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Abstract 

Background  The dried root of Inula helenium L., known as Inulae Radix in Mongolian medicine, is a widely used 
heat-clearing plant drug within the Asteraceae family. Alantolactone (ATL), a compound derived from Inulae Radix, 
is a sesquiterpene lactone with a range of biological activities. However, there is a lack of studies investigating its 
effectiveness in the treatment of hypertension. The aim of this study is to explore the regulatory effect of alantolac-
tone on blood pressure and its underlying mechanism.

Methods and results  Network pharmacology analysis suggested that ATL had a potential therapeutic effect 
on hypertension induced by angiotensin II (Ang II). Subsequently, the results of animal experiments demonstrated 
that ATL could suppress the increase in blood pressure caused by Ang II. Vascular ring experiments indicated that ATL 
could inhibit the vascular contractions induced by Ang II, Phenylephrine, and Ca2⁺. Further experiments demon-
strated that ATL could inhibit the calcium influx induced by Ang II and increase the expression of pMLC2. Molecular 
docking experiments showed that ATL had a high binding affinity with L-type Voltage-gated Calcium Channels 
(VGCC), and vascular ring experiments indicated that ATL could significantly inhibit the vascular contractions caused 
by the agonists of L-type VGCC. In addition, we also observed that ATL had an ameliorative effect on the vascular 
remodeling induced by Ang II.

Conclusions  ATL exerted an antihypertensive effect by inhibiting the activation of L-type VGCC and reducing cal-
cium influx.
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Introduction
Hypertension is a chronic condition characterized by 
consistently high blood pressure in the arteries, defined 
as equal to or greater than 130/85  mmHg [1]. It can 
divided into two types: essential hypertension and 
secondary hypertension [2]. Prolonged hypertension 
has negative effects on various organ systems includ-
ing the cardiovascular system, cerebrovascular system, 
kidneys, and vision [3, 4]. Additionally, it increases the 
risk of developing chronic diseases and significantly 
impacts both the quality of life and lifespan of affected 
individuals [5]. Currently, the existing pharmacologi-
cal interventions for managing hypertension (such as 
angiotensin-converting enzyme inhibitors, angiotensin 
II (Ang II) receptor blockers, diuretics, calcium channel 
blockers, etc.) only provide partial control over the pro-
gression of the disease and may potentially lead to drug 
resistance or metabolic disorders, as well as adverse 
effects on liver and kidney function [6–8]. Therefore, it 
is urgently necessary to explore new antihypertensive 
agents that are both safe and effective.

Blood pressure regulation is influenced by cardiac 
output (CO) and total peripheral resistance (TPR) [9]. 
Vasoactive substances secreted by the nervous system 
and renin angiotensin-aldosterone system (RAAS) 
can modulate blood pressure by altering CO and TPR, 
thereby ensuring adequate organ perfusion [10]. Typi-
cally, CO remains relatively stable in the body, while 
TPR increases due to constriction of peripheral arte-
rioles [11]. The contraction of vascular smooth muscle 
cells (VSMCs) leads to vasoconstriction, with calcium 
channels expressed on VSMCs playing a crucial role 
in regulating their contraction [12]. Neurotransmit-
ters or other factors can polarize the cell membrane of 
VSMCs, resulting in the closure of calcium channels 
and subsequent reduction in intracellular calcium con-
centration. This triggers a cascade of biochemical reac-
tions that ultimately lead to vascular dilation [13].

Calcium channels, which are widely distributed in 
the cell membrane and endoplasmic reticulum, play a 
crucial role in regulating intracellular calcium concen-
tration and cell membrane potential [14]. Among these 
channels, L-Type Voltage-gated Calcium Channels 
(VGCCs) are prevalent in VSMCs and exert significant 
control over their contraction and relaxation dynam-
ics [13]. Activation of L-Type VGCCs occurs during 
cellular depolarization, leading to the inflow of extra-
cellular calcium ions and subsequent vasoconstric-
tion mediated by the vascular smooth muscle cells [14, 
15]. This regulatory mechanism is essential for main-
taining proper vascular function and blood pressure 
homeostasis.

