
Conversely, pretreatment with the L-type calcium channel
blocker verapamil (10 μN) significantly decreased

vasorelaxation enhancement following trifolin treatment on
the endothelium-denuded aortic rings (Figure 3I).
Furthermore, the assessment of the effect of trifolin on the
constriction of isolated endothelium-denuded aortic rings
indicated that trifolin treatment clearly alleviated CaCl2-
induced constriction on such rings in the Ca2+-free solution
containing KCl, NE, or TG (Figures 3J–L).

3.3 Trifolin attenuates aortic wall thickness
on abdominal aorta in Ang Ⅱ-infused
hypertensive mice

The effect of trifolin onmorphological changes in Ang Ⅱ-infused
hypertensive mice was determined using H&E staining. As shown in
Figure 4, Ang Ⅱ infusion significantly increased the ratio of MT/LD
compared with the control group, indicating that Ang Ⅱ infusion
significantly thickened the abdominal aortic wall. After treatment
with trifolin or alsartan, the ratio of MT/LD decreased significantly

FIGURE 3
Trifolin attenuated calcium channel-dependent constriction of isolated abdominal aortic rings. Isolated abdominal aortic rings from Wistar rats were
treatedwith various concentrations of trifolin (0.5, 1, or 2 mM). (A)Detection of the endothelium has been removed of aortic rings relaxed with acetylcholine
(Ach, 10 μN). (B) Precontraction of the endothelium-intact (Endo+) and endothelium-denuded (Endo-) aortic rings fromWistar rats with NE (1 μN), followed
bydetectionof the vasorelaxationof aortic rings treatedwith various concentrationsof trifolin (0.5, 1, or 2mM). (C–D)Endothelium-intact (Endo+) aortic
rings fromWistar rats preincubatedwith endothelial inhibitors indomethacin (Indo, 10μM)or L-NAME (0.1mM) for 20min, followed byprecontractedwithNE
(1 μN), and subsequently to detect the vasorelaxation of aortic rings treated with various concentrations of trifolin (0.5, 1, or 2 mM). Endothelium-denuded
aortic rings preincubatedwith the K+ channel blockers, (E) TEA (0.1mM), (F) 4-AP (0.1mM), (G) BaCl2 (0.1mM), or (H)Gli (0.01mM) for 20min, followed byNE
(1 μN) stimulation; after the plateau was attained, various concentrations of trifolin (0.5, 1, or 2 mM) are added, and the vasorelaxation of aortic rings is
detected. (I) The endothelium-denuded aortic rings are preincubatedwith a L-type calcium channel inhibitor, verapamil (10 μN), and precontractedwith NE
(1 μN), followed by trifolin (0.5, 1, or 2 mM) treatment and detection of the vasorelaxation of the aortic rings. After incubation with EGTA, endothelium-
denuded aortic rings are rinsed in Ca2+-free and (J) KCl, (K) NE or (L) thapsigargin (TG, 4 μN) PSS solution, followed by CaCl2 (0.5, 1, 1.5, 2, or 2.5 mM)
stimulation with or without trifolin treatment. Data were shown as the mean ± SD. *p < 0.05 vs. Control group.
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compared with the Ang Ⅱ group, suggesting that trifolin treatment
could reduce the thickness of the abdominal aortic wall.

3.4 Trifolin inhibits the expression of SOC
channel proteins on abdominal aorta in Ang
Ⅱ-infused hypertensive mice

IHC was applied to determine the effect of trifolin on the
expression of SOC channel proteins in Ang Ⅱ-infused
hypertensive mice. The IHC analysis revealed that Ang Ⅱ
infusion significantly upregulated the expression of STIM1
(Figure 5A) and ORAI1 (Figure 5B) in the abdominal aorta
compared with controls. However, trifolin or valsartan treatment
alleviated this effect.

3.5 Trifolin suppresses the activation of
calcium signaling pathway on abdominal
aorta in Ang Ⅱ-infused hypertensive mice

The regulatory effect of trifolin treatment on calcium pathway
activation in Ang Ⅱ-infused hypertensive mice was evaluated using

IHC. The IHC analysis showed that Ang Ⅱ infusion significantly
increased the expression of the calcium signaling pathway proteins
CaM (Figure 6A) andMLCK (Figure 6B) and the phosphorylation of
MLC2 (Figures 6C,D) in the abdominal aortas as compared with
controls. These effects were partially reversed after trifolin or
valsartan treatment.

