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Abstract: This study examines the impact of triacetyl-diacyllactone (ADA) on the proliferation and migration
of pulmonary artery smooth muscle cells (PASMCs) and elucidates its underlying mechanism. PASMCs derived
from SD rats were cultured in vitro and randomly divided into four groups: control group, administration group,
model group, and model administration group. The appropriate concentration of ADA for intervention was
determined using the MTT assay. The proliferation ability of PASMCs in each group was assessed using the
EdU assay. The migration ability of PASMCs in each group was evaluated using the Scratch wound healing
assay and Transwell assay. Western blot analysis was performed to determine the protein expression levels of
BMPR2, PCNA, and TGF-1, as well as the phosphorylation levels of SMADI1 and SMAD2/3 in PASMCs
from each group. Results show that at a concentration of 5 pmol/L, ADA did not impact the cell activity of
PASMC:s and instead exerted inhibitory effects on both the proliferation and migration of PASMCs induced by
PDGF-BB. PDGF-BB was found to upregulate the expression levels of PCNA and TGF- 1, while
downregulating the expression of BMPR2. Furthermore, PDGF-BB led to enhanced protein phosphorylation of
SMADI and SMAD2/3. However, following ADA intervention, the expression levels of PCNA and TGF-1
decreased, while the expression of BMPR2 increased. Additionally, protein phosphorylation of SMADI1 and
SMAD2/3 decreased. Therefore, ADA can hinder the proliferation and migration of PASMCs induced by
PDGF-BB, as well as suppress the upregulation of PCNA and TGF-B1 caused by PDGF-BB. Furthermore, the
downregulation of BMPR2 may be associated with the inhibition of SMAD1 and SMAD2/3 signaling pathways.
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1. Introduction

Pulmonary arterial hypertension (PAH) is a relatively rare and life-threatening disease, characterized by
endothelial dysfunction and muscularization of the vessel wall. This leads to pulmonary vascular remodeling,
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elevated pulmonary arterial pressure, and ultimately right ventricular heart failure [1, 2]. The diagnostic
criteria for pulmonary hypertension has recently been revised to >20 mmHg, which is a reduction from the
previous threshold of >25 mmHg [3]. Endothelial dysfunction causes apoptosis, muscularization, and loss of
endothelial cell barrier function. Consequently, certain cytokines in conduit vessels induce abnormal
proliferation of pulmonary artery smooth muscle cells (PASMCs) following the disruption of endothelial cell
barrier function [4-6]. Numerous studies have highlighted the pivotal role of abnormal PASMC proliferation in
the remodeling of pulmonary arterial vasculature and the progression of PAH [7, 8]. Epigenetic and metabolic
regulatory mechanisms have been identified as key factors contributing to PAH [9, 10]. Given the complex
pathological mechanisms involving genetic, epigenetic, metabolic abnormalities, hypoxia, and inflammatory
responses, there is a scarcity of effective treatments for PAH [11, 12]. Currently, available drugs primarily
target the reduction of pulmonary hypertension by inducing vasodilation [13]. However, there is a limited
number of drugs that specifically inhibit abnormal PASMC proliferation to treat PAH. Recently, the emergence
of Sotatercept has shown the potential in reducing pulmonary vascular resistance by modulating the signaling
imbalance between growth-promoting and growth-inhibiting pathways [14]. Nevertheless, there remains a lack
of clinical drugs capable of reversing vascular remodeling by inhibiting abnormal PASMC proliferation.

Andrographis paniculata is a widely used traditional Chinese medicine (TCM); it is known for its anti-
inflammatory and antiviral properties [15, 16]. Andrographolide (AG), a diterpenoid extracted from
Andrographis paniculata, is a major bioactive component of the plant. It has demonstrated anti-inflammatory
and antitumor effects [17-19]. Its complex structure includes a twisted g-lactone ring, a double bond bridge
D12, 13 linked to the g-lactone ring, an E-configured decahydronaphthalene ring, an exocyclic double bond,
and three hydroxy groups [18]. Andrographolide can be chemically modified to generate new derivatives,
offering the potential for the development of novel drug structures. In this study, we focused on a derivative
of andrographolide called triacetyl andrographolide (ADA), which involves the addition of three acetyl
groups to the parent ring, as well as another derivative known as Isoandrographolide (IA). Given the
importance of abnormal PASMC proliferation in the development of PAH and the documented inhibitory
effects of andrographolide on cancer cell proliferation [17, 20, 21], we investigated the inhibitory effects of
andrographolide and its derivatives (ADA and IA) on abnormal PASMC proliferation. Therefore, this study
aimed compare the effects of AG, ADA, and IA on PASMC activity.