Inula helenium L., as a species of the Inula genus (Inula 
spp), is also widely referred to as Inula racemosa Hook.f. 
and Inula britannica L. It is included in the Chinese Phar-
macopoeia and has various medicinal properties such as 
expectorant, antitussive, antidiarrheal, antiemetic, and 
antimicrobial effects, often used in ethnopharmacologi-
cal research [16]. According to reports, Inula racemosa 
Hook.f. has been found to have beneficial effects on 
improving atherosclerosis and reducing blood pressure 
[17, 18]. Alantolactone (ATL), a sesquiterpene lactone 
compound derived from Inulae Radix, exhibits diverse 
biological activities including tumor treatment, anti-
inflammatory, anti-oxidation, and anti-microbial effects 
[19]. ATL can ameliorate myocardial ischemia (MI)-
induced damage by mitigating oxidative stress, apoptosis, 
calcium overload, and mitochondrial damage [20]. These 
findings suggest that ATL holds potential as a protective 
agent against cardiovascular diseases; however, no stud-
ies have reported its efficacy in treating hypertension.

To clarify the therapeutic effect and underlying mech-
anism of ATL in treating hypertension, we first utilized 
network pharmacology to predict the associated targets 
and biological processes involved in ATL’s effective-
ness against hypertension. Next, we established a mouse 
model of hypertension by subcutaneously implanting an 
Ang II sustained release pump to assess the influence of 
ATL on hypertensive conditions. Lastly, we conducted 
vascular ring and molecular docking experiments to 
elucidate the mechanism of action responsible for ATL’s 
antihypertensive effect, which involves inhibiting the 
activation of L-type VGCCs to suppress intracellular cal-
cium flux.

Materials and methods
Reagents
Alantolactone (Article Number #:B21267, 
Lot#:Z30S11SS126544, Purity: ≥ 98%) was purchased 
from Yuanye Biotechnology Co., Ltd (Shanghai, China). 
Osmotic pumps were purchased from ALZET® (Cuper-
tino, CA, USA). Angiotensin II and phenylephrine were 
obtained from MedChemExpress (Shanghai, China). Ace-
tylcholine was from Sigma-Aldrich (St. Louis, MO, USA). 
The primary antibody against α-SMA was purchased 
from Abcam (Cambridge, MA, USA). CD31(PECAM-1) 
and pMLC 2 antibodies were obtained from Cell Signal-
ing Technology (Shanghai, China). β-actin antibody, goat 
anti-mouse IgG and goat anti-rabbit IgG were purchased 
from Proteintech (Wuhan, China).

Network pharmacology analysis
The co-targets of ATL and Ang II were screened by 
utilizing the Pharm Mapper database (http://​www.​
lilab-​ecust.​cn/​pharm​mapper/) and the Swiss Target 
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Prediction database (http://​swiss​targe​tpred​iction.​ch). 
The keywords "Alantolactone" and "Angiotensin II" were 
used to search for targets. Targets with a "z-score" > 0 
and "Probability" > 0 were selected. The common targets 
between ATL and Ang II were then summarized and 
sorted. The jvenn tool was used to map these common 
targets, as well as the intersection with hypertension-
related targets, to identify potential targets of ATL for 
the treatment of Ang II-induced hypertension. The pro-
tein–protein interaction (PPI) networks of the intersect-
ing targets were constructed using the STRING database 
(https://​string-​db.​org/) with a medium confidence level 
(interaction score > 0.40) and visualized using Cytoscape 
software. The enrichment analyses of the intersecting tar-
gets for GO and KEGG pathways were conducted using 
the DAVID database (https: //david.ncifcrf.gov/) [21]. 
Enrichment bubble chart and chord plot were performed 
using the OmicStudio tools at https://​www.​omics​tudio.​
cn/​tool.

