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Background: Pulmonary arterial hypertension (PAH) is an incurable disease that urgently 
needs therapeutic approaches. Based on the therapeutic effects of fasudil and dichloroacetate 
(DCA) on PAH, we aimed to explore the effects and potential mechanism of a new salt, 
fasudil dichloroacetate (FDCA), in a SU5416 plus hypoxia (SuHx)-induced rat model of 
PAH.
Methods: The rat model of PAH was established by a single subcutaneous injection of 
SU5416 (20 mg/kg) followed by hypoxia (10% O2) exposure for 3 weeks. FDCA (15, 45, or 
135 mg/kg i.g. daily) or the positive control, bosentan (100 mg/kg i.g. daily), were adminis-
tered from the first day after SU5416 injection. After 3-week hypoxia, hemodynamic 
parameters, and histological changes of the pulmonary arterial vessels and right ventricle 
(RV) were assessed. Additionally, in vitro, the effects of FDCA (50 μM), compared with 
equimolar doses of fasudil, DCA, or fasudil+DCA, on the proliferation, migration, and 
contraction of human pulmonary arterial smooth muscle cell (PASMC) under hypoxia (1% 
O2) were evaluated.
Results: FDCA dose-dependently attenuated SuHx-induced PAH, with significant reduc-
tions in RV systolic pressure, pulmonary artery wall thickness, pulmonary vessel muscular-
ization, perivascular fibrosis, as well as RV hypertrophy and fibrosis. In vitro, FDCA 
inhibited hypoxia-induced PASMC proliferation, migration, and contraction to a greater 
degree than fasudil or DCA alone by restoring mitochondrial function, reducing intracellular 
Ca2+, and inhibiting calcium/calmodulin-dependent kinase (Ca2+/CaMK) activity as well as 
Rho-kinase activity.
Conclusion: FDCA ameliorates hypoxia-induced PASMC dysfunction by inhibiting both 
Ca2+/CaMK and Rho-kinase signaling pathways, as well as maintaining mitochondrial 
homeostasis, thus alleviating SuHx-induced PAH.
Keywords: pulmonary arterial hypertension, fasudil dichloroacetate, pulmonary arterial 
smooth muscle cells, hypoxia, calcium

Introduction
Pulmonary arterial hypertension (PAH), a progressive lung vascular disease with 
a poor prognosis and limited therapeutic options, is characterized by vasoconstric-
tion and vascular remodeling of the distal pulmonary arteries (PAs), which even-
tually result in right ventricular (RV) hypertrophy and heart failure.1,2 Despite the 
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development of new therapies targeting the endothelin, 
nitric oxide, and prostacyclin pathways in the past two 
decades, there are still no curative treatments for PAH, 
making it a life-shortening disease.3 Strategies to improve 
outcomes need to be focused on innovative approaches for 
treating PAH.

Irreversible pulmonary vascular remodeling and rever-
sible pulmonary vasoconstriction are the two main patho-
physiological processes of PAH. Pulmonary arterial 
smooth muscle cell (PASMC) dysfunction is thought to 
be a dominant mechanism involved both pulmonary vas-
cular remodeling and vasoconstriction. Biological charac-
teristics of PASMCs from patients with PAH are similar to 
those of tumor cells, such as continuous proliferation, 
apoptosis resistance, excessive migration, and deregulation 
of cellular energetics,4 leading to thickening and remodel-
ing of distal PAs. Moreover, PASMC directly drive the 
contraction of the vascular wall, thus regulating the size of 
the vascular lumen.5 The dysfunction of PASMCs in PAH 
are largely dependent on the intracellular calcium concen-
tration ([Ca2+]i),6,7 which is controlled by complex regu-
latory mechanisms. Among these mechanisms, both 
mitochondrial function and Rho-kinase-mediated Ca2+ 

sensitization perform indispensable roles.6,8,9

In view of the complexity of the pathogenesis of PAH, 
combination therapy simultaneously targeting multiple tar-
gets has become an important recommendation for treating 
PAH.10 The Rho-kinase inhibitor fasudil is used to treat 
cerebral vasospasm after subarachnoid hemorrhage, cor-
onary artery disease, and PAH. It inhibits vasoconstriction 
and spasm by antagonizing intracellular Ca2+ and blocking 
myosin light chain (MLC) phosphorylation. Emerging evi-
dence suggests that fasudil alleviates pulmonary vascular 
remodeling in various experimental animal models of 
PAH,11,12 and it has exhibited therapeutic effects in 
patients with PAH, especially in patients with congenital 
heart defects and severe PAH.13–15 Furthermore, dichlor-
oacetate (DCA), a metabolic modulator, has been reported 
to be able to prevent and reverse both chronic hypoxia- 
and monocrotaline-induced PAH by inhibiting pulmonary 
vasoconstriction and PASMC proliferation.16,17 Recently, 
DCA has been shown to improve the hemodynamics of 
patients with idiopathic PAH in clinical trials.18