Bone morphogenetic protein receptor type 2 (BMPR2), a type II receptor of the TGF-f cell signaling
superfamily, plays a crucial role in the pathogenesis of PAH [22]. The reduction of BMPR2 has been linked
to the inhibition of Smadl signaling, which promotes the proliferation of PASMCs [23]. In this study, we
examined the impact of ADA on the BMPR2/Smad] pathway and further explored its inhibitory effects on
PASMCs. Additionally, transforming growth factor B (TGF- ) and its downstream signaling molecule,
SMAD, also contribute significantly to pulmonary vascular remodeling [24].

2. Materials and Methods
2.1. Materials

Fetal bovine serum (FBS) and Dulbecco's modified Eagle medium (DMEM) were procured from Gibco
(USA). Anti-alpha smooth muscle actin antibody and anti-PCNA antibody were obtained from Abcam
(Britain). BMPR2 polyclonal antibody, anti-GAPDH, and CoraLite594-conjugated Goat Anti-Mouse IgG (H+
L) were purchased from Proteintech (China). Smadl and p-smadl antibodies were obtained from Cell
Signaling Technology (USA). 5-ethynyl-2'-deoxyuridine (EdU) was obtained from RiboBio (China). FITC-
phalloidin, MTT (3- (4, 5-dimethyl-2-thiazolyl) -2, 5-diphenyl-2-H-tetrazolium bromide), 4', 6-diamidino-2-
phenylindole (DAPI), BCA Protein Assay Kit, RIPA buffer, Protease Inhibitor Cocktail, and Phosphatase
Inhibitor Cocktail were provided by Solarbio (China). Crystal violet was purchased from Beyotime (China).
PDGF-BB was obtained from R&D Systems (USA). PVDF membranes were purchased from Millipore
(USA). Andrographolide (AG), triacetyl andrographolide (ADA), and isoandrographolide (IA) were supplied
by Han Guang Research Group, Henan University of Pharmacy.

2.2. Extraction of Rat Primary PASMCs

SD rats aged between three and eight weeks were humanely sacrificed through cervical dislocation and
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subsequently disinfected using 75% alcohol. By opening the pleural cavity, the aortic arch was exposed,
revealing the "Y"-shaped pulmonary artery beneath it. The pulmonary artery was carefully excised and rinsed
in PBS supplemented with 1% penicillin/streptomycin to remove connective tissue. The stripped blood vessels
were then cut into small tissue blocks measuring 1 mm x 1 mm x 1 mm using ophthalmic scissors. These
tissue blocks were evenly distributed on the dish's surface. Once dried, 6 mL of DMEM containing 20% FBS
and 1% penicillin/streptomycin was gently added to the dish, and the cells were incubated at 37 °C in a 5%
CO, cell incubator [25]. The study was conducted according to the guidelines of the Declaration of Hel-sinki,
and approved by Ethics Committee of Henan University (Approval No. HUSOM2021-070, Feb. 22, 2021).

2.3. Culture of Rat PASMCs

After 3—5 days, a small population of cells will dissociate from the tissue mass. Over 8—10 days, cells
exhibit a cyclic pattern of growth and decline before reaching confluence and being passaged through
trypsinization. The cell culture medium was typically changed every 2—3 days to support cell growth. For the
extraction of PASMCs, DMEM supplemented with 20% FBS was used, followed by 10% FBS for subsequent
passages. Cells in generations 3—8, exhibiting robust growth, were selected for further experimental investigations.