Animals
Experimental animals
The animals utilized in this study were C57BL/6 mice 
aged 8–10 weeks and SD rats weighing 200–300 g. They 
were housed in a controlled specific pathogen-free (SPF) 
environment, with an ambient temperature set at 25℃ 
and a 12-h light/dark cycle. Both the bedding material 
and feed given to the animals underwent sterilization via 
Co60 irradiation to guarantee their quality met the SPF 
standards. All procedures were performed following the 
ethical guidelines outlined in the Guide for the Care and 
Use of Laboratory Animals by the National Institutes of 
Health.

Measurement of internal carotid blood pressure
The mice were anesthetized with tribromoethanol and 
placed in a supine position on a temperature-controlled 
pad. Next, the right carotid artery was exposed and the 
distal segment was ligated using surgical thread, while 
the proximal segment was tightened with hemostatic for-
ceps. To confirm successful cannulation, a PE-10 catheter 
was inserted into the right carotid artery and fluctuating 
blood pressure was measured using a transducer con-
nected to a blood pressure analyzer (BL-420N, TECH-
MAN). Subsequently, the left jugular vein was exposed 
and a PE-10 catheter was inserted for drug administra-
tion. Each mouse initially received an injection of normal 
saline, followed by ATL (5  mg/ml, 30  μl) after approxi-
mately 20 min [22].

Ang II‑induced hypertensive model and administration of ATL
Male C57BL/6 mice were meticulously selected for the 
study. The experiments were divided into three groups: 

the Control group, Ang II group, and Ang II + ATL 
group. Mice in the Ang II and Ang II + ATL groups 
were anesthetized with isoflurane and positioned in a 
prone position. The hair in neck and back were shaved 
and disinfected with iodine. Following this, a 1.5  cm 
incision was made and a slow-release pump contain-
ing Ang II (release rate: 1000 ng/kg/min) was implanted 
before suturing. In the Control group, a sustained-
release pump containing normal saline (release rate: 
1000  ng/kg/min) was subcutaneously implanted. The 
experiment was conducted for a duration of 28  days, 
during which blood pressure in mice was measured 
using the tail-cuff method on a weekly basis [23].

Vascular reactivity of the mesenteric arteries
C57BL/6 mice or SD rats were humanely euthanized 
using CO2 inhalation. The mesenteric arterial vessels 
were then extracted and placed in a dish filled with 
Krebs solution. Under a stereomicroscope, the vessels 
were promptly cut into 2 mm rings in the Krebs solu-
tion. A tungsten wire, approximately 4  cm long, was 
used to secure the vascular ring to the Multi Myograph 
System (610  M, Danish Myo Technology A/S, Aarhus 
N, Denmark), and an initial tension of 3mN was applied 
and allowed to stabilize for 1  h. Vasoconstriction was 
induced by adding phenylephrine (Phe) at a concentra-
tion of 10  μM. After about 20  min, vasodilation was 
initiated by introducing acetylcholine (Ach) at a con-
centration of 10 μM. The effect of ATL on vasodilation 
in isolated mesenteric artery rings was investigated. 
Careful selection was made to ensure the use of highly 
reactive and functional vascular rings. A stimulus of 
10–5  M Phe was added for stabilization, followed by 
sequential administration of ATL at concentrations of 
10−9  M, 10−8  M, 10−7  M, 10−6  M, and 10−5  M with a 
2-min interval between each concentration. Addition-
ally, ATL at concentrations of 1  μM and 10  μM was 
added to well-reactive and functional vascular rings 
for a duration of 30 min. Subsequently, Ang II or Phe at 
concentrations of 10−9 M, 10−8 M, 10−7 M, 10−6 M, and 
10−5 M were introduced sequentially into each channel 
with a 2-min interval. In order to assess the impact of 
ATL on Ca2+-induced constriction in mesenteric artery 
rings, the rings were incubated with ATL at concentra-
tions of 1 μM and 10 μM for a period of 30 min. Follow-
ing the incubation, CaCl2 at concentrations of 0.1 mM, 
0.25 mM, 0.5 mM, 0.75 mM, 1 mM, 2 mM, and 5 mM, 
or BAY K 8644 at concentrations of 10−10  M, 10−9  M, 
10−8  M, 10−7  M, and 10−6  M, was added to the rings 
with a 2-min interval between each concentration. 
Changes in vascular tension were recorded [22].