3.6 Trifolin reduces the stimulus-induced
intracellular calcium increase in A7R5 cells

To further investigate the impact of trifolin on intracellular
calcium release and extracellular calcium influx, we assessed the
changes in intracellular calcium concentration in A7R5 cells by
using a laser confocal focusing assay. Initially, the mean fluorescence
intensity of the A7R5 cells in the resting state was comparable
between the control and trifolin-treated groups. Then, KCl, NE, and
Ang Ⅱ stimulations increased it, which was reduced by trifolin
pretreatment (Figures 7A–C). After thapsigargin treatment, the
mean fluorescence intensities did not significantly differ between
the control and trifolin-treated groups (Figure 7D). Moreover, CaCl2
addition significantly increased the mean fluorescence intensity,
which was inhibited by the trifolin pretreatment (Figures 7B–D).

FIGURE 4
Trifolin alleviated aortic wall thickness on abdominal aorta in Ang Ⅱ-infused hypertensive mice. The effects of trifolin treatment on pathological
changes in abdominal aortas of Ang Ⅱ-infusedmicewere determined by Hematoxylin-eosin (H&E) staining. (A) Representative H&E staining images of the
abdominal aorta of the mice from each group were captured using a microscope at a magnification of ×400. (B) MT/LD was measured. Data were
presented as mean ± SD; *p < 0.05 vs. Control group, #p < 0.05 vs. Ang II group.
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3.7 Trifolin inhibits the expression of SOC
channel proteins and calcium signaling
pathway in Ang Ⅱ-stimulated A7R5 cells

To verify the regulatory effect of trifolin treatment on the
expression of the SOC channel proteins and calcium signaling
pathway proteins, we conducted western blotting, which
revealed that Ang Ⅱ stimulation significantly upregulated the
STIM1, ORAI1, CaM, and MLCK protein expression and
MLC2 phosphorylation in A7R5 cells compared with the
controls. However, they were downregulated after trifolin
treatment (Figures 8A,B).

4 Discussion

Hypertension remains a major contributor to cardiovascular
diseases, characterized by high morbidity and mortality worldwide
(Labarthe and Dunbar, 2012; Pedrinelli et al., 2012). Despite existing
treatments, there is an urgent need for innovative and effective
therapeutic approaches with minimal risks are urgently needed
(Scholze et al., 2006). Qingda Granules (QDG), a traditional

Chinese medicine formula, reportedly lowers blood pressure
effectively in hypertensive models (Yu et al., 2020; Cheng et al.,
2021; Long et al., 2021). Among its bioactive components, trifolin, a
flavonoid derived from QDG, has shown antihypertensive potential.
In this study, after evaluating and ensuring the success of the
hypertensive model, and confirming that trifolin exhibits
favorable safety characteristics with undetectable drug toxicity of
trifolin (Supplementary Figure S1A,B), we further investigated the
underlying mechanisms of trifolin. We found that trifolin treatment
inhibits vasoconstriction and calcium-related signaling pathway
protein expression, providing mechanistic insights into its
vascular effects.

Calcium signaling plays a pivotal role in regulating VSMC
contraction, a critical determinant of maintaining blood
pressure homeostasis (Allen and Walsh, 1994; Ikebe, 2008).
An increase in intracellular calcium concentrations is a key
trigger for VSMC contraction, primarily mediated by VDC,
ROC, and SOC (Gees et al., 2010; Albert, 2011; Martinsen
et al., 2014; Guzik et al., 2017). Our study demonstrated that
trifolin significantly inhibited both calcium influx and release in
VSMCs, leading to reduced vascular constriction. In vascular
tension experiments, trifolin significantly attenuated the

