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Hydrogen Sulfide Diminishes Activation of Adventitial
Fibroblasts Through the Inhibition of Mitochondrial Fission
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Abstract: Activation of adventitial fibroblasts (AFs) on vascular
injury contributes to vascular remodeling. Hydrogen sulfide (H2S), a
gaseous signal molecule, modulates various cardiovascular func-
tions. The aim of this study was to explore whether exogenous
H2S ameliorates transforming growth factor-b1 (TGF-b1)–induced
activation of AFs and, if so, to determine the underlying molecular
mechanisms. Immunofluorescent staining and western blot were
used to determine the expression of collagen I and a-smooth muscle
actin. The proliferation and migration of AFs were performed by
using cell counting Kit-8 and transwell assay, respectively. The
mitochondrial morphology was assessed by using MitoTracker
Red staining. The activation of signaling pathway was evaluated
by western blot. The mitochondrial reactive oxygen species and
mitochondrial membrane potential were determined by MitoSOX

and JC-1 (5,50,6,60-tetrachloro-1,1,3,30-tetraethylbenzimidazolyl car-
bocyanine iodide) staining. Our study demonstrated exogenous H2S
treatment dramatically suppressed TGF-b1–induced AF pro-
liferation, migration, and phenotypic transition by blockage of
dynamin-related protein 1 (Drp1)–mediated mitochondrial fission
and regulated mitochondrial reactive oxygen species generation.
Moreover, exogenous H2S reversed TGF-b1–induced mitochondrial
fission and AF activation by modulating Rho-associated protein
kinase 1–dependent phosphorylation of Drp1. In conclusion, our
results suggested that exogenous H2S attenuates TGF-b1–induced
AF activation through suppression of Drp1-mediated mitochondrial
fission in a Rho-associated protein kinase 1–dependent fashion.
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INTRODUCTION
Cardiovascular disease is a worldwide problem and the

leading cause of death.1 Vascular remodeling is a common
trait of several cardiovascular diseases, including atheroscle-
rosis and restenosis after angioplasty.2 The vessel consists of
3 distinct layers: intima, media, and adventitia. The adventitia
has long been regarded as an “inert” layer providing support
and nourishment for the blood vessel. Contrary to this notion,
growing evidence indicate that the adventitia is a critical reg-
ulator of vessel wall structure and function.3 Recently, the
contribution of adventitial fibroblasts (AFs) to vascular re-
modeling has gained growing attention.4 In response to vas-
cular injury, such as after angioplasty, AFs are activated and
undergo a phenotypic switch to myofibroblasts (MFs),3,5

which are characterized by higher proliferative and migratory
activities, upregulated expression of a-smooth muscle actin
(a-SMA), and extracellular matrix proteins. It is well-
established that transforming growth factor-b1 (TGF-b1)
plays a prominent role in vascular remodeling processes after
angioplasty by inducing activation of AFs.6 Thus, further
research on TGF-b1–induced vascular remodeling may con-
duce to identification of new pathways to prevent vascular
remodeling.

Mitochondria are subcellular organelles that play critical
roles in regulating many physiological and pathophysiological
processes of cellular.7,8 A recent study demonstrated that mito-
chondrial dynamics, particularly mitochondrial fission and
fusion, are closely associated with mitochondrial homeostasis.9

In mammals, the processes of mitochondrial fission and fusion
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are mainly mediated by dynamin-related protein 1 (Drp1) and
mitofusins (1/2), respectively. Disruptions in the fusion/fission
balance have been implicated in various human diseases,
including cardiovascular diseases.10 Particularly, multiple lines
of evidence, including from our investigation, manifests that
Drp1-dependent mitochondrial fission is associated with
hypertension-induced phenotypic transformation of vascular
smooth muscle cells (VSMCs) and hyperglycemia-induced
endothelial apoptosis.11–13 However, little is known regarding
whether mitochondrial fission regulates the phenotypic transi-
tion of AFs induced by TGF-b1.