Based on these findings, fasudil dichloroacetate (FDCA), 
a novel synthetic water-soluble oral drug synthesized from 
these two drugs, may have dual and synergistic effects by 
inhibiting the activation of Rho-kinase and regulating mito-
chondrial function. Our previous pharmacokinetic parameters 

demonstrated that FDCA enhanced the plasma concentrations 
of fasudil, and slightly prolonged the half-life.19 Compared to 
the traditional fasudil hydrochloride, salifying with dichloroa-
cetic acid may slightly influence the binding of fasudil with the 
ROCK protein.19 However, the effects of FDCA on pulmon-
ary vascular remodeling and vasoconstriction in PAH are still 
not well understood. Therefore, we investigated the effects of 
FDCA on pulmonary hemodynamics, and PA and RV remo-
deling in a SU5416 plus hypoxia (SuHx)-induced rat model of 
PAH. Additionally, the potential underlying cellular and mole-
cular mechanisms were investigated in vitro.

Materials and Methods
Animals
All studies were carried out in line with the National 
Institutes of Health Guidelines for the Care and Use of 
Laboratory Animals (NIH publication no. 85–23, revised 
1996) based on a protocol approved by the Institutional 
Animal Care and Use Committee of Nanjing Medical 
University (NJMU/IACUC-2005021).

Male Sprague-Dawley rats weighing about 250 
g (Bikai Laboratory Animal Company, Shanghai, China) 
were randomly assigned to six experimental groups (n = 
6–8 per group): control, SuHx, SuHx+FDCA (15 mg/kg), 
SuHx+FDCA (45 mg/kg), SuHx+FDCA (135 mg/kg), and 
SuHx+bosentan (100 mg/kg) as a positive control group.20 

SU5416 (APExBIO, Houston, TX, USA) was dissolved in 
a solvent containing 0.5% (wt/vol) carboxymethylcellulose 
sodium, 0.9% (wt/vol) sodium chloride, 0.4% (vol/vol) 
polysorbate, and 0.9% (vol/vol) benzyl alcohol in deio-
nized water. The SuHx-treated rats were subcutaneously 
injected with a single dose of SU5416 (20 mg/kg) and then 
exposed to 10% O2 hypoxia from the first day after 
SU5416 injection for 3 weeks using a hypoxic chamber 
(Aipu Instrument Equipment Co., Ltd, Hangzhou, China). 
The rats in the control group were maintained in room air 
after injection of solvent only. From the first day of the 
3-week hypoxia period, the rats in the various experimen-
tal groups received saline (the vehicle control), FDCA 
(State Key Laboratory of Natural Medicine, China 
Pharmaceutical University), or bosentan (Widely 
Chemical Technology Co., Ltd, Hubei, China).

Hemodynamics Analysis and Right Heart 
Hypertrophy Assessment
Three weeks later, the rats were anesthetized by intraperito-
neal injection of 2% sodium pentobarbital (Sigma-Aldrich, 
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St. Louis, MO, USA). The anesthetized rats were fixed on the 
animal operating table, and a polyethylene catheter was 
placed in the RV via the right common jugular vein. Right 
heart catheterization was performed for RV systolic pressure 
(RVSP) measurement using a Power Lab data acquisition 
system (ADI Instruments, Australia). After the rats were 
euthanized, the heart and lung tissues were immediately 
collected for subsequent biochemical experiments. The RV 
free wall and left ventricle and septum (LV+S) were sepa-
rated and weighed separately, and the RV/(LV+S) weight 
ratio was calculated to assess right heart hypertrophy.

Histological Analysis
The isolated RV and lung tissues were soaked in 4% paraf-
ormaldehyde for 24 h and embedded in paraffin. PA wall 
thickness (PAWT) and cardiomyocyte hypertrophy (calcu-
lated based on the cardiomyocyte cross-sectional area 
(CSA)) were determined by hematoxylin and eosin (H&E) 
staining. Twenty PAs (diameter 30–100 µm) were randomly 
selected at high magnification (×400) to analyze PAWT 
(calculated as medial wall thickness index (%) = (external 
diameter–internal diameter)/external diameter×100).

To assess the fibrosis of the RV and lung tissues, the 
tissues were subjected to Masson’s trichrome staining and 
analyzed based on the percentage of collagen fiber deposition.

Immunohistochemical staining of lung sections with 
anti-alpha smooth muscle actin (α-SMA, 1:200, 
Proteintech Group, Rosemont, IL, USA) antibody was 
performed to identify the PASMC and to assess the 
degree of PA muscularization, based on the proportion 
of α-SMA-positive sites of circumference in PA medial 
wall: non-muscularized (none): ≤25%, partly muscular-
ized (partly): 25–75%, and fully muscularized 
(fully): ≥75%.