2.4. Immunofluorescence Staining and Cytoskeleton Staining

Cells cultured on coverslips for three days were utilized for staining purposes. Following three rinses with
PBS, the cells were fixed with 4% paraformaldehyde at room temperature for 30 min. After additional washing
with PBS, the cells were permeabilized with 0.5% Triton X-100 for 10 min. Subsequently, the cells were
incubated with a FITC-phalloidin working solution (1:200) in the dark at 37 °C for 30 min. After three washes
with PBS, they were incubated with 5% BSA at 37 °C for 30 min. For immunostaining, the fixed cells were
incubated overnight at 4 °C with a mouse monoclonal antibody against smooth muscle alpha-actin (1:400),
followed by incubation with CoraLite594-conjugated Goat Anti-Mouse IgG(H+L) (1:50) in a dark environment
for 30 min. After three PBS washes, the cells were stained with 4',6-diamino-2-phenylindole (DAPI) (1:50) for 10
min. Following three additional PBS washes, the coverslip was sealed and imaged using a confocal microscope.

2.5. Experimental Grouping

The cell model was categorized into two groups. One group was the 5% FBS model group, which
comprised of the control group, a control dosed group, a 5% FBS model group, and 5% FBS model dosed
group. The other group was the PDGF-BB model group [26], which consisted of the control group, the control
dosed group, the PDGF-BB (20 ng/mL) model group, and the PDGF-BB (20 ng/mL) model dosed group.

2.6. MTT Assay

PASMC:s were seeded at a density of 6 x 103 cells/well in 96-well plates. Once the cells reached 70%-80%
confluence, they were cultured in DMEM with 0.5% FBS for 24 h to synchronize their cell cycle. Following cell
cycle synchronization, the cells were preincubated with the respective drugs for 1 h and then subjected to
stimulation with 5% FBS and PDGF-BB (20 ng/mL). After 24 h of incubation, 10 uL of MTT (5 mg/mL) was
added to each well and incubated for 4 h. Subsequently, 100 uL of DMSO reagent was added to each well, and
gentle shaking was performed for 10 min. The OD values were measured using a microplate reader at 570 nm.

2.7. Scratch Wound Healing Assay

PASMCs were seeded in 6-well plates at a density of 3x105 cells/well. When the cell density reached
90%, a vertical line was created in the center of each well using a 200 pL pipette tip, followed by gentle
washing with PBS twice. The scratches were then photographed at 0 h, 24 h, and 48 h after drug treatment.
Finally, the scratch area was analyzed using Image J software.

2.8. EdU Proliferation Assay

PASMCs were seeded at a density of 6 x 103 cells per well in 96-well plates. Once the cells reached
70% to 80% confluence, they were cultured in DMEM supplemented with 0.5% FBS for 24 h to synchronize
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the cell cycle. Following cell cycle synchronization, the cells were preincubated with the respective drugs for
1 hour and then exposed to 5% FBS and PDGF-BB (20 ng/mL) to induce cell modeling. After 24 h of culture,
the cells from each group were treated with EAU reagent for 3 h, followed by three rinses with PBS and
fixation with 4% paraformaldehyde for 30 min. After washing with PBS, PASMCs were permeabilized with
0.5% Triton X-100 at room temperature for 10 min. Subsequently, the cells were incubated with the Click-iT
staining reaction solution for 30 min, resulting in red fluorescence in EdU-positive nuclei. The nuclei were
then stained with Hoechst (1: 100) for 30 min, producing blue fluorescence. The cells were washed three
times with PBS and imaged using an inverted fluorescence microscope. The number of EdU-positive cells
was quantified using ImagelJ software.

2.9. Cell Migration Assay

PASMC:s at a concentration of 5 x 104 cells/well were suspended in serum-free DMEM and seeded into
the upper chamber of a Transwell chamber. Following cell seeding, serum-free DMEM was added to the
upper chamber, while PDGF-BB was added according to the experimental groups. For the serum-induced
proliferation model, the lower chamber of the control group was supplemented with DMEM containing 0.5%
FBS, while the model group received DMEM with 5% FBS. In the PDGF-BB-induced proliferation model,
the lower chamber was uniformly filled with DMEM containing 5% FBS. After 24 h of treatment, the
remaining cells were removed using cotton swabs, followed by two washes with PBS. The cells were then
fixed with 4% paraformaldehyde for 30 min. After two additional washes with PBS, the cells were stained
with 0.1% crystal violet for 30 min. Excess crystal violet was washed off with running water, and the cells
were air-dried and photographed under a microscope. The number of cells that had migrated through the
membrane was counted in randomly selected fields.