Hydrogen sulfide (H2S) has long been considered a
malodorous and toxic gas14; but recently, H2S has been iden-
tified as the third gaseous messenger, along with nitric oxide
and carbon monoxide, and it plays a pivotal role in a wide
variety of physiology and pathophysiology processes.15,16

Emerging studies indicate that H2S possesses a variety of
cardiovascular protective effects because of its antioxidant,
anti-inflammatory, and antiapoptotic effects.17,18 H2S can
attenuate coronary artery wall thickness in the spontaneously
hypertensive rats by downregulating reactive oxygen species
(ROS).19 H2S can prevent myocardial hypertrophy in the rat
model of abdominal aortic constriction by upregulating con-
nexin 43.20 H2S can also reduce smoking‐induced increase of
left ventricular mass.21 Indeed, our latest study indicated that
H2S from diallyl trisulfide attenuates hyperglycemia-induced
endothelial apoptosis and hypertension-induced phenotypic
switch of VSMCs by decreasing mitochondrial fission.12,13

Furthermore, recent data suggested that H2S from diallyl di-
sulfide inhibits cancer cell proliferation and migration through
inhibition of Rho-associated protein kinase 1 (ROCK1),22,23

and ROCK1 activation regulates mitochondrial fission in po-
docytes and endothelial cells.24 However, to the best of our
knowledge, it is still not clear whether exogenous H2S can
attenuate the activation of AFs induced by TGF-b1.

The major goal of this study was therefore to determine
whether exogenous H2S can ameliorate AF activation induced
by TGF-b1 and, if so, to clarify the mechanism(s) of this effect.

METHODS

AF Cell Culture and Treatment
Primary AFs were isolated from normal thoracic aortas

of 16-week-old male C57BL/6J mice have been previously
described.25 AFs were cultured with Dulbecco’s modified
Eagle medium (DMEM) containing 10% fetal bovine serum,
100 U/mL penicillin, and 0.1 mg/mL streptomycin in a
humidified incubator with 5% CO2 at 378C. AFs were used
from passages 3 to 6 in the experiments. Before each exper-
iment, AFs were made quiescent by incubation in serum-free
DMEM for 24 hours. AFs were treated with TGF-b1 (10 ng/
mL), with or without sodium hydrosulfide (NaHS, an exoge-
nous H2S donor, 100 mmol/L), for 24 hours.

Cell Immunofluorescent Staining
AFs were fixed with 4% paraformaldehyde for 20

minutes at room temperature, permeabilized with 0.2% Triton
X-100 for 20 minutes, and then incubated with 5% bovine

serum albumin for 30 minutes at room temperature. Next,
AFs were incubated with primary antibody against a-SMA
(1:100, Cat No. 19245; Cell Signaling Technology) at 48C
overnight in a humid chamber, followed by incubation with
fluorescence-conjugated secondary antibody (1:400, Cat No.
111-585-003; Jackson ImmunoResearch) for 1 hour at room
temperature. Finally, cell nuclei were labeled with 40,6-
diamidino-2-phenylindole. The images were obtained using
a fluorescence microscope.

Cell Proliferation Assay
A cell counting Kit-8 (Dojindo, Japan) was used to

detect cell proliferation. In brief, AFs were seeded into 96-
well plates at 5 · 103 cells/well. AFs were starved in serum-
free DMEM for 24 hours. Then, cells were treated with var-
ious treatments according to different experiment groups.
Cells were cultured for 2 hours at 378C after adding cell
counting Kit-8 solution (10 mL/well). The absorbance value
was analyzed at 450 nm in a microplate reader.

For cell counting, AFs were added into 6-well plates at
1 · 105 cells/well. AFs were starved in serum-free DMEM for
24 hours. After the above-mentioned treatments, cells were
trypsinized and counted on a hemocytometer while capturing
them using an inverted microscope.