Culture of Human PASMCs
Human PASMCs (ScienCell, Carlsbad, CA, USA) were 
maintained in smooth muscle cell medium (SMCM, 
ScienCell, Carlsbad, CA, USA) supplemented with 2% 
fetal bovine serum, 1% growth supplement, and 1% peni-
cillin/streptomycin solution at 37°C in 5% CO2. The cells 
were then cultured with equimolar doses of fasudil, DCA, 
fasudil+DCA, or FDCA under 1% O2 hypoxia using an 
anoxic cell incubator (Huaxi Electronic Technology Co., 
Ltd, Changsha, China) prior to the following experimental 
assessments.

Cell Viability and Proliferation Assays
PASMCs were seeded into 96-well plates with 10,000 cells 
per well. After stimulation with different concentrations of 
FDCA for 24 h, 10 μL Cell Counting Kit-8 solution (CCK- 
8, APExBIO, Houston, TX, USA) was added to each well 
for 4 h at 37°C, and the optical density (OD) was mea-
sured at a wavelength of 450 nm using a microplate reader 
(Thermo Scientific, CA, USA) to assess PASMC viability. 
To assess PASMC proliferation, we used a 5-ethynyl-2′ 
deoxyuridine (EdU) incorporation assay kit (RiboBio, 
Guangzhou, China) and calculated the proportion of EdU- 
positive cells in each group.

Cell Migration Assay
PASMC migration was assessed using Transwell chambers 
(8 µm membrane pore size, Corning Costar, Cambridge, 
MA, USA). 50,000 cells were seeded in the upper chamber 
in 100 µL serum-free SMCM, and fasudil, DCA, fasudil 
+DCA, or FDCA were added to the lower chamber in 600 
µL 0.2%-serum SMCM under normoxia or hypoxia (1% 
O2) for 24 h. The cells were then fixed in 4% paraformal-
dehyde for 30 min and stained with 5% crystal violet 
(Beyotime Biotech, Nantong, China) for 30 min. The 
number of cells that had migrated to the lower chamber 
was calculated based on at least five randomly chosen 
fields per membrane.

Cell Contraction Assay
A cell contraction assay kit (Cell Biolabs, San Diego, CA, 
USA) was used to evaluate the PASMC contractile cap-
ability. PASMCs (2×106 cells/mL) were suspended in 
basic medium, mixed with collagen gel working solution, 
placed into a 24-well plate, and left in an incubator at 37°C 
for 1 h. After the gel was polymerized, 1 mL basic med-
ium with fasudil, DCA, fasudil+DCA, or FDCA was added 
to each collagen gel lattice under normoxia or hypoxia 
(1% O2) at 37°C. After 48 h of cell culture, the collagen 
gel was gently released from the side. Finally, the collagen 
gel size change in response to hypoxia (relative to the 
initial collagen gel lattice size) were imaged and quantified 
using Image-J software (NIH, Bethesda, MD, USA).

Measurement of Mitochondrial Function 
and [Ca2+]i
A mitochondrial membrane potential (Δψm) assay kit with 
JC-1 (Beyotime Biotech, Nantong, China) and 
a mitochondrial permeability transition pore (MPTP) 
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assay kit (Beyotime Biotech, Nantong, China) were used 
to evaluate the mitochondria function. In the Δψm assay, 
red fluorescence indicates polarized mitochondria and 
green fluorescence indicates depolarized mitochondria. In 
the MTPT assay kit, stronger green fluorescence indicates 
reduced MPTP opening. [Ca2+]i was assessed using Fluo-4 
AM (Beyotime Biotech, Nantong, China), a fluorescent 
dye that can penetrate the cell membrane and specifically 
bind to Ca2+. PASMCs were cultured in 24-well plates at 
a density of 50,000 cells/well with fasudil, DCA, fasudil 
+DCA, or FDCA for 24 h. The assay working solutions, 
configured according to the manufacturer’s instructions, 
were added to 24-well plates and incubated for 30 min at 
37°C in the dark. Finally, the plates were observed using 
a fluorescence microscope, and random fields were 
imaged.

Western Blot Analysis
Cell total proteins were obtained using radioimmunopre-
cipitation assay (RIPA) lysis buffer (Thermo Fisher 
Scientific, Rockford, IL, USA) supplemented with 1 mM 
phenylmethylsulfonyl fluoride (PMSF, Beyotime Biotech, 
Nantong, China) and 1% protease inhibitor cocktail 
(Roche, Basel, Switzerland). A bicinchoninic acid (BCA) 
kit (Beyotime Biotech, Nantong, China) was used to mea-
sure the protein concentrations. Protein samples were 
separated by 10% sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE) and transferred to poly-
vinylidene fluoride membranes (Millipore, Bedford, MA, 
USA) in a Trans-Blot system (Bio-Rad, Hercules, CA, 
USA). Next, the membranes were blocked with 5% non- 
fat milk powder in Tris-buffered saline with Tween 20 
(TBST) for 1 h at room temperature. They were then 
probed at 4°C overnight with primary antibody: anti-Ca2+ 