2.10. Western Blotting for Protein Expression

PASMCs were lysed using RIPA lysis buffer supplemented with protease inhibitor cocktail and
phosphatase inhibitor cocktail. The total protein concentration was determined using the BCA Protein Assay
Kit. Equal amounts of protein were separated by 10% SDS-PAGE and transferred onto PVDF membranes.
Subsequently, the membranes were blocked with 5% (w/v) non-fat milk for 2 h at room temperature,
followed by overnight incubation with primary antibodies at 4° C. Afterward, the membranes were probed
with horseradish peroxidase-conjugated secondary antibodies. Finally, the membranes were exposed to an
ECL substrate for 2—5 min, and the protein bands were visualized using ImageJ software. The primary
antibodies used in this study included anti-PCNA (1:1000), anti-BMPR2 (1:1000), anti-Smad1 (1:1000), anti-
p-Smad1 (1:1000), and anti-GAPDH (1:5000).

2.11. Statistical Analysis

All data are reported as mean =SEM. GraphPad Prism 8.0 software was used for statistical analysis.
One-way ANOVA was used to compare multiple groups. A p-value less than 0.05 was considered statistically
significant, indicating a significant difference between the groups.

3. Results
3.1. Morphological Identification and Results of Cells

After three days of primary cell extraction, a small number of PASMCs sprouted from the tissue block.
These cells exhibited an elongated fusiform or triangular shape. By day eight, some cells had begun to fuse,
forming a distinctive "peak-valley" morphology. a-SMA is a characteristic protein of smooth muscle cells.
Immunostaining of the primary cells revealed red fluorescence from F594-labeled o -SMA, while the
cytoskeleton displayed green filamentous fluorescence when stained with FITC-labeled Phalloidin.
Additionally, the cell nuclei were stained with blue fluorescence using DAPI. Notably, PASMCs derived from
rat pulmonary aorta exhibited a distinct pattern with red cord-like fibers filling the cytoplasm in a straight,
uninterrupted arrangement, along with a fascicular arrangement of green filamentous cytoskeleton. The
PASMCs isolated through the explant method from rat pulmonary aorta were further confirmed by
immunofluorescence using an anti-alpha smooth muscle cell (a-SMA) antibody and FITC-labeled Phalloidin
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staining for cytoskeletal visualization (Figure 1).
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Figure 1. Identification of primary smooth muscle cells. Identification of PASMCs by cell morphology,
immunostaining and cytoskeletal staining.

3.2. Effect of Andrographolide and Its Derivatives on Cell Viability of PASMCs

Initially, MTT assay was used toe assess the the effects of the three drugs on the viability of PASMCs.
Triacetyl andrographolide (ADA) demonstrated the most impact on PASMC viability, with IC50 values
ranging from 1 to 10 pmol/L (Figure 2A). Andrographolide (AG) induced PASMC proliferation at low
concentrations, while exhibiting weak inhibitory effects at 100 umol/L (Figure 2B). Isoandrographolide (IA)
did not affect PASMCs at concentrations up to 100 umol/L, indicating no inhibition of PASMC proliferation
(Figure 2C). Based on these findings, ADA was selected for further experiments due to its potent inhibition of
PASMCs. Concentrations between 1 and 10 umol/L were used for further screening based on the IC50 value
of ADA, and it was observed that 5 pumol/L ADA had no impact on PASMCs (Figure 2D). Therefore,
experiments were conducted using 5 pmol/L ADA in two proliferating cell models. PASMCs were first
starved with 0.5% FBS DMEM for 24 h and then cultured with 5% FBS DMEM for 24 h, resulting in
approximately 50% proliferation compared to normal PASMCs. PASMCs were also starved with 0.5% FBS
DMEM for 24 h and subsequently cultured with PDGF-BB (20 ng/mL) for 24 h, leading to around 40%
proliferation compared to normal PASMCs. Notably, 5 pmol/L ADA inhibited the proliferation of PASMCs in
both models by approximately 20% to 40% (Figure 2E, 2F). Thus, a concentration of 5 pmol/L ADA was
chosen for subsequent characterization experiments.
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Figure 2. Concentration screening of the drugs performed using the MTT assay. The impact of ADA (n = 6) (A), AG
(n = 6) (B), and IA (n = 6) (C) on the activity of normal PASMCs. The concentrations of ADA inhibiting normal
PASMCs screened further (n = 12) (D). It was observed that ADA at a concentration of 5 pumol/L significantly
inhibited the proliferation of PASMCs in models induced by 5% FBS (n = 9) (E) and PDGF-BB (20 ng/mL) (n = 11)
(F). The data presented are the mean +SEM. ***P < (.001.