FIGURE 5
Trifolin attenuated the increased expression of STIM1 and ORAI1 in Ang Ⅱ-infused hypertensive mice. (A,B) The protein expression of STIM1 and
ORAI1 from each group abdominal aorta was detected using immunohistochemistry. Representative images at ×400magnification are shown. Data were
presented as mean ± SD; *p < 0.05 vs. Control group, #p < 0.05 vs. Ang Ⅱ group.
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FIGURE 6
Trifolin suppressed the activation of CaM/MLCK/p-MLC2 pathway in Ang Ⅱ-infused hypertensivemice. (A–D) The protein expression of CaM, MLCK,
MLC2, and p-MLC2 in abdominal aortas from each group was detected using immunohistochemistry. Representative images at ×400 magnification are
shown. Scale bar = 50 μm. Data were presented as mean ± SD; *p < 0.05 vs. Control group, #p < 0.05 vs. Ang Ⅱ group.
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FIGURE 7
Trifolin reduced intracellular calcium increase in A7R5 cells. A7R5 cells were pretreated with 200 μN, followed by KCl (60 mM), NE (1 μN), Ang Ⅱ
(1 μN), and TG (4 μN) stimulation. The intracellular calcium concentration in A7R5 cells was measured using a laser confocal focusing assay after fluo-4/
AM staining. Imageswere takenwith a confocal fluorescencemicroscope at amagnification of ×200. Real-time [Ca2+]i wasmonitored every 20 s, and the
curve of the intracellular calcium concentration is drawn. (A) Trifolin inhibits KCl-induced calcium entry in A7R5 cells. A7R5 cells were placed in a
calcium-free solution; then, after (B) NE, (C) Ang Ⅱ, or (D) TG stimulation, CaCl2 (2.5 mM) was added, and real-time [Ca2+]i was recorded during this
process. Data were shown as the mean.
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vasoconstriction induced by KCl, NE, and Ang Ⅱ, which are
known inducers of calcium-dependent contraction in VSMCs.
Therefore, trifolin may target both the extracellular calcium
entry and intracellular calcium release pathways. Notably, the
vasorelaxant effects of trifolin were independent of endothelial
function, considering that the inhibitors of nitric oxide synthesis
and cyclooxygenase did not affect its activity. These findings
highlight the direct action of trifolin on VSMCs, particularly by
inhibiting the calcium channels. Interestingly, the vasodilatory
effect of trifolin was not affected by the T-type calcium channel
blocker flunarizine dihydrochloride (Supplementary Figure
S2A), but was partially reversed by the L-type calcium
channel blocker verapamil and the store-operated calcium
entry (SOCE) blocker YM-58483 (Supplementary Figure S2B),
indicating that trifolin mainly interacts with or regulates the
L-type calcium channels and SOCE. Further analysis revealed
that trifolin inhibited calcium influx mediated by VDC, ROC,
and SOC and reduced calcium release from intracellular stores
induced by NE and Ang Ⅱ. Notably, in our study, there was no
significant difference in cytoplasmic Ca2+ fluorescence intensity

between the control group and the trifolin-treated group
following TG treatment. This is likely because inhibition of
SERCA by TG prevents endoplasmic reticulum Ca2+ reuptake,
resulting in a transient increase in cytosolic calcium. As is well
known, TG is a specific inhibitor of sarco/endoplasmic reticulum
Ca2+-ATPase (SERCA), which actively pumps cytosolic Ca2+

back into the endoplasmic reticulum to maintain calcium
store homeostasis (Sehgal et al., 2017). TG irreversibly binds
to SERCA and inhibits its function, leading to the depletion of
intracellular calcium stores due to impaired calcium recycling.
Based on this theoretical foundation, we speculate that trifolin
does not act through SERCA, which may explain the absence of a
significant difference in fluorescence values between the groups.
The above experiments have demonstrated that the dual
regulation effect of trifolin, including the regulation of the
extracellular calcium entry and intracellular calcium release,
provides a comprehensive mechanism for the vasorelaxant
and antihypertensive effects of trifolin.

SOC is crucial for maintaining calcium homeostasis in VSMCs.
SOC activation, which is driven by the depletion of intracellular

FIGURE 8
Trifolin attenuated the increased expression of SOC channel and calcium signaling-related proteins in A7R5 cells. (A) The expression of STIM1 and
ORAI1 protein in Ang Ⅱ-stimulated A7R5 Cells after trifolin treatment was determined by western blot analysis, and GAPDH was used as the internal
control. (B) The expression of CaM, MLCK, MLC2, and p-MLC2 proteins in Ang Ⅱ-stimulated A7R5 cells after trifolin treatment was determined by western
blot analysis, and GAPDHwas used as the internal control. Data were presented asmean ± SD; *p < 0.05 vs. the Control group, #p < 0.05 vs. the Ang
Ⅱ group.
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calcium stores, facilitates the calcium influx necessary for sustained
vascular contraction (Tiruppathi et al., 2002; Dietrich et al., 2006).
STIM1 and ORAI1 are key regulators of SOC activity. Located on
the endoplasmic reticulum membrane, STIM1 senses calcium
depletion and activates ORAI1 channels on the plasma
membrane to replenish calcium stores (Stathopulos et al., 2006;
Liou et al., 2007; Várnai et al., 2009). In our study, trifolin
significantly downregulated STIM1 and ORAI1 expression in
Ang Ⅱ-stimulated VSMCs, suggesting that trifolin can inhibit
SOC-mediated calcium influx, contributing to its vascular effects.
This observation aligns with trifolin’s ability to reduce thapsigargin-
induced calcium release, further supporting its role in regulating
SOC activity.