Transwell Assay
Cell migration was determined by a 24-well plate

transwell chamber with 8-mm pore size and a polycarbonate
membrane (Corning, Cambridge, MA). Cultured AFs were
synchronized with serum starvation, and cells were seeded
into the upper chamber at a density of 2 · 104 cells/well.
Then, NaHS or TGF-b1 was added to the lower compartment
of the chamber for 24 hours. AFs adhering beneath the mem-
brane were fixed with ice cold methanol and stained with
crystal violet (Beyotime, Haimen, China). The cells that
migrated into the lower chamber were quantified by a light
microscopy.

Western Blotting
Total proteins were extracted from cultured AFs, and

western blotting was performed as briefly mentioned below.
Protein concentrations were quantified by bicinchoninic acid
protein assay kit (Pierce, Rockford, IL). An equal amount of
protein from each lysate (20 mg) was separated by 10%
sodium dodecyl sulfate–polyacrylamide gel electrophoresis,
followed by transferring onto nitrocellulose membranes.
Membranes were blocked with 5% milk for 1 hour at room
temperature, and the membrane was incubated with primary
antibodies against Drp1 (1:1000, sc-271583; Santa Cruz
Biotechnology), pDrp1 (1:1000, Cat No. 3455; Cell
Signaling Technology), ROCK1 (1:1000, Cat No. 4035;
Cell Signaling Technology), collagen I (1:1000, Cat No.
72,026; Cell Signaling Technology), a-SMA (1:1000, Cat
No. 19,245; Cell Signaling Technology), and glyceralde-
hyde-3-phosphate dehydrogenase (1:1000, Cat #No. 5174;
Cell Signaling Technology) overnight at 48C. After incuba-
tion with secondary antibodies (1:3000, Cat No. 111–035–
003, Cat No. 115–035–003; Jackson ImmunoResearch) for 1
hour at room temperature, membranes were detected by using
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the enhanced chemiluminescence western blotting detection
system (Amersham Pharmacia, Deisenhofen, Germany).

siRNA Transfection
Specific small interfering RNA (siRNA) targeting

ROCK1 and Drp1 was purchased from Santa Cruz
Biotechnology. Transfection of siRNA was performed using
Lipofectamine 2000 Reagent (Invitrogen, Carlsbad, CA)
according to the manufacturer’s protocol.

Mitochondrial Morphology
To quantify mitochondrial morphology, AFs were

seeded onto coverslips. After the treatments, cells were
stained with MitoTracker Red (25 nM, Molecular Probes)
for 20 minutes at 378C. Then, we captured mitochondria with
a confocal microscope (Zeiss LSM510 META). The mito-
chondrial morphologies were divided into 3 classifications:
tubular (.4 mm in length), intermediate (2–4 mm in
length), and fragmented (,2 mm in length). Morphometric
analyses of mitochondria were performed by using Image J
software as described previously.12

Assessment of mtROS and Membrane
Potential

To determine mitochondrial ROS (mtROS), AFs were
incubated with 5 mM MitoSOX (Invitrogen) for 10 minutes
before fixation with 4% paraformaldehyde. The fluorescent
images were captured with an Olympus fluorescent micro-
scope. The fluorescence intensity was quantified by Image J
software (National Institutes of Health, Bethesda, MD). To
evaluate mitochondrial membrane potential, AFs were stained
with 200 nM JC-1 (5,50,6,60-tetrachloro-1,1,3,30-tetraethyl-
benzimidazolyl carbocyanine iodide; Beyotime) for 30
minutes. Fluorescent images were obtained by using an
Olympus fluorescent microscope. The ratio of red/green fluo-
rescence was used to determine mitochondrial membrane
potential.

Statistical Analysis
The results were presented as mean 6 standard error of

the mean values. Student’s t test (2-tailed, unpaired) was used
for comparison of 2 groups, and the 2-way analysis of the
variance test was used for comparison of multiple groups,
followed by Tukey’s post hoc test. A value of P , 0.05
was considered significant.

RESULTS

Exogenous H2S Ameliorated TGF-b1–Induced
AF Phenotype Switching, Proliferation, and
Migration

To calculate the effective doses of exogenous H2S on
AF proliferation, a dose-response study with varying doses
(10, 50, 100, and 200 mmol/L) of NaHS for 24 hours was
performed. As shown in Figure 1A, NaHS did not alter AF
cell viability, whereas the doses of NaHS from 10 to
200 mmol/L markedly inhibited TGF-b1–induced AF cell
proliferation, with a maximal effect at 100 mmol/L (Fig. 1B).