3.3. Cell Proliferation Model Constructed by Serum Inhibition of ADA

There were no significant differences in the number of EdU-positive cells and the total cell volume
between the control group and the control administration group. However, the model group showed a
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significantly higher number of EdU-positive cells and total cell volume compared to the control group, indicating
the successful establishment of the proliferation model. In contrast, the model administration group exhibited
a lower number of EdU-positive cells and total cell volume compared to the model group. These findings
suggest that 5 pmol/L ADA has the ability to inhibit the cell proliferation model induced by 5% FBS (Figure 3A).
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Figure 3 ADA at a concentration of 5 umol/L inhibited the proliferation model of PASMCs induced by 5% FBS. A: The
proliferation of PASMCs was assessed using the EdU assay (n = 6) . B and C: The extent of PASMCs proliferation
was evaluated using the Scratch wound healing assay (n = 6) (B) and Transwell assay (n = 6) (C). All data are
presented as the mean =SEM. ***P < (0.001.

3.4. Cell Migration Model Constructed by Serum Inhibition of ADA

In regard to cell healing, the model group demonstrated a noticeable healing trend at 24 h compared to
the other three groups. By 48 h, the model group had almost fully healed. This indicates the successful
construction of the cell migration model using serum. The cell healing rate in the model administration group
was slower than that in the model group (Figure 3B). In the Transwell cell migration experiment, a
significantly higher number of cells passed through the compartments in the model group compared to the
control group, which confirms serum-induced cell migration. However, the number of migrating cells was
reduced in the model administration group compared to the model group (Figure 3C). These findings from
the cell healing experiment and Transwell cell migration experiment demonstrate that 5 pmol/L ADA can
inhibit the cell migration model induced by 5% FBS.

3.5. Cell Proliferation Model Constructed by PDGF-BB Inhibition of ADA

The ratio of EdU-positive cells to total cells between the control group and the control administration
group was not significantly different. However, the model group exhibited a significantly higher number of
EdU-positive cells and total cell volume compared to the control group, indicating the successful
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establishment of the proliferation model. In contrast, the model administration group showed a lower number
of EdU-positive cells and total cell volume compared to the model group. These findings indicate that 5 pmol/
L ADA can inhibit the cell proliferation model induced by PDGF-BB (20 ng/mL) (Figure 4A).
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Figure 4. ADA at a concentration of 5 pmol/L inhibited the construction of the PASMCs proliferation model induced
by PDGF-BB (20 ng/mL). A: The proliferation of PASMCs was analyzed using the EdU assay (n = 6). B and C: The
extent of PASMCs proliferation was assessed using the Scratch Wound Healing assay (n = 6) (B) and the Transwell
assay (n = 6) (C). All data are presented as the mean +SEM. ***P < (.001.