/calmodulin-dependent protein kinase II (CaMK II), anti- 
p-CaMK II (1:1000, Santa Cruz Biotechnology, Dallas, 
TX, USA), anti-Ca2+/calmodulin-dependent MLC kinase 
(MLCK), anti-p-MLCK (1:1000, Affinity Biosciences, 
Cincinnati, OH, USA), anti-myosin phosphatase-targeting 
subunit 1 (MYPT1), anti-p-MYPT1 (1:1000, Cell 
Signaling Technology, Danvers, MA, USA), anti-Rho- 
associated coiled-coil-containing protein kinase (ROCK), 
and anti-β-actin (1:1000, Proteintech Group, Rosemont, 
IL, USA). Thereafter, the blots were incubated with horse-
radish peroxidase-conjugated AffiniPure goat anti-mouse 
or anti-rabbit IgG (H+L, 1:5000, Proteintech Group, 
Rosemont, IL, USA). Finally, the protein signals were 
visualized using a Western Bright ECL reagent kit 

(Thermo Fisher Scientific, Rockford, IL, USA) and the 
band intensities were measured using Image Lab 4.1 soft-
ware (Bio-Rad, Hercules, CA, USA).

Statistical Analysis
Differences in means were determined by one-way analy-
sis of variance (ANOVA) with the least significant differ-
ence (LSD) post hoc test. Data analysis was performed 
using SPSS v22 software (IBM Corp., Armonk, NY, 
USA), and statistical significance was defined as P<0.05. 
All bar graphs show the mean ± standard deviation (SD).

Results
FDCA Alleviated Increased RVSP in the 
SuHx-Induced Rat Model of PAH
As shown in Figure 1A, SuHx group rats developed severe 
PAH with significantly increased RVSP (51.4±3.86 
mmHg) compared to the controls (30.1±2.99 mmHg). 
Intragastric administration of FDCA (15, 45, and 
135 mg/kg) once daily for 3 weeks from the first day 
after the SU5416 injection significantly decreased SuHx- 
induced elevation of RVSP in a dose-dependent manner 
(45.0±1.15, 44.4±3.88, and 38.6±3.79 mmHg, respec-
tively. P<0.05). Regarding the positive control, bosentan 
(100 mg/kg) significantly reduced the SuHx-induced 
increase of RVSP (42.2±6.16 mmHg), indicating the relia-
bility of our experimental system (P<0.01).

FDCA Inhibited Pulmonary Vascular 
Remodeling in the SuHx-Induced Rat 
Model of PAH
Pulmonary vascular remodeling in PAH is characterized by 
vascular wall thickening, an increased proportion of muscu-
larized vessels, and excessive collagen deposition. As shown 
in Figure 1B and E, compared to the SuHx group, FDCA 
(15, 45, and 135 mg/kg) dose-dependently decreased the 
PAWT by 24.3%, 30.0%, and 33.4%, respectively 
(P<0.05). The proportion of α-SMA-positive sites of cir-
cumference in PA medial wall was used to evaluate the 
degree of muscularization of PAs of diameter 30–100 μm. 
The majority PAs of control group in this range were non- 
muscularized, while there was a significant increase in fully 
muscularized PAs in the SuHx group. FDCA (15, 45, and 
135 mg/kg) treatment resulted in a dose-dependent reduction 
in fully muscularized PAs and a dose-dependent increase in 
non-muscularized PAs (P<0.01, Figure 1C and F). 
Moreover, Masson’s trichrome staining indicated that 
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Figure 1 FDCA attenuated hemodynamics and pulmonary vascular remodeling in the SU5416 plus hypoxia (SuHx)-induced rat model of pulmonary arterial hypertension 
(PAH). (A) Hemodynamics were assessed based on right ventricular systolic pressure (RVSP). (B) Degree of pulmonary vascular remodeling was evaluated based on the 
pulmonary arterial wall thickness (PAWT). (C) Muscularization of distal pulmonary arteries was defined based on the proportion of alpha smooth muscle actin (α-SMA)- 
positive sites of circumference in PA medial wall: non-muscularized (none): ≤25%, partly muscularized (partly): 25–75%, and fully muscularized (fully): ≥75%. (D) Degree of 
pulmonary vascular adventitial fibrosis was evaluated based on the percentage of the collagen-positive area. (E) Representative images of hematoxylin-eosin (H&E) staining. 
(F) Representative images of immunohistochemical staining with α-SMA antibody (stained brown). (G) Representative images of Masson’s trichrome staining (collagen is 
stained blue) of lung sections. Data are expressed as mean ± SD (n=6-8). *P<0.05, **P<0.01 vs normoxia control group; #P<0.05, ##P<0.01 vs SuHx group.
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FDCA (15, 45, and 135 mg/kg) dose-dependently decreased 
SuHx-induced collagen deposition in the distal PAs by 
21.6%, 27.5%, and 34.5%, respectively (P<0.01, Figure 
1D and G).