To compare the precise effect of NaHS, further experiments
were performed using NaHS at the concentration of
100 mmol/L.

We first assessed the effects of exogenous H2S on TGF-
b1–induced AF phenotype conversion. Immunofluorescence
staining and western blotting indicated that treating AFs with
TGF-b1 can cause them to differentiate into a MF phenotype,
which was marked by a-SMA and collagen I upregulation
(Figs. 1C–F). However, exogenous H2S dramatically in-
hibited the TGF-b1–induced phenotypic transition of AFs.
Next, we tested the effects of exogenous H2S on TGF-b1–
induced AF proliferation by cell proliferation assay. The
results revealed that exogenous H2S significantly inhibited
TGF-b1–induced cell proliferation (Figs. 1G, H).
Furthermore, the transwell experiment was used to determine
the migration of cells; the results revealed that the TGF-b1–
induced cell migration was inhibited by exogenous H2S
(Figs. 1I, J).

Drp1-Mediated Mitochondrial Fission is
Required for TGF-b1–Induced AF Activation

A recent study has showed that Drp1-mediated mito-
chondrial fission involves in AF proliferation and migration,
which shows that mitochondrial fission may be required for
cell phenotype shift.25 In this study, we examined the role of
Drp1-mediated mitochondrial fission in TGF-b1–induced AF
activation. As exhibited in Figures 2A, B, Drp1 siRNA suc-
cessfully prevented Drp1 expression. In addition,
MitoTracker Red staining and confocal microscopy studies
showed that TGF-b1 stimulation substantially increased
mitochondrial fission in AF. However, Drp1 inhibition by
gene silencing completely prevented this effect (Figs. 2C, D).

To further determine the role of mitochondrial fission
on the biological functions of TGF-b1–induced AFs, we next
observed the effect of Drp1 inhibition on TGF-b1–induced
phenotype switching, proliferation, and migration. Western
blot assay showed that the downregulation of Drp1 by siRNA
ameliorated TGF-b1–induced AF phenotypic switch to MF
(Figs. 2E–G). Cell proliferation assays revealed that Drp1
siRNA prevented TGF-b1–induced AF proliferation
(Figs. 2H, I). In addition, transwell migration assay man-
ifested that Drp1 siRNA attenuated TGF-b1–induced AF
migration (Figs. 2J, K).

ROCK1 Is Involved in Mediating TGF-b1–
Induced Mitochondrial Fission

ROCK1 has been reported to phosphorylate Ser616 in
Drp1 in various types of cells.12,26 In addition, ROCK1 is
involved in numerous pathological and physiological pro-
cesses of cardiovascular diseases. This prompted us to deter-
mine whether Drp1 phosphorylation at serine 616 is involved
in the process of TGF-b1–induced mitochondrial fission. As
presented in Figures 3A, B, ROCK1 siRNA successfully
suppressed ROCK1 expression. MitoTracker Red staining
indicated that ROCK1 inhibition by siRNA significantly
decreased the effects of TGF-b1 on mitochondrial fission
(Figs. 3C, D). Furthermore, ROCK1 inhibition ameliorated
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TGF-b1–induced Drp1 (Ser616) phosphorylation in AFs
(Figs. 3E, F).