These channels facilitate calcium influx, activating
downstream signaling pathways involving CaM and MLCK,
leading to MLC2 phosphorylation and subsequently, vascular
constriction (Means et al., 1991; Levinson et al., 2004;
Martinsen et al., 2014; Li et al., 2015; Liu et al., 2017; Wan
Omar et al., 2019; Fang et al., 2023). Our results revealed that
Ang Ⅱ stimulation significantly upregulated CaM and MLCK
expression and MLC2 phosphorylation, but trifolin treatment
inhibited these effects, as confirmed by IHC and western
blotting. By disrupting the CaM/MLCK/p-MLC2 pathway,
trifolin interferes with the signals essential for VSMC
contraction, effectively reducing vascular tension. These
findings are consistent with prior studies that emphasized the
critical role of this pathway in vascular responses to
hypertensive stimuli.

Although our findings provide significant insights into the
mechanisms underlying trifolin’s effects on calcium signaling and
vascular function, several questions remain unanswered. One
important question is whether trifolin directly interacts with
calcium channels or modulates their activity via upstream
regulators. Although our results suggest that trifolin reduces the
expression of SOC-related proteins such as STIM1 and ORAI1, it is
still not clear whether trifolin acts by directly inhibiting the
interaction between STIM1 and ORAI1 or regulating the activity
of MLCK. To elucidate these interactions, we need to conduct
additional studies using specific inhibitors, genetic knockdown,
and advanced techniques, such as co-immunoprecipitation and
proteomics.

5 Conclusion

Our study provides compelling evidence that trifolin exerts
its antihypertensive effects by regulating calcium signaling and
inhibiting key constriction-related pathways, such as the CaM/
MLCK/p-MLC2 pathway, in VSMCs. By targeting both
extracellular calcium entry and intracellular calcium release,
trifolin effectively reduces VSMC contraction. Therefore,
trifolin can potentially be an innovative therapeutic agent for
hypertension treatment, offering a unique mechanism of action.
Future research should further explore its full therapeutic
potential, including its effects on other signaling pathways,
anti-inflammatory properties, and clinical efficacy in patients
with hypertension.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Ethics statement

The animal study was approved by Institutional Animal Care
and Use Committee (IACUC) of Fujian Traditional Chinese
Medicine University. The study was conducted in accordance
with the local legislation and institutional requirements.

Author contributions

RL: Writing – original draft, Writing – review and editing, Data
curation, Formal Analysis, Investigation, Validation, Visualization.
JW: Data curation, Formal Analysis, Investigation, Validation,
Visualization, Writing – original draft, Writing – review and
editing. MW: Formal Analysis, Investigation, Writing – original
draft, Funding acquisition. FA: Formal Analysis, Data curation,
Writing – review and editing. YY: Data curation, Formal
Analysis, Funding acquisition, Visualization, Writing – original
draft. HC: Data curation, Formal Analysis, Visualization,
Writing – original draft. ZG: Data curation, Writing – original
draft. DL: Writing – original draft, Conceptualization, Funding
acquisition, Supervision, Writing – review and editing. AS:
Conceptualization, Funding acquisition, Supervision,
Writing – review and editing. JP: Conceptualization, Funding
acquisition, Supervision, Writing – review and editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This study was sponsored
by the National Natural Science Foundation of China (U22A20372,
82204662, 82304758), Fujian Research and Training Grants for
Young and Middle-aged Leaders in Healthcare, Fujian Natural
Science Foundation for Distinguished Young Scholars
(2024J010032), Natural Science Foundation of Fujian Province
(2022J01840), The youth talent support program from Fujian
University of Traditional Chinese Medicine (XQB202202), Fujian
Province Young and Middle-aged Teacher Education Research
Project (Science and Technology, JZ240026), School management
project of Fujian University of Traditional Chinese Medicine
(X2022001, X2024008), and Fujian Innovation Technology
Funding Project (2024Y9514).

Acknowledgments

Wewould like to express our sincere gratitude to JP, AS and D L,
for their invaluable guidance and insightful suggestions throughout
this research. Their expertise has been instrumental in shaping this

Frontiers in Pharmacology frontiersin.org12

Li et al. 10.3389/fphar.2025.1573483

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1573483


work. We also gratefully acknowledge all member of our research
team for their help and care during this study.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2025.1573483/
full#supplementary-material

References

Albert, A. P. (2011). Gating mechanisms of canonical transient receptor potential
channel proteins: role of phosphoinositols and diacylglycerol. Adv. Exp. Med. Biol. 704,
391–411. doi:10.1007/978-94-007-0265-3_22

Allen, B. G., and Walsh, M. P. (1994). The biochemical basis of the regulation of
smooth-muscle contraction. Trends Biochem. Sci. 19, 362–368. doi:10.1016/0968-
0004(94)90112-0