http://swisstargetprediction.ch
https://string-db.org/
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Cell culture
Cell culture and treatment
The Rat Aortic Smooth Muscle Cells (RASMCs) were 
extracted and isolated using aseptic techniques based 
on established protocols described in the literature [24]. 
Subsequently, the isolated RASMCs were seeded onto 
culture dishes and incubated until they reached full con-
fluence. Afterwards, the cells were washed twice with 
sterile PBS, subjected to trypsin–EDTA digestion when 
they became rounded, and then terminated by add-
ing complete medium. The digested cells were gently 
resuspended in complete medium after centrifugation 
at 800 rpm/min for 3 min and the supernatant was dis-
carded. Finally, subculturing was performed by evenly 
distributing cells from the P2-P4 generations into three 
equally sized dishes.

The experiments comprised four groups, namely 
the control group, ATL group, Ang II group, and Ang 
II + ATL group, with three wells in each group. The 
RASMCs that had been digested were then seeded into 
6-well plates at a density of approximately 65 to 75%. 
After a 12-h period of adherence, the medium was 
replaced with serum-free medium for a 12-h starvation 
period. The ATL group and Ang II + ATL group under-
went pre-treatment with 1 μM ATL for six hours. Subse-
quently, the Ang II group and Ang II + ATL group were 
exposed to an additional concentration of 1  μM Ang II 
for an additional 24 h.

The impact of ATL on calcium influx
The experiments were divided into three groups: Ang 
II group, Ang II + 1 μM ATL group, and Ang II + 10 μM 
ATL group, each consisting of three wells. RASMCs were 
digested and seeded onto Confocal dishes at a density of 
approximately 65 to 75%. After 12  h of adherence, the 
medium was replaced with 0.5μL Fluo-4 AM solution to 
achieve a final concentration of 1 μM. The cells were then 
incubated at 37°C for one hour. Following this incubation 
period, the Ang II + 1 μM ATL group and Ang II + 10 μM 
ATL group were respectively pre-treated with 1 μM ATL 
and 10 μM ATL for thirty minutes. Confocal microscope 
settings were adjusted accordingly to capture continuous 
images while 1  μM Ang II was added to stimulate cal-
cium influx. The resulting green fluorescence generated 
by Ca2+ influx was recorded and preserved [22].

Western blotting
Western blot analysis was performed according to stand-
ard protocols [25]. Briefly, cells were washed twice with 
PBS before adding protein lysate and lysing for 30  min. 
The lysates were then centrifuged to remove the super-
natant, and the protein concentration was determined 
using the BCA kit. Next, 20  μg of proteins per group 

were subjected to polyacrylamide gel electrophoresis. 
The separated proteins were transferred onto nitrocel-
lulose filters and blocked with 10% skim milk powder at 
room temperature for 1  h. Subsequently, primary anti-
bodies were incubated overnight at 4°C, followed by 
incubation with secondary antibodies at room tempera-
ture for 1 h. Membranes containing protein bands were 
visualized using an enhanced chemiluminescence (ECL) 
system (Tanon 5200, China). The band intensities were 
quantified using Image J software (NIH). The original gel 
images have been provided in supplementary file (Fig.S2).