To further determine the effect of ROCK1 on AF
activation under TGF-b1 treatment, the phenotype switching,

proliferation, and migration of AF were further performed. As
shown in Figs. 3G–M, ROCK1 inhibition dramatically sup-
pressed TGF-b1–induced AF phenotypic, proliferation, and
migration. These results showed that ROCK1 mediated TGF-

FIGURE 1. Exogenous H2S ameliorated TGF-b1–induced AF phenotype switching, proliferation, and migration. AFs were pre-
treated with or without NaHS (100 mM) or vehicle for 1 hour, then were stimulated with TGF-b1 (10 ng/mL) for 24 hours. A, B,
Quantification by cell counting Kit-8 assay. C, AF phenotype switching indicated by the expression of a-SMA was determined by
immunofluorescence staining. Scale bar = 20 mm. D, The expression of collagen I and a-SMA was determined by western blotting.
E, Quantitative analysis for collagen I. F, Quantitative analysis for a-SMA. G, H, Quantification by cell counting and cell counting
Kit-8 assay. I, Representative images of transwell migration assay. Scale bar =100 mm. J, Quantification of migrated cells. Values are
represented as means 6 standard error of the mean (n = 3); *P , 0.05 versus control group; #P , 0.05 versus TGF-b1 group.
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FIGURE 2. Drp1-mediated mitochondrial fission is required for TGF-b1–induced AF activation. AFs were transfected with Drp1
siRNA or scrambled siRNA, followed by treatment with TGF-b1 (10 ng/mL) for 24 hours A, B, The expression of Drp1 was
determined by western blotting. C, Micrographs of mitochondrial morphology stained by MitoTracker Red of AFs. Scale bar
=10 mm. D, Quantification of mitochondrial morphology. E, Quantitative analysis for collagen I. F, The expression of collagen I
and a-SMA was determined by western blotting. G, Quantitative analysis for a-SMA. H, I, Quantification by cell counting Kit-8
assay and cell counting. J, Representative images of transwell migration assay. Scale bar =100 mm. K, Quantification of migrated
cells. Values are represented as means 6 standard error of the mean (n = 3); *P , 0.05 versus control group; #P , 0.05 versus
TGF-b1 group.
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FIGURE 3. ROCK1 is involved in mediating TGF-b1–induced mitochondrial fission. AFs were transfected with ROCK1 siRNA or
scrambled siRNA, followed by treatment with TGF-b1 (10 ng/mL) for 24 hours A, B, The expression of ROCK1 was determined by
western blotting. C, Micrographs of mitochondrial morphology stained by MitoTracker Red of AFs. Scale bar =10 mm. D,
Quantification of mitochondrial morphology. E, The expression of pDrp1 and Drp1 were determined by western blotting. F,
Quantitative analysis for pDrp1. G, The expression of collagen I and a-SMA was determined by western blotting. H, Quantitative
analysis for collagen I. I, Quantitative analysis for a-SMA. J, K, Quantification by cell counting Kit-8 assay and cell counting. L,
Representative images of transwell migration assay. Scale bar =100 mm. M, Quantification of migrated cells. Values are repre-
sented as means 6 standard error of the mean (n = 3); *P , 0.05 versus control group; #P , 0.05 versus TGF-b1 group.
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b1–induced mitochondrial fission and subsequent AF
activation.

Exogenous H2S Inhibited TGF-b1–Induced
Mitochondrial Fission

Exogenous H2S reportedly inhibit VSMC activation by
modulating mitochondrial fission.27 Herein, we determined
the effect of exogenous H2S on mitochondrial fission in
AFs. As shown in Figure 4A, exogenous H2S significantly
reversed the TGF-b1–induced mitochondrial fission in AFs.
Next, we evaluated the effects of TGF-b1 and exogenous H2S
on the ROCK1/Drp1 pathway by western blotting assay. We
found that TGF-b1 upregulated ROCK1 expression and Drp1
(Ser616) phosphorylation, whereas exogenous H2S success-
fully prevented the TGF-b1–induced ROCK1/Drp1 pathway
activation (Fig. 4B).