Chen, D., Long, L., Lin, S., Jia, P., Zhu, Z., Gao, H., et al. (2022). Qingda granule
alleviate angiotensin ⅱ-induced hypertensive renal injury by suppressing oxidative stress
and inflammation through NOX1 and NF-κB pathways. Biomed. Pharmacother.153,
113407. doi:10.1016/j.biopha.2022.113407

Cheng, Y., Shen, A., Wu, X., Shen, Z., Chen, X., Li, J., et al. (2021). Qingda granule
attenuates angiotensin II-induced cardiac hypertrophy and apoptosis and modulates
the PI3K/AKT pathway. Biomed. and Pharmacother. 133, 111022. doi:10.1016/j.biopha.
2020.111022

Chin, T.-Y., and Chueh, S.-H. (2000). Distinct Ca2+ signalling mechanisms induced
by ATP and sphingosylphosphorylcholine in porcine aortic smooth muscle cells. Br.
J. Pharmacol. 129, 1365–1374. doi:10.1038/sj.bjp.0703190

Dietrich, A., Chubanov, V., Kalwa, H., Rost, B. R., and Gudermann, T. (2006). Cation
channels of the transient receptor potential superfamily: their role in physiological and
pathophysiological processes of smooth muscle cells. Pharmacol. Ther. 112, 744–760.
doi:10.1016/j.pharmthera.2006.05.013

Fang, X., Bogdanov, V., Davis, J. P., and Kekenes-Huskey, P. M. (2023). Molecular
insights into the MLCK activation by CaM. J. Chem. Inf. Model. 63, 7487–7498. doi:10.
1021/acs.jcim.3c00954

Gees, M., Colsoul, B., and Nilius, B. (2010). The role of transient receptor potential
cation channels in Ca2+ signaling. Cold Spring Harb. Perspect. Biol. 2, a003962. doi:10.
1101/cshperspect.a003962

Goulopoulou, S., and Webb, R. C. (2014). Symphony of vascular contraction: how
smooth muscle cells lose harmony to signal increased vascular resistance in
hypertension. Hypertens. (dallas Tex, 1979) 63, e33–e39. doi:10.1161/
HYPERTENSIONAHA.113.02444

Guzik, T. J., Skiba, D. S., Touyz, R. M., and Harrison, D. G. (2017). The role of
infiltrating immune cells in dysfunctional adipose tissue. Cardiovasc. Res. 113,
1009–1023. doi:10.1093/cvr/cvx108

Hei, F., Chu, J. F., Chen, H. W., Lin, W., Lin, S., Chen, Y. Q., et al. (2020). Qingxuan
jiangya decoction prevents blood pressure elevation and ameliorates vascular structural
remodeling via modulating TGF-β 1/smad pathway in spontaneously hypertensive rats.
Chin. J. Integr. Med. 26, 180–187. doi:10.1007/s11655-019-2705-7

Hill, M. A., and Meininger, G. A. (2016). Small artery mechanobiology: roles of
cellular and non-cellular elements. Microcirculation 23, 611–613. doi:10.1111/micc.
12323

Ikebe, M. (2008). Regulation of the function of mammalian myosin and its
conformational change. Biochem. Biophys. Res. Commun. 369, 157–164. doi:10.1016/
j.bbrc.2008.01.057

Labarthe, D. R., and Dunbar, S. B. (2012). Global cardiovascular health promotion
and disease prevention: 2011 and beyond. Circulation 125, 2667–2676. doi:10.1161/
CIRCULATIONAHA.111.087726

Levinson, H., Moyer, K. E., Saggers, G. C., and Ehrlich, H. P. (2004). Calmodulin-
myosin light chain kinase inhibition changes fibroblast-populated collagen lattice
contraction, cell migration, focal adhesion formation, and wound contraction.
Wound Repair Regen. 12, 505–511. doi:10.1111/j.1067-1927.2004.012502.x

Li, X., Duan, S., Zhang, H., Han, S., Jin, Q., and Cui, R. (2015). RELMα can cause
contraction of rat aortic smooth muscle cells. Int. J. Clin. Exp. Med. 8, 7009–7014.

Liou, J., Fivaz, M., Inoue, T., andMeyer, T. (2007). Live-cell imaging reveals sequential
oligomerization and local plasma membrane targeting of stromal interaction molecule
1 after Ca2+ store depletion. Proc. Natl. Acad. Sci. U. S. A. 104, 9301–9306. doi:10.1073/
pnas.0702866104

Liu, W., Lin, S., Cai, Q., Zhang, L., Shen, A., Chen, Y., et al. (2017). Qingxuan jiangya
decoction mitigates renal interstitial fibrosis in spontaneously hypertensive rats by
regulating transforming growth factor- β 1/smad signaling pathway. Evid.-Based
Complement. Altern. Med. 2017, 1576328. doi:10.1155/2017/1576328