H&E staining and immunofluorescence staining
The thoracic aorta, measuring 1–2  cm in length, was 
excised and fixed in 4% paraformaldehyde for 24 h. Sub-
sequently, the tissue was dehydrated in 20% sucrose for 
over 48  h. Afterwards, the tissue was embedded with 
OCT compound and sectioned into 5  μm thick slices 
using a freezing microtome. These sections were then 
mounted onto slides and stored at −20℃ until further 
analysis. H&E staining and immunofluorescence tech-
niques were performed following standard procedures. 
DAPI was used as a nuclear counterstain [25].

Molecular docking
The PDB database (https://​www.​rcsb.​org) was accessed to 
retrieve the structure of the voltage-gated calcium chan-
nel. To focus on the protein, water molecules, ligands, 
and other extraneous components were removed. The 
ATL structure in mol2 file format was obtained. Molecu-
lar docking analysis was carried out using the Auto Dock 
Tools software, and the docking results were visualized 
using PyMOL software [22].

Statistical analysis
The data from the experiment were analyzed using 
GraphPad Prism 10.0 software. The results were 
expressed as the mean ± standard error. Student’s t-test 
was used to compare differences between two groups of 
data, and One-way ANOVA was used to analyze differ-
ences among multiple groups of data. A significance level 
of P < 0.05 was considered statistically significant.

Graphical abstract drawing
The graphical abstract was created with MedPeer (med-
peer.cn).

Results
Network pharmacology predicts mechanisms for ATL 
improves hypertension
Using the Pharm Mapper and Swiss Target Prediction 
databases, we identified 120 target genes for ATL and 
323 target genes for Ang II. The intersection of these 

https://www.rcsb.org
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Fig. 1  Predicting the mechanism of ATL in hypertension treatment through network pharmacology. A Intersection between ATL targets and Ang 
II targets. B Network of "ATL-target gene-Ang II", red V-shaped represents ATL, gray diamond represents Ang II, and green circles represent common 
target genes. C Network of ATL and Ang II core targets, color shades and circular size represents the degree of node value, the greater the degree 
value, the deeper the color, the bigger the circle. D GO function analysis of biological process (BP) results. E Results of KEGG analysis. F Chord plot 
of key pathway-gene enrichment
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two sets yielded 80 common target genes shared by 
both ATL and Ang II (Fig.  1A). To visualize the inter-
action network of ATL, Ang II, and the common target 
genes, we utilized Cytoscape v3.10.1 software. In the 
network, ATL was represented by red V-shapes, Ang 
II by gray diamonds, and the common target genes by 
green circles (Fig.  1B). The protein interaction analysis 
was performed using the String database, resulting in a 
network graph with 80 nodes and 347 edges. Cytoscape 
v3.10.1 software was employed to visualize this graph, 
with larger circles indicating closer arrangement to the 
center, signifying stronger interactions (Fig.  1C). We 
conducted GO and KEGG pathway enrichment analysis 
of the 80 common targets using the DAVID database. 
The results indicated that ATL and Ang II gene targets 
were enriched in pathways associated with crucial bio-
logical processes, including protein phosphorylation, 
cell proliferation, inflammatory response, and calcium 

channels (Fig. 1D). Moreover, signaling pathways such as 
FoxO, MAPK, Relaxin, ErbB, PI3K-Akt, and IL-17 were 
identified (Fig. 1E). A closer examination of key biologi-
cal processes involving calcium channel regulation and 
protein phosphorylation was pursued (Fig.  1F). In sum-
mary, the network pharmacology analysis demonstrated 
that ATL exerts therapeutic effects on Ang II-induced 
hypertension.