Exogenous H2S Ameliorated mtROS in TGF-
b1–Induced AF

Previous studies have reported that DRP1-regulated
mitochondrial fission is an upstream regulator of mtROS
generation, leading to mitochondrial dysfunction.18,28,29

TGF-b1 has been reported to increase Drp1-mediated mito-
chondrial fission and subsequent generation of mtROS,30

and mtROS have also been found to get involved in the
processes of cell phenotype switching, proliferation, and
migration.25,31 We determined whether the TGF-b1 stimu-
lation affects the generation of mtROS in AFs by MitoSOX
staining. We observed mtROS significantly increased on
TGF-b1 treatment, whereas exogenous H2S alleviated the
TGF-b1–induced mtROS increase (Fig. 5A). As the
changes of mitochondrial membrane potential may affect the
distribution of MitoSOX,32 we then tested changes of
mitochondrial membrane potential by JC-1 staining. We
found that TGF-b1 treatment significantly reduced the
mitochondrial membrane potential in JC-1–stained AFs. By
contrast, exogenous H2S was able to robustly restore the
TGF-b1–induced reduction of mitochondrial membrane
potential (Fig. 5B).

To verify the role of ROS, we tested the effect of Mito-
TEMPO (a specific scavenger of mitochondrial superoxide)
and exogenous ROS on the AF phenotypic transition.
Treatment with Mito-TEMPO dramatically decreased the
TGF-b1–induced AF response, and the inhibition effect was
enhanced by NaHS exposure (Fig. 5C). By contrast, H2O2

treatment was able to mimic the TGF-b1–induced effect, and
this effect was partially reversed with NaHS treatment
(Fig. 5D). These results manifested that the generation of

FIGURE 4. Exogenous H2S inhibited TGF-b1–induced mitochondrial fission. AFs were pretreated with or without NaHS (100 mM)
for 1 hour, then were stimulated with TGF-b1 (10 ng/mL) or vehicle for 24 hours. A, Micrographs of mitochondrial morphology
visualized by MitoTracker Red staining of AFs and quantification of mitochondrial morphology. Scale bar =10 mm. B, The
expression of ROCK1 and pDrp1 were determined by western blotting. Values are represented as means 6 standard error of the
mean (n = 3); *P , 0.05 versus control group; #P , 0.05 versus TGF-b1 group.
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mtROS might be in part account for the effects of TGF-b1
and exogenous H2S on AF phenotypic switch.

DISCUSSION
In this investigation, we reveal a novel mechanism by

which exogenous H2S ameliorates phenotypic conversion
of AFs to MFs induced by TGF-b1. We found that
ROCK1/Drp1-dependent mitochondrial fission mediates
TGF-b1–induced AF activation, while exogenous H2S
mitigates ROCK1 expression and subsequent Drp1 acti-
vation, elucidating a protective role of exogenous H2S in
pathological vascular remodeling by modulating the
responses of AFs. Indeed, NaHS showed an obvious pro-
tective effect on TGF-b1–induced AFs rather than control
AFs, which may be due to the more evident positive effect
of NaHS on vascular injury responses rather than reserved.

Our data indicated that exogenous H2S might be a novel
therapeutic strategy for preventing the development of
pathological vascular remodeling.

Accumulating evidence indicates that vascular remod-
eling was an “adventitia-based” process. As the primary cell
type of adventitia, AFs have been reported to be the earliest
activated cells during vascular remodeling.33 After vascular
injury, AFs are immediately activated and transformed into
MFs, in which TGF-b1 acts as a critical modulator.
Moreover, exogenous H2S plays a pivotal role in a wide range
of physiological and pathological processes in the cardiovas-
cular system. Emerging data indicate that H2S improves dia-
betic endothelial dysfunction,34 inhibits myocardial apoptosis
after myocardial infarction,35 and inhibits VSMC prolifera-
tion and migration induced by hyperglycaemia27; recent data
from our laboratory and others revealed that exogenous H2S
attenuates angiotensin II (Ang II)–induced VSMC phenotypic