Long, L., Zhang, X., Wen, Y., Li, J., Wei, L., Cheng, Y., et al. (2021). Qingda granule
attenuates angiotensin II-induced renal apoptosis and activation of the p53 pathway.
Front. Pharmacol. 12, 770863. doi:10.3389/fphar.2021.770863

Long, L.-Z., Tan, L., Xu, F.-Q., Yang, W.-W., Li, H.-Z., Liu, J.-G., et al. (2024). Qingda
granule attenuates hypertension-induced cardiac damage via regulating renin-
angiotensin system pathway. Chin. J. Integr. Med. 31, 402–411. doi:10.1007/s11655-
024-3807-4

Martinsen, A., Dessy, C., and Morel, N. (2014). Regulation of calcium channels in
smooth muscle: new insights into the role of myosin light chain kinase. Channels 8,
402–413. doi:10.4161/19336950.2014.950537

Matsuda, K., Lozinskaya, I., and Cox, R. H. (1997). Augmented contributions of
voltage-gated Ca2+ channels to contractile responses in spontaneously hypertensive rat
mesenteric arteries. Am. J. Hypertens. 10, 1231–1239. doi:10.1016/S0895-7061(97)
00225-2

Means, A. R., Bagchi, I. C., VanBerkum, M. F., and Kemp, B. E. (1991). Regulation of
smooth muscle myosin light chain kinase by calmodulin. Adv. Exp. Med. Biol. 304,
11–24. doi:10.1007/978-1-4684-6003-2_3

Misárková, E., Behuliak, M., Bencze, M., and Zicha, J. (2016). Excitation-contraction
coupling and excitation-transcription coupling in blood vessels: their possible
interactions in hypertensive vascular remodeling. Physiol. Res. 65, 173–191. doi:10.
33549/physiolres.933317

Montezano, A. C., Tsiropoulou, S., Dulak-Lis, M., Harvey, A., Camargo, L. D. L.,
and Touyz, R. M. (2015). Redox signaling, Nox5 and vascular remodeling in
hypertension. Curr. Opin. Nephrol. Hypertens. 24, 425–433. doi:10.1097/MNH.
0000000000000153

Pedrinelli, R., Ballo, P., Fiorentini, C., Denti, S., Galderisi, M., Ganau, A., et al. (2012).
Hypertension and acute myocardial infarction: an overview. J. Cardiovasc. Med.
(Hagerst. Md,) 13, 194–202. doi:10.2459/JCM.0b013e3283511ee2

Qu, H., Shen, A., Yang, K., Huang, M., Li, H., Yang, W., et al. (2024). Efficacy and
safety of Qingda granule versus valsartan capsule in Chinese grade 1 hypertensive
patients with low-moderate risk: a randomized, double-blind, double dummy, non-
inferiority, multi-center trial. Pharmacol. Res. 200, 107052. doi:10.1016/j.phrs.2023.
107052

Reinhart, M., Jm, W., Salzwedel, D. M., and Wright, J. M. (2023). First-line diuretics
versus other classes of antihypertensive drugs for hypertension. Cochrane Database Syst.
Rev. 7. doi:10.1002/14651858.CD008161.pub3

Savoia, C., Rm, T., Nishigaki, N., Montezano, A., and Touyz, R. M. (2011).
Angiotensin II and the vascular phenotype in hypertension. Expert Rev. Mol. Med.
13, e11. doi:10.1017/S1462399411001815

Scholze, J., Bida, M., Hansen, A., Juncken, D., Rangoonwala, B., Ritz, A., et al. (2006).
Initiation of hypertension treatment with a fixed-dose combination or its