FDCA Reversed RV Remodeling in the 
SuHx-Induced Rat Model of PAH
As shown in Figure 2A and D, the RV/(LV+S) values 
indicated that SuHx challenge resulted in significant right 
heart hypertrophy (0.42±0.048) compared to the controls 
(0.23±0.027). FDCA (15, 45, and 135 mg/kg) dose- 
dependently reduced the RV/(LV+S) values to 0.35±0.044, 
0.31±0.026, and 0.30±0.022, respectively (P<0.01). The 
cardiomyocyte CSA was assessed to further evaluate the 

effect of FDCA on RV hypertrophy. As shown in Figure 2B 
and E, the CSA data showed that FDCA (15, 45, and 
135 mg/kg) dose-dependently inhibited SuHx-induced car-
diomyocyte hypertrophy (372.9±64.63, 347.1±45.74, and 
237.4±16.10 μm2, respectively) compared to the SuHx 
group (608.3±66.62 μm2. P<0.01), with 135 mg/kg FDCA 
completely reversing the CSA to the level in the control 
group (222.5±40.68 μm2. P>0.05). Similar results were 
found regarding RV fibrosis. As shown in Figure 2C and 
F, daily administration of FDCA (15, 45, and 135 mg/kg) 
dose-dependently decreased the RV fibrosis in SuHx- 
treated rats by 35.7%, 44.6% and 60.7%, respectively 
(P<0.01), and 135 mg/kg FDCA even reversed collagen 
deposition to the level in the control group (P>0.05).

Figure 2 FDCA ameliorated right ventricular (RV) hypertrophy and fibrosis in SuHx-induced rat model of PAH. (A) RV hypertrophy was assessed based on the ratio of the 
RV weight to the left ventricle and interventricular septum (LV+S) weight (RV/(LV+S)). (B) RV remodeling was also evaluated based on RV cardiomyocyte cross-sectional area 
(CSA). (C) Degree of fibrosis in RV tissue was calculated based on the percentage of the collagen-positive area. (D) Representative images of H&E staining of full heart cross- 
sections. (E) Representative images of H&E staining of RV cross-sections. (F) Representative images of Masson’s trichrome staining of RV cross-sections (collagen is stained 
blue). Data are expressed as mean ± SD (n=6-8). *P<0.05, **P<0.01 vs normoxia control group; ##P<0.01 vs SuHx group.
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FDCA Inhibited Hypoxia-Induced Human 
PASMC Proliferation in vitro
Enhanced proliferation of PASMC is a key mechanism 
underlying pulmonary vascular remodeling in PAH. The 
CCK-8 results revealed that FDCA at ≤50 μM had no effect 
on cell viability under normoxia (P>0.05), while 50 μM 
FDCA attenuated the hypoxia-induced enhancement of 
PASMC viability (P<0.05, Figure 3A and B). Therefore, 
50 μM FDCA and equimolar doses of fasudil, DCA, or 
fasudil+DCA were used in the subsequent in vitro experi-
ments. As shown in Figure 3C and D, the EdU incorporation 
assay showed that hypoxia induced a significant increase of 
EdU-positive PASMCs compared to controls (15.0%±1.19% 
vs 6.4%±0.25%). FDCA (7.4%±0.40%) or fasudil+DCA 
(7.2%±0.05%) significantly reduced the hypoxia-induced 
increase in the proportion of EdU-positive PASMCs, dis-
playing better efficiency than equimolar doses of fasudil 

(12.2%±0.31%) or DCA (11.5%±0.83%) alone regarding 
inhibiting PASMC proliferation (P<0.01).

FDCA Suppressed Hypoxia-Induced 
Human PASMC Migration and 
Contraction in vitro
Hypoxia-induced abnormal PASMC migration and contrac-
tion are also prominent pathophysiological processes of 
PAH. As shown in Figure 4A and C, exposure to hypoxia 
significantly increased the number of cells that migrated to 
the lower side of the membrane in the Transwell chambers 
compared with controls, which was partially inhibited by 
fasudil or DCA, and fully reversed by FDCA and fasudil 
+DCA. The contractile capability of PASMC under hypoxia, 
as assessed by the percentage of constriction relative to the 
initial collagen gel lattice size, was increased compared to 
controls. FDCA or fasudil+DCA suppressed PASMC 

Figure 3 FDCA inhibited hypoxia-induced proliferation of human pulmonary arterial smooth muscle cells (PASMCs). (A, B) Cell viability based on Cell Counting Kit-8 assay. 
(C) Quantification of 5-ethynyl-2ʹdeoxyuridine (EdU)-positive cells. (D) Representative images of EdU incorporation assay. Proliferated cells were labeled with EdU (red) and 
cell nuclei labeled with Hoechst 33342 (blue). Data are expressed as mean ± SD (n=3). *P<0.05, **P<0.01 vs normoxia control group; #P<0.05, ##P<0.01 vs hypoxia group; 
&&P<0.01 vs hypoxia+FDCA group, ns (not significant).
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contraction more potently than either fasudil or DCA alone 
(P<0.05, Figure 4B and D)