3.6. Cell Migration Model Constructed by PDGF-BB Inhibition of ADA

In the cell healing experiment, the model group demonstrated a distinct healing trend compared to the
other three groups at 24 h, and nearly complete healing was observed in the model group at 48 h. This
indicates PDGF-BB was able to induce the successful construction of the cell migration model. The cell
healing rate in the model administration group was slower than that in the model group (Figure 4B).
Furthermore, in the Transwell cell migration experiment, a significantly higher number of cells passed
through the compartments in the model group compared to the control group, indicating the ability of PDGF-
BB to induce cell migration. However, the number of migrating cells was reduced in the model
administration group compared to the model group (Figure 4C). Based on the results of the cell healing and

Transwell cell migration experiments, it can be concluded that 5 pmol/L ADA effectively inhibits the PDGF-
BB-induced cell migration model.

3.7. The Expression Changes of BMPR2, PCNA, and p-SMAD1 in PASMCs induced by 5% FBS and PDGF-BB

Western blot analysis revealed that both PDGF-BB and 5% FBS increased the expression of PCNA in
PASMCs. However, the administration of ADA reversed the increase in PCNA expression induced by PDGF-
BB or 5% FBS (Figures 5A and 6A). In PASMC:s stimulated with PDGF-BB or 5% FBS, the protein expression
of BMPR2 decreased, while the level of p-SMADI increased (Figures 5B, 5C, 6B, and 6C). However, after
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treatment with ADA, the expression levels of BMPR?2 increased, and the phosphorylation of SMAD1 decreased
(Figures 5B and 6C). These findings suggest that ADA's inhibition of abnormal proliferation and migration of

PASMCs induced by PDGF-BB or 5% FBS may be mediated through the BMPR2/Smad1 signaling pathway.
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BMPR?2 and p-SMADI. All data are presented as the mean £SEM (n = 4). **P < 0.01, ***P < 0.001.

PCNA
2,0 wxr xwx
A 2 [ —
§
ﬁ 1.5 ns
a [
PCNA s q'. ” ‘ 29 kDa s
- ' 210
£
5
GAPDH = e wisne i s 36 kDa 505
=2
5% FBS - + . ﬁ oo
ADA (5 pmollL) + + e FBS - .
ADA (SpumollL) -+ +
BMPR2
245 ok X
B 2 [ |
g ns
2
210
svPRz WY e 120 kDa 8
3
505
5
GAPDH  wemus @ QNS < 36 (Da e
3
00
5% FBS - + . -4
5% FBS - -
ADA (5 pmol/L ) + +
ADA (5pmollL) -+ +
¢ p-SMAD1
] xxx N
815 —r—
(3 ns
5
P-SMADT i #uD. wswws @mes 60 kDa H —
210
SMAD! S e wm— - 60 kDa 8
3
505
GAPDH WHEED @RS wms ale 3602 §
] 0.0
5% FBS - . . g0
o R
ADA (5 pmollL ) + - N 5% FBS +
ADA (5 pmollL) - + +

Figure 6. Changes in the expression of BMPR2, PCNA, and p-SMADI1 in PASMCs induced by 5% FBS. A: The
effect of ADA and 5% FBS on PCNA expression. B and C: The effects of ADA and 5% FBS on the expression of
BMPR2 and p-SMADI. All data are presented as the mean £SEM (n = 4). *P < 0.05, ***P < (.001.



35 of 38

3.8. Expression Changes of TGF-f1 and p-SMAD2/3 in PASMCs induced by PDGF-BB.

Western blot analysis revealed that PDGF-BB upregulated the expression of TGF-1 in PASMCs,
while ADA treatment led to a decrease in TGF- 1 expression (Figure 7A). PDGF-BB also induced
phosphorylation of SMAD2/3, a downstream signaling pathway of TGF-B1, whereas ADA treatment
resulted in a decrease in SMAD2/3 phosphorylation (Figure 7B). These findings suggest that ADA may
inhibit the proliferation and migration of PASMCs by downregulating the expression of TGF- Bl in
PASMCs.
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Figure 7. Changes in the expression of TGF-f1 and p-SMAD2/3 in PASMCs induced by PDGF-BB. A: Effect of
ADA and PDGF-BB on TGF-f1 expression. B: Effects of ADA and PDGF-BB on p-SMAD2/3 expression. All data
are presented as the mean £SEM (n = 4). *P < 0.05, ***P < 0.001.