Frontiers in Pharmacology frontiersin.org13

Li et al. 10.3389/fphar.2025.1573483

https://www.frontiersin.org/articles/10.3389/fphar.2025.1573483/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2025.1573483/full#supplementary-material
https://doi.org/10.1007/978-94-007-0265-3_22
https://doi.org/10.1016/0968-0004(94)90112-0
https://doi.org/10.1016/0968-0004(94)90112-0
https://doi.org/10.1016/j.biopha.2022.113407
https://doi.org/10.1016/j.biopha.2020.111022
https://doi.org/10.1016/j.biopha.2020.111022
https://doi.org/10.1038/sj.bjp.0703190
https://doi.org/10.1016/j.pharmthera.2006.05.013
https://doi.org/10.1021/acs.jcim.3c00954
https://doi.org/10.1021/acs.jcim.3c00954
https://doi.org/10.1101/cshperspect.a003962
https://doi.org/10.1101/cshperspect.a003962
https://doi.org/10.1161/HYPERTENSIONAHA.113.02444
https://doi.org/10.1161/HYPERTENSIONAHA.113.02444
https://doi.org/10.1093/cvr/cvx108
https://doi.org/10.1007/s11655-019-2705-7
https://doi.org/10.1111/micc.12323
https://doi.org/10.1111/micc.12323
https://doi.org/10.1016/j.bbrc.2008.01.057
https://doi.org/10.1016/j.bbrc.2008.01.057
https://doi.org/10.1161/CIRCULATIONAHA.111.087726
https://doi.org/10.1161/CIRCULATIONAHA.111.087726
https://doi.org/10.1111/j.1067-1927.2004.012502.x
https://doi.org/10.1073/pnas.0702866104
https://doi.org/10.1073/pnas.0702866104
https://doi.org/10.1155/2017/1576328
https://doi.org/10.3389/fphar.2021.770863
https://doi.org/10.1007/s11655-024-3807-4
https://doi.org/10.1007/s11655-024-3807-4
https://doi.org/10.4161/19336950.2014.950537
https://doi.org/10.1016/S0895-7061(97)00225-2
https://doi.org/10.1016/S0895-7061(97)00225-2
https://doi.org/10.1007/978-1-4684-6003-2_3
https://doi.org/10.33549/physiolres.933317
https://doi.org/10.33549/physiolres.933317
https://doi.org/10.1097/MNH.0000000000000153
https://doi.org/10.1097/MNH.0000000000000153
https://doi.org/10.2459/JCM.0b013e3283511ee2
https://doi.org/10.1016/j.phrs.2023.107052
https://doi.org/10.1016/j.phrs.2023.107052
https://doi.org/10.1002/14651858.CD008161.pub3
https://doi.org/10.1017/S1462399411001815
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1573483


monocomponents -- does it really matter? Int. J. Clin. Pract. 60, 265–274. doi:10.1111/j.
1368-5031.2006.00841.x

Sehgal, P., Szalai, P., Olesen, C., Praetorius, H. A., Nissen, P., Christensen, S. B.,
et al. (2017). Inhibition of the sarco/endoplasmic reticulum (ER) Ca2+-ATPase
by thapsigargin analogs induces cell death via ER Ca2+ depletion and the
unfolded protein response. J. Biol. Chem. 292, 19656–19673. doi:10.1074/jbc.
M117.796920

Stathopulos, P. B., Li, G.-Y., Plevin, M. J., Ames, J. B., and Ikura, M. (2006). Stored
Ca2+ depletion-induced oligomerization of stromal interaction molecule 1 (STIM1) via
the EF-SAM region: an initiation mechanism for capacitive Ca2+ entry. J. Biol. Chem.
281, 35855–35862. doi:10.1074/jbc.M608247200

Thorneloe, K. S., and Nelson, M. T. (2005). Ion channels in smoothmuscle: regulators
of intracellular calcium and contractility. Can. J. Physiol. Pharmacol. 83, 215–242.
doi:10.1139/y05-016

Tiruppathi, C., Minshall, R. D., Paria, B. C., Vogel, S. M., and Malik, A. B. (2002). Role
of Ca2+ signaling in the regulation of endothelial permeability. Vasc. Pharmacol. 39,
173–185. doi:10.1016/S1537-1891(03)00007-7

Touyz, R. M., Alves-Lopes, R., Rios, F. J., Camargo, L. L., Anagnostopoulou, A., Arner,
A., et al. (2018). Vascular smooth muscle contraction in hypertension. Cardiovasc. Res.
114, 529–539. doi:10.1093/cvr/cvy023

Unger, T., Borghi, C., Charchar, F., Khan, N. A., Poulter, N. R., Prabhakaran, D., et al.
(2020). 2020 international society of hypertension global hypertension practice
guidelines. J. Hypertens. 38, 982–1004. doi:10.1097/HJH.0000000000002453

Várnai, P., Hunyady, L., and Balla, T. (2009). STIM and Orai: the long-awaited
constituents of store-operated calcium entry. Trends Pharmacol. Sci. 30, 118–128.
doi:10.1016/j.tips.2008.11.005

Walsh, M. P. (2011). Vascular smooth muscle myosin light chain diphosphorylation:
mechanism, function, and pathological implications. IUBMB Life 63, 987–1000. doi:10.
1002/iub.527

Wan Omar, W. F. N., Giribabu, N., Karim, K., and Salleh, N. (2019). Marantodes
pumilum (Blume) Kuntze (Kacip Fatimah) stimulates uterine contraction in rats in
post-partum period. J. Ethnopharmacol. 245, 112175. doi:10.1016/j.jep.2019.112175