FDCA Alleviated Hypoxia-Induced 
Mitochondrial Dysfunction in PASMCs
Hypoxia-induced mitochondrial dysfunction is considered 
to be one of the causes of PASMC dysfunction in PAH. As 
shown in Figure 5A and C, hypoxia significantly increased 
red JC-1 fluorescence and decreased green JC-1 fluores-
cence compared to controls, indicating increased Δψm in 
the PASMCs. FDCA or fasudil+DCA significantly 
decreased the hypoxia-induced rise in Δψm with better 
efficiency than an equimolar dose of DCA (P<0.05), 
while fasudil had no effect on Δψm. Similar results were 
obtained in the MPTP assay. As shown in Figure 5B and 
D, the MTPT assay fluorescence intensity in PASMCs was 
significantly increased under hypoxia, indicating decreased 
MPTP opening, which was partially reversed by FDCA, 

fasudil+DCA, and DCA (P<0.05). However, fasudil alone 
did not restore the MPTP opening degree.

FDCA Inhibited Hypoxia-Induced 
Activation of the Ca2+/CaMK Signaling 
Pathway
Ca2+-related signals play vital roles in PASMC prolifera-
tion, migration, and contraction. We evaluated [Ca2+]i in 
PASMCs using Fluo-4 AM, a green fluorescent Ca2+ indi-
cator. As shown in Figure 6A and B, although fasudil or 
DCA suppressed the hypoxia-induced [Ca2+]i increase, 
FDCA or fasudil+DCA exhibited more potent inhibitory 
effects on [Ca2+]i than fasudil or DCA alone. Thereafter, 
two main CaMKs (CaMK II and MLCK) were assessed. 
As shown in Figure 6C–E, hypoxia exposure for 30 min 
enhanced CaMK II and MLCK phosphorylation in 
PASMCs, which was fully blocked by pretreatment with 
FDCA or fasudil+DCA, but only partially blocked by 
fasudil or DCA alone (P<0.01).

Figure 4 FDCA inhibited hypoxia-induced migration and contraction of human PASMCs. (A) Quantification of PASMC migration. (B) Quantification of collagen gel 
shrinkage relative to the initial collagen gel lattice size. (C) Representative images of PASMCs that migrated through the Transwell migration chamber membrane. (D) 
Representative images of cell contraction assay. The red dotted circles represent the gel area. Data are expressed as mean ± SD (n=3). *P<0.05, **P<0.01 vs normoxia 
control group; ##P<0.01 vs hypoxia group; &&P<0.01 vs hypoxia+FDCA group, ns (not significant).
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FDCA Inhibited Hypoxia-Induced 
Activation of the Rho-Kinase Pathway
ROCK, also known as Rho-associated kinase, is one of the key 
contributors to PASMC dysfunction in PAH. As shown in 
Figure 7A, hypoxia for 24 h significantly upregulated ROCK 
compared to controls, which was partially reversed by fasudil 
or DCA, and fully reversed by FDCA or fasudil+DCA. To 
determine the activity of ROCK, the phosphorylation of 
MYPT1, a substrate of ROCK, was assessed. As shown in 
Figure 7B, pretreated with FDCA or fasudil+DCA fully 
reversed hypoxia-induced upregulation of p-MYPT1, while 
fasudil or DCA alone only partially reversed it (P<0.05).

Discussion
In this study, FDCA effectively alleviated the RVSP increase, 
pulmonary vascular remodeling, and RV remodeling in the 
SuHx-induced rat model of PAH. In vitro, FDCA suppressed 
hypoxia-induced PASMC proliferation, migration, and 

contraction. Moreover, cellular and biochemical assays indi-
cated that FDCA potently maintained mitochondrial home-
ostasis, inhibited intracellular Ca2+ overload and 
dysregulation of Ca2+/CaMK signaling, as well as Rho- 
kinase signaling, in human PASMCs under hypoxia.

The SU5416 plus hypoxia-induced rat model of PAH, 
a widely used animal model simulating the pathological 
characteristics of human PAH, is frequently used in pre-
clinical research to explore the efficacy and underlying 
mechanisms of new pharmacotherapies for PAH.21,22 In 
this study, we observed significant increases in RVSP, 
PAWT, PA muscularization, perivascular fibrosis, as well 
as RV hypertrophy and fibrosis in the SuHx-induced rat 
model. As a positive control, bosentan inhibited SuHx- 
induced PAH, with significant reductions in RVSP, accom-
panied by significant reductions in pulmonary vascular 
remodeling and RV hypertrophy, confirming the validity 
and reliability of our experimental system. In our previous 
research, FDCA exhibited a therapeutic effect on 