ATL reduced blood pressure in both normal 
and hypertensive mice
To validate the hypotensive effects of ATL, we measured 
the mean arterial pressure in anesthetized mice follow-
ing intravenous injection of ATL at a concentration of 
5 mg/ml, using a volume of 30 μl. The results indicated 
a rapid but short-term decrease in mouse blood pres-
sure after administration, followed by a quick return to 
baseline (Fig.  2A-C). These findings suggest that ATL 

Fig. 2  ATL significantly reduced basal blood pressure and Ang II-induced hypertension in mice. A, B Carotid artery blood pressure monitoring 
results. C Statistical analysis of the lowest arterial blood pressure values in mice after intravenous treatment. *P < 0.05, n = 4. D ATL improved 
hypertension induced by Ang II. The experiment begins at week 0, and blood pressure is measured every 7 days for weeks 1–4. ***P < 0.001, n = 5–7
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can indeed affect mouse blood pressure. To further 
investigate the hypotensive effect of ATL, we implanted 
sustained release pumps subcutaneously in mice. The 
treatment group received daily oral administration of 
ATL, and we assessed the blood pressure of the mice on 
a weekly basis. The results showed that, compared to the 
control groups, the blood pressures of the Ang II group 
started to rise from week one, peaked during week two, 
and then slightly decreased but remained significantly 
different from the controls. However, mice treated with 
ATL exhibited a significant reduction in blood pressure 
compared to the model group (Fig.  2D). This suggests 
that ATL has the potential to be an effective therapy for 
ameliorating Ang II-induced hypertension.

ATL inhibited vasoconstriction
To further clarify the hypotensive effect of ATL, a vas-
cular ring assay was performed to assess its effect on 
vasoconstriction and vasodilation. Experimental results 
showed that different concentrations of ATL did not 
produce relaxation in phenylephrine-induced vasocon-
striction in comparison to the control group (Fig. 3A, B). 
This suggested that ATL did not have a significant vas-
orelaxant effect. To investigate whether ATL can inhibit 
vasoconstriction induced by Ang II, the vessels were pre-
treated with ATL (1 μM or 10 μM) for 30 min before the 
stimulation with various concentrations of Ang II. The 
results demonstrated that ATL significantly inhibited 
Ang II-induced vasoconstriction (Fig.  3C, D). Further-
more, the effect of ATL on vasoconstriction induced by 
Phe was examined. The results showed that pretreat-
ment with 1 μM and 10 μM ATL for 30 min significantly 
attenuated the increase in vascular tone induced by Phe 
(Fig. 3E, F). Calcium ion plays a crucial role in vasocon-
striction. To elucidate the regulatory effect of ATL on 
Ca2+ influx, the vessels were preincubated with 1 μM and 
10  μM ATL for 30  min and then stimulated with vari-
ous concentrations of Ca2+ to induce vasoconstriction. 
The experimental results demonstrated that after pre-
treatment with ATL, blood vessels could still contract 
upon the addition of Ca2+, but the magnitude of con-
traction was significantly lower than that of the control 
group (Fig. 3G, H). We conducted the same experiment 
using rat mesenteric arteries and obtained consistent 
results (Fig. S1). These findings indicate that ATL effec-
tively inhibits vasoconstriction induced by Ang II, Phe, 
and Ca2+. Importantly, no impact on vasodilation was 
observed.

ATL inhibited Ang II‑induced calcium influx
The RASMCs were pretreated with 1 μM and 10 μM ATL 
for 30 min. After that, Ang II was added in the presence 
of Ca2+ probes to monitor intracellular Ca2+ dynamics. It 

was observed that in the control group, there was a rapid 
increase in intracellular calcium concentration upon Ang 
II administration. This increase was indicated by a sharp 
rise in green fluorescence intensity, which subsequently 
declined after reaching a critical point. However, treat-
ment with both 1 μM and 10 μM ATL significantly atten-
uated the Ang II-induced calcium influx in RASMCs, 
resulting in reduced fluorescence intensity (Fig.  4A-C). 
These results demonstrate that ATL is able to inhibit 
Ang II-induced calcium influx in RASMCs. The increase 
in calcium influx in vascular smooth muscle cells leads 
to an increase in MLC2 phosphorylation, which in turn 
induces smooth muscle contraction. To confirm the effect 
of ATL on MLC2 phosphorylation, Western Blotting was 
utilized. Experimental findings showed that, compared 
to the control group, Ang II significantly upregulated 
MLC2 phosphorylation in RASMCs after 24  h of treat-
ment. However, ATL did not have a significant impact on 
MLC2 phosphorylation in RASMCs. Nevertheless, pre-
treatment with ATL effectively inhibited Ang II-induced 
increases in MLC2 phosphorylation in RASMCs (Fig. 4D, 
E).