4. Discussion

Pulmonary blood vessels consist of fibroblasts in the outer layer; smooth muscle cells in the middle
layer; and endothelial cells in the inner layer. Patients with pulmonary arterial hypertension (PAH)
experience pathological changes in the pulmonary artery, which lead to dysfunction in endothelial cell
production and loss of their protective effect on blood vessels. This loss of protection results in the abnormal
proliferation of smooth muscle cells, leading to the formation of plexiform lesions [27]. PAH primarily
arises from vascular remodeling of the pulmonary arterioles, causing vascular obstruction and elevated
pulmonary arterial pressure [28]. Current research on PAH treatment focuses on reducing pulmonary arterial
pressure by inhibiting the abnormal proliferation of smooth muscle cells to slow down vascular remodeling
[29, 30]. Available drugs primarily alleviate pulmonary hypertension by vasodilation, thereby improving
patients' quality of life [24]. However, these drugs do not address the increased pulmonary arterial pressure
caused by pulmonary vascular remodeling through the inhibition of abnormal smooth muscle cell
proliferation.

In recent years, andrographolide has been found to possess anticancer properties against liver cancer,
lung cancer, breast cancer, and colon cancer [28, 31-33]. The abnormal proliferation of smooth muscle cells is
similar to that of tumor cells, and since andrographolide has an inhibitory effect on tumor cells, it is worth
exploring whether drugs derived from andrographolide, such as ADA and IA, have significant inhibitory
effects on the proliferation of smooth muscle cells. In this study, we tested AG, IA, and ADA on normal
smooth muscle cells, and only ADA showed an effect on their activity. This may be attributed to the structural
differences between ADA and AG; ADA, with three acetyl groups added to its structure compared to AG,
exhibited superior efficacy. After confirming the effect of ADA on normal smooth muscle cells, we
determined a non-toxic concentration of ADA at 5 umol/L through cell viability testing.

Next, we established a proliferating smooth muscle cell model using 5% FBS and PDGF-BB (20 ng/
mL) [22, 34] to investigate whether 5 umol/L ADA could inhibit the proliferation of this model. MTT assay
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confirmed that 5 pmol/L ADA inhibited the proliferation of both smooth muscle cell models. Therefore, we
concluded that 5 pmol/L ADA can inhibit the abnormal proliferation of smooth muscle cells without affecting
the viability of normal smooth muscle cells. After determining the appropriate dose of ADA, we further
demonstrated its inhibitory effects on proliferation and migration of the serum- and PDGF-BB-induced
smooth muscle cell proliferation model through EdU proliferation assay, scratch wound healing assay, and
Cell Migration Assay.

In our investigation using Western blot analysis, we observed a significant increase in the proliferation
marker PCNA in PASMCs induced by PDGF-BB (20 ng/mL). However, this increase was reversed when the
PASMCs were treated with 5 pumol/L ADA. Previous studies have demonstrated the involvement of the
BMPR2/Smad] signaling pathway (Figure 6) in the progression of PAH [23]. We observed a notable decrease
in the protein expression of BMPR2 and phosphorylated Smadl in PDGF-BB-induced PASMCs, but
treatment with 5 pmol/L ADA resulted in an increase in their expression levels, thus, inhibiting the
proliferation of PASMCs. Based on these findings, it can be concluded that ADA may inhibit PASMC
proliferation by modulating the BMPR2/Smadl signaling pathway.
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Figure 8. Mechanism of ADA-mediated inhibition of vascular smooth muscle cell proliferation through regulation of
BMPR2 and TGF-B1.

5. Conclusion

In summary, our experimental findings demonstrate that ADA exhibited stronger inhibitory effects on
PASMCs compared to AG and IA. ADA effectively suppressed the proliferation and migration of PASMCs in
models induced by 5% FBS and PDGF-BB. These results suggest that ADA may counteract pulmonary artery
vascular remodeling by modulating the BMPR2/Smad1 signaling pathway or inhibiting TGF-f1, ultimately
leading to a reduction in pulmonary artery pressure. These findings provide a basis for exploring the
therapeutic potential of natural drugs in the treatment of PAH.
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