Figure 5 FDCA alleviated hypoxia-induced mitochondrial dysfunction in human PASMCs. (A) Quantitative analysis of JC-1 green/red fluorescence intensity. (B) Quantitative 
analysis of mitochondrial permeability transition pore (MPTP) assay fluorescence intensity. (C) Representative images of mitochondrial membrane potential (Δψm). Red 
fluorescence indicates normal mitochondria and green fluorescence indicates depolarized mitochondria. (D) Representative images of MPTP opening. Stronger green 
fluorescence intensity indicates reduced MPTP opening. Data are expressed as mean ± SD (n=3-4). *P<0.05, **P<0.01 vs normoxia control group; #P<0.05, ##P<0.01 vs 
hypoxia group; &P<0.05, &&P<0.01 vs hypoxia+FDCA group, ns (not significant).
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monocrotaline-induced PAH in rats, demonstrating a more 
potent effect than equimolar doses of fasudil or DCA,19 

but the mechanism remained unknown. In this study, by 
using the SuHx-induced PAH rat model, we observed that 
FDCA also alleviated the PAH-related hemodynamic and 
pathological changes mentioned above, confirming the 
reliable effect of FDCA on pulmonary vascular and RV 
remodeling in vivo.

PASMC dysfunction plays a pivotal role in pulmonary 
vascular remodeling and vasoconstriction, which are two 
predominant pathophysiological features of PAH.23 During 
the development of PAH, chronic hypoxia resulted in 

dysregulation of energy metabolism, continuous prolifera-
tion, and excessive migration of PASMCs, which eventually 
leads to pulmonary vascular remodeling.4 Moreover, 
PASMC contraction directly controls the size of the vascular 
lumen and increases of pulmonary vascular resistance.5 In 
our study, we found that FDCA or fasudil+DCA effectively 
suppressed hypoxia-induced PASMC proliferation, migra-
tion, and contraction with better efficiency than equimolar 
doses of fasudil or DCA alone. These results indicated that 
FDCA could inhibit PASMC-mediated pulmonary vascular 
remodeling and vasoconstriction at the same time. Therefore, 
combined usage of fasudil and DCA may have synergistic 

Figure 6 FDCA inhibited hypoxia-induced activation of the intracellular Ca2+ signaling pathway. (A) Representative images of [Ca2+]i. (B) Quantitative analysis of Fluo-4 AM 
fluorescence intensity. (C) Representative Western blot bands. (D) Quantitative analysis of CaMK II/p-CaMK II. (E) Quantitative analysis of p-MLCK/MLCK. Data are 
expressed as mean ± SD (n=3-5). *P<0.05, **P<0.01 vs normoxia control group; ##P<0.01 vs hypoxia group; &P<0.05, &&P<0.01 vs hypoxia+FDCA group, ns (not significant).
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therapeutic effects on hypoxia-induced PASMC dysfunction 
in vitro.

A large number of studies indicate that chronic hypoxia 
disturbs intracellular Ca2+ signaling dynamics, including the 
elevation of basal [Ca2+]i level and the enhancement of Rho- 
kinase-mediated Ca2+ sensitization, which subsequently 
leads to PASMC dysfunction.9,24–28 Intracellular Ca2+ over-
load can persistently activate downstream Ca2+/CaMK II 
signaling and thereby stimulate cell proliferation, inhibit 
apoptosis, and promote cell movement, which eventually 
leads to pulmonary vascular remodeling. At the same time, 
an elevated concentration of Ca2+/calmodulin activates 
MLCK and promotes the PASMC contraction.29–31 In this 
study, we confirmed the significant hypoxia-induced increase 
in [Ca2+]i, accompanied by CaMK phosphorylation in 
PASMCs. It has been reported that hypoxia can directly 
activate intracellular Ca2+ release from intracellular Ca2+ 

stores and then trigger the opening of voltage-dependent 
Ca2+ channels to further increase [Ca2+]i.32 Mitochondria, 
one of the main components of the intracellular Ca2+ pools, 
can not only directly store and release Ca2+, but also mod-
ulate hypoxia-induced Ca2+ release from the sarcoplasmic 
reticulum (another component of the intracellular Ca2+ 

pools).33 As a mitochondrial regulator, DCA can depolarize 
the Δψm and restore the MPTP opening degree by inhibiting 
mitochondrial pyruvate dehydrogenase kinase (PDK) and 
thereby bringing about a series of electrophysiological 

responses.34 These responses eventually inhibit Ca2+ outflow 
from the mitochondria and Ca2+ influx from the voltage- 
gated Ca2+ channels, and promote the recovery of intracel-
lular Ca2+ by intracellular calcium pools.16,18,35 In this study, 
Δψm and MPTP opening assays confirmed that DCA can 
inhibit hypoxia-induced Ca2+/CaMK signaling by maintain-
ing mitochondrial homeostasis. Notably, FDCA, synthesized 
from DCA and the selective Rho-kinase inhibitor fasudil, 
exhibited better effects than DCA alone regarding protecting 
mitochondrial function, lowering [Ca2+]i, and inhibiting 
CaMK phosphorylation. This indicated a potential link 
between mitochondrial function and Rho-kinase regarding 
regulating Ca2+/CaMK signaling.