ATL inhibited calcium influx by inhibiting L‑type calcium 
channel activation
To investigate the inhibition of calcium ion influx by ATL 
through its interaction with calcium ion channels, we 
performed docking experiments using ATL as a ligand 
against voltage-gated calcium channels (VGCCs) pro-
teins. Subsequently, we analyzed the resulting molecular 
docking affinity values. The molecular docking results 
revealed that L-type VGCCs exhibited ATL affinity val-
ues below −5 kcal/mol, indicating a strong binding activ-
ity between ATL and these proteins (Fig. 5A). To evaluate 
the inhibitory effect of ATL on L-type VGCCs, mesen-
teric arteries were exposed to varying concentrations of 
ATL for 30  min, followed by the induction of contrac-
tion using the L-type VGCCs activator BAY K 8644. 
The results demonstrated a concentration-dependent 
reduction in BAY K 8644-induced vasoconstriction upon 
treatment with ATL (Fig. 5B, C). These findings suggest 
that ATL exerts its inhibitory action on calcium influx 
through modulation of L-type VGCCs.

ATL improved Ang II‑induced vascular hypertrophy
H&E staining revealed that the Ang II group exhibited 
a thickened vascular wall with a significant increase in 
proliferative cells between elastic fibers, compared to the 
control group. However, treatment with ATL significantly 
improved the Ang II-induced vascular wall thickening 
(Fig.  6A, B). Immunofluorescence staining showed that 
Ang II induced extensive proliferation of vascular smooth 
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Fig. 3  Effects of ATL on vasodilation and contraction. A, B ATL does not impact the diastolic function of the mesenteric artery. C, D ATL inhibits Ang 
II-induced vasoconstriction. E, F ATL inhibits Phe-induced vasoconstriction. G, H ATL inhibits Ca.2+-induced vasoconstriction. ***P < 0.001, n = 4
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Fig. 4  ATL inhibited Ang II-induced calcium influx and the upregulation of pMLC2 in RASMCs. A Fluorescence intensity of calcium probe 
before and after administration of Ang II in different treatment groups. B Statistical plot of fluorescence intensity changes over time in different 
groups. C Statistical plot of the strongest values of fluorescence after the addition of Ang II. ***P < 0.001, n = 10. D Western Blotting representative 
plots of pMLC2 of cells in different treatment groups. E Statistical analysis of the results shown in (D). *P < 0.05, n = 3
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muscle cells. In contrast, ATL treatment effectively inhib-
ited this process (Fig. 6C).

Discussion
ATL is a sesquiterpene lactonide compound that can be 
found in various plants, particularly in Inula helenium. 
Previous studies have investigated the pharmacological 
activities of ATL, including its anti-tumor, anti-inflam-
matory, and antibacterial properties, as well as its poten-
tial for treating skin diseases [26, 27]. However, there is 
currently no research on its efficacy in the treatment of 
hypertension. The etiology of hypertension is complex, 
and Ang II is a key factor in the elevation of blood pres-
sure [10]. Therefore, we considered the target of Ang II 
as the main target for drug treatment of hypertension, 
and Ang II was used to induce hypertension in both cell 
and animal experiments. Through network pharmacol-
ogy analysis, we discovered multiple common target pro-
teins shared by ATL and Ang II. Notably, the key targets 
of ATL include EGFR, GSK3B, ERBB4, and PRKACA, 
which are involved in various biological processes such 
as cell proliferation, regulation of inflammation, and cal-
cium channel activity.