Wu, X., Shen, A., Bao, L., Wu, M., Lin, X., Wang, H., et al. (2020). Qingda granules
attenuate hypertensive cardiac remodeling and inflammation in spontaneously
hypertensive rats. Biomed. and Pharmacother. 129, 110367. doi:10.1016/j.biopha.
2020.110367

Wynne, B. M., Chiao, C.-W., and Webb, R. C. (2009). Vascular smooth muscle cell
signaling mechanisms for contraction to angiotensin II and endothelin-1. J. Am. Soc.
Hypertens. 3, 84–95. doi:10.1016/j.jash.2008.09.002

Xiao, F., He, F., Chen, H., Lin, S., Shen, A., Chen, Y., et al. (2016). Qingxuan jiangya
decoction reverses vascular remodeling by inducing vascular smoothmuscle cell apoptosis
in spontaneously hypertensive rats. Molecules 21, 956. doi:10.3390/molecules21070956

Yu, N., Shen, A., Chu, J., Huang, Y., Zhang, L., Lin, S., et al. (2020). Qingda granule
inhibits angiotensin Ⅱ induced VSMCs proliferation through MAPK and PI3K/AKT
pathways. J. Ethnopharmacol. 258, 112767. doi:10.1016/j.jep.2020.112767

Zhang, L., Cai, Q.-Y., Lin, S., Jia, B.-B., Ye, R.-Z., Wang, H., et al. (2020). Prevention of
systemic inflammation and neuroprotective effects of Qingda granules against
angiotensin II-mediated hypertension. Pak. J. Pharm. Sci. 33, 469–479. doi:10.36721/
PJPS.2020.33.1.SP.469-479.1

Zhang, M., Shi, Y., Zhou, B., Huang, Z., Zhao, Z., Li, C., et al. (2023). Prevalence,
awareness, treatment, and control of hypertension in China, 2004-18: findings from six
rounds of a national survey. BMJ 380, e071952. doi:10.1136/bmj-2022-071952

Frontiers in Pharmacology frontiersin.org14

Li et al. 10.3389/fphar.2025.1573483

https://doi.org/10.1111/j.1368-5031.2006.00841.x
https://doi.org/10.1111/j.1368-5031.2006.00841.x
https://doi.org/10.1074/jbc.M117.796920
https://doi.org/10.1074/jbc.M117.796920
https://doi.org/10.1074/jbc.M608247200
https://doi.org/10.1139/y05-016
https://doi.org/10.1016/S1537-1891(03)00007-7
https://doi.org/10.1093/cvr/cvy023
https://doi.org/10.1097/HJH.0000000000002453
https://doi.org/10.1016/j.tips.2008.11.005
https://doi.org/10.1002/iub.527
https://doi.org/10.1002/iub.527
https://doi.org/10.1016/j.jep.2019.112175
https://doi.org/10.1016/j.biopha.2020.110367
https://doi.org/10.1016/j.biopha.2020.110367
https://doi.org/10.1016/j.jash.2008.09.002
https://doi.org/10.3390/molecules21070956
https://doi.org/10.1016/j.jep.2020.112767
https://doi.org/10.36721/PJPS.2020.33.1.SP.469-479.1
https://doi.org/10.36721/PJPS.2020.33.1.SP.469-479.1
https://doi.org/10.1136/bmj-2022-071952
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1573483

	Trifolin inhibits the calcium-driven contraction pathway in vascular smooth muscle
	1 Introduction
	2 Materials and methods
	2.1 Reagents
	2.2 Animals
	2.3 Animal model establishment and evaluation
	2.4 Vascular ring experiments
	2.5 Calcium flow experiments
	2.6 Hematoxylin-eosin (H&E) staining
	2.7 Immunohistochemical (IHC) staining
	2.8 Cell culture and treatment
	2.9 Western blotting
	2.10 Assay kit experiments
	2.11 Quantification and statistical analysis

	3 Results
	3.1 Trifolin promotes vasorelaxation in the abdominal aortic rings
	3.2 Trifolin attenuates L-type calcium channel-dependent constriction of isolated abdominal aortic rings
	3.3 Trifolin attenuates aortic wall thickness on abdominal aorta in Ang Ⅱ-infused hypertensive mice
	3.4 Trifolin inhibits the expression of SOC channel proteins on abdominal aorta in Ang Ⅱ-infused hypertensive mice
	3.5 Trifolin suppresses the activation of calcium signaling pathway on abdominal aorta in Ang Ⅱ-infused hypertensive mice
	3.6 Trifolin reduces the stimulus-induced intracellular calcium increase in A7R5 cells
	3.7 Trifolin inhibits the expression of SOC channel proteins and calcium signaling pathway in Ang Ⅱ-stimulated A7R5 cells

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