The Rho-associated kinase ROCK, an important sig-
naling molecule in the regulation of cell morphology, 
adhesion, and motility, can inhibit MLC phosphorylase 
(MLCP) by increasing p-MYPT1, thereby increasing 
MLC phosphorylation and smooth muscle cell contraction, 
which is also known as ROCK-mediated Ca2+ sensitiza-
tion of contractions.36,37 Moreover, the Rho-kinase inhibi-
tor fasudil directly blocks the hypoxia-induced increases in 
[Ca2+]i in distal PASMCs by directly inhibiting Ca2+ 

release from the sarcoplasmic reticulum, and Ca2+ entry 
via store- and voltage-operated Ca2+ channels.28,38 In this 
study, fasudil blocked hypoxia-induced ROCK signaling 
in PASMCs and thereby partially decreased [Ca2+]i and 
CaMK phosphorylation. Additionally, FDCA suppressed 

Figure 7 FDCA inhibited hypoxia-induced activation of the Rho-kinase pathway. (A) Representative Western blot bands and quantitative analysis of ROCK protein levels. 
(B) Representative Western blot bands and quantitative analysis of MYPT1/p-MYPT1. Data are expressed as mean ± SD (n=3). *P<0.05, **P<0.01 vs normoxia control group; 
#P<0.05, ##P<0.01 vs hypoxia group; &P<0.05, &&P<0.01 vs hypoxia+FDCA group, ns (not significant).
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Ca2+/CaMK signaling to a greater degree than fasudil, 
further confirming an interaction between mitochondria 
and Rho-kinase.

In this study, FDCA was more efficient at suppressing 
ROCK signaling than fasudil. Notably, DCA alone also 
showed inhibitory effects on hypoxia-induced activation of 
ROCK, indicating that mitochondrial function can regulate 
the activation of Rho-kinase signaling. Mitochondria may be 
involved in regulating ROCK expression and distribution 
during Drosophila dorsal closure, but the mechanism 
remains unclear.39 Although our data support the hypothesis 
that there is an interaction between mitochondrial function 
and activation of Rho-kinase signaling in hypoxia-treated 
PASMCs, the exact relationship remains unclear. Moreover, 
fasudil alone did not restore the mitochondrial function in our 
study, which conflicts with a recent study showing that 
fasudil can ameliorate mitochondrial stress via stabilization 
of the mitochondrial membrane potential in hippocampal 
neurons.40 Therefore, the interaction between mitochondria 
and ROCK in PASMCs may be tissue- and cell-specific. 
Collectively, these results demonstrated that alleviating 
DCA-induced alleviation of mitochondrial dysfunction may 

facilitate the inhibitory effects of fasudil on ROCK signaling 
in pulmonary arterial smooth muscle under hypoxia.

There is a potential interaction loop among mitochon-
drial function, the Ca2+/CaMK signaling pathway, and the 
Rho/ROCK pathway. Hypoxia-induced mitochondrial dys-
function directly or indirectly increases [Ca2+]i, and acti-
vates Rho-kinase. Additionally, the direct hypoxia-induced 
activation of ROCK not only augments Ca2+ sensitization 
to enhance cell contraction, but also directly promotes 
Ca2+ influx and further increases [Ca2+]i (Figure 8). In 
our study, we provided new evidence on the interactions 
between mitochondria and the Rho-kinase pathway in 
hypoxia-induced PASMC dysfunction. However, the pre-
cise relationship between mitochondria and Rho-kinase is 
not yet completely clear. The specific feedback effects of 
intracellular Ca2+ overload on mitochondrial function and 
Rho-kinase activity in the abovementioned interaction 
loop remain to be elucidated. Exactly, mitochondrial func-
tion, the Ca2+/CaMK signaling, and the Rho-kinase path-
way do not act independently, but may converge. 
Therefore, the protective effect of FDCA may be attribu-
table to the synergistic roles between maintaining 

Figure 8 Potential interaction loop among mitochondrial function, the Ca2+/CaMK signaling pathway, and the ROCK pathway. FDCA inhibited hypoxia-induced PASMC 
proliferation, migration, and contraction by restoring mitochondrial function, reducing [Ca2+]i, and inhibiting the Ca2+/CaMK activity and the ROCK pathway activity. 
Abbreviations: PDK, pyruvate dehydrogenase kinase; Ca2+/CaMKs, calcium/calmodulin-dependent kinases; MLCK, Ca2+/calmodulin-dependent myosin light chain kinase; 
MYPT1, myosin phosphatase-targeting subunit 1; MLCP, myosin light chain phosphorylase.
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mitochondrial function and ROCK inhibition, which 
further ensure Ca2+ homeostasis during hypoxia.

Conclusion
Taken together, our results demonstrate that FDCA alle-
viated SuHx-induced PAH by ameliorating PASMC dys-
function under hypoxia. FDCA represents a promising 
drug for the treatment of PAH.
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