VSMCs are highly specialized cells responsible for reg-
ulating blood flow and blood pressure through contrac-
tion [28]. In response to various stimuli VSMCs undergo 
a phenotypic switch from differentiation to dedifferentia-
tion, which plays a crucial role in the pathophysiology of 
vascular remodeling associated with hypertension [29]. 
Ang II induces contraction, proliferation, and hypertro-
phy of vascular smooth muscle cells within the vascular 
wall, thereby contributing to the development of hyper-
tension [30, 31]. Consistent with previous literature, 
our study demonstrated that Ang II promoted extensive 
proliferation of VSMCs and triggered vascular remode-
ling. Notably, this effect was reversed by ATL treatment. 
These findings suggest that ATL has potential therapeutic 
benefits for hypertension by suppressing excessive prolif-
eration of VSMCs.

Calcium ions play a critical role in the normal physi-
ological function of cells. In various disease signaling 
pathways, Ca2+ is commonly used as a mediator or 
regulatory target to modulate cellular functions [32]. 
The increase in calcium ion concentration in VSMCs 
acts as the primary inducer of vasoconstriction and 
also stimulates smooth muscle cell proliferation and 

Fig. 5  ATL inhibition of L-type VGCCs. A Results of docking between ATL and L-type VGCCs. B ATL inhibits BAY K 8644-induced vasoconstriction. 
***P < 0.001, n = 4
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migration [33]. The elevation of intracellular calcium 
primarily occurs through the release of calcium stores, 
such as the sarcoplasmic reticulum (SR) and endo-
plasmic reticulum (ER), along with extracellular influx 
through ion channels [34]. L-type VGCCs are widely 
distributed in vascular smooth muscles and signifi-
cantly influence their contraction-relaxation dynamics 
[14]. These VGCCs consist of four main subunits: the 
α1 subunit and auxiliary subunits β, α2δ, and γ [35]. 
L-type VGCCs open during cell depolarization, lead-
ing to the influx of extracellular calcium ions and sub-
sequent vasoconstriction mediated by VSMCs [36]. In 
this study, we discovered that ATL inhibited Ang II, 
Phe, and Ca2+-induced constriction of vascular rings. 
Cell experiments demonstrated that Ang II promoted 
Ca2+ influx and increased the protein level of p-MLC2 
in RASMCs, while ATL inhibited Ca2+ influx and 
p-MLC2 protein level. Furthermore, ATL exhibited 
strong binding affinity with L-type VGCCs proteins 
including Cav1.1, Cav1.2, Cav1.3, and Cav1.4. Subse-
quently, we added the L-type VGCCs activator BAY K 
8644 to the vascular ring experiment, and the results 
showed that ATL could indeed inhibit vascular con-
striction caused by BAY K 8644. These findings suggest 

that ATL can suppress Ang II-induced calcium influx 
and MLC phosphorylation in VSMCs by targeting cel-
lular L-type VGCCs.

Long-term stimulation of Ang II can cause vascular 
smooth muscle proliferation, resulting in thickening and 
remodeling of the vascular wall [37, 38]. Therefore, we 
examined the vessel morphology during the experiment. 
The results from H&E and immunofluorescence staining 
demonstrated that ATL effectively protected the vessels 
and inhibited Ang II-induced vascular remodeling.

Conclusion
In conclusion, ATL could effectively reduce the elevation 
of blood pressure caused by Ang II. ATL inhibited cal-
cium influx and the phosphorylation of MLC2 by bind-
ing to L-type VGCCs, thereby suppressing the vascular 
contraction induced by Ang II. Our research had not only 
identified the antihypertensive effect of alantolactone but 
also elucidated its mechanism of action. Meanwhile, our 
study had provided a basis for the development of new 
drugs for the treatment of hypertension.
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vascular smooth muscle cell marker α-SMA in green, and nucleus in blue. The ruler length is 75 μm
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