FIGURE 5. Exogenous H2S ameliorated mtROS in TGF-b1–induced AF. AFs were pretreated with or without NaHS (100 mM) for 1
hour, then were stimulated with TGF-b1 (10 ng/mL) or vehicle for 24 hours. A, Representative graphs and quantification of
mitochondrial superoxide determined by MitoSOX. Scale bar = 20 mm. B, Representative images and quantification of mito-
chondrial membrane potential evaluated by the red/green ratio of JC-1. Scale bar = 20 mm. The effect of Mito-TEMPO (C) and
H2O2 (D) treatment for 1 hour on AF phenotype shift indicated by the expression of collagen I and a-SMA were assessed by
western blotting. Values are represented as means 6 standard error of the mean (n = 3); *P , 0.05 versus control group; #P ,
0.05 versus TGF-b1 group; &P , 0.05 versus TGF-b1+Mito-TEMPO group; +P , 0.05 versus H2O2 group.
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switch and vascular remodeling.12,36 However, there are no
published literature on the potential effect of exogenous H2S
on AF activation. Our study found that TGF-b1 induced AF
phenotype switching, proliferation, and migration, which
were ameliorated by exogenous H2S administration.

Mitochondria exist in dynamic networks between
fragmented and fused states, and mitochondrial dynamics is
regulated by fission and fusion.8,26 Abnormal mitochondrial
fission is involved in the regulation of mitochondrial fragmen-
tation and damage cellular physiological function and activ-
ity.37 Recent investigations show that excessive
mitochondrial fission leads to increased apoptosis in endothe-
lial cells induced by hyperglycemia.13,38 Moreover, our pre-
vious studies indicate that abnormal mitochondrial fission
mediates VSMC activation and AF activation induced by
Ang II.12,25 In this study, we determined whether mitochon-
drial fission participated in TGF-b1–induced AF activation.
We found that TGF-b1 was able to induce mitochondrial
fission, and Drp1-mediated mitochondrial fission lead to AF
activation.

Drp1, a member of the dynamin family of GTPases, is
an important mediator of mitochondrial division. When
activated, Drp1 triggers mitochondrial fission. A recent study
shows that Ang II-induced Drp1 activation and Drp1-
dependent mitochondrial fission participate in AF activation
and adventitial remodeling.25 Our current investigation also
showed that TGF-b1 significantly increased Drp1 phosphor-
ylation in AFs along with increased fragmented mitochondria.
In addition, we revealed that Drp1 siRNA attenuated TGF-
b1–induced proliferation, migration, and phenotypic trans-
formation of AFs; these findings are coherent with previous
results in other cell types.30,39 Our data indicate that Drp1
regulates TGF-b1–induced AF activation. Of note, multiple
lines of evidence have suggested Drp1-independent mecha-
nism might also participate in mitochondrial fission pro-
cess.40,41 However, their mechanistic roles in mitochondrial
fission remain unknown.

ROCK, a member of serine/threonine family, has been
reported to participate in diverse cellular responses, including
regulation of cell morphology, proliferation, migration, and
differentiation.42,43 The ROCK family includes 2 isoforms:
ROCK1 and ROCK2. A recent literature has reported that
ROCK1 play a critical role in regulating mitochondrial fission
by recruiting Drp1 to the mitochondria.44 A previous litera-
ture demonstrated that ROCK1 activation and Drp1 translo-
cation to the mitochondria are involved in the process of
hyperglycemia-induced mitochondrial fission, and this
ROCK1-dependent mechanism involves phosphorylation of
Drp1 at Ser600. Interestingly, in our previous investigation,
we demonstrated that ROCK1 regulates Ang II-induced
VSMC activation by mediating the phosphorylation of Drp1
at Ser616 and Drp1-dependent mitochondrial fission.12

However, whether the ROCK1-dependent metabolic pathway
participates in TGF-b1–induced mitochondrial fission and AF
activation are still elusive. Our study showed that ROCK1
mediates TGF-b1–induced AF activation by upregulating the
phosphorylation of Drp1 at Ser616 and Drp1-dependent mito-
chondrial fission. Moreover, we found that ROCK1 inhibition
attenuated TGF-b1–induced proliferation, migration and

phenotypic switch of AFs. Our results indicated that TGF-b1
may cause AF activation by activating the ROCK1/Drp1
pathway and mitochondrial fission. However, another report
showed that ROCK1 may indirectly dephosphorylate Drp1 at
Ser637 by activating calcineurin to promote mitochondrial
fission in Parkinson’s disease.45 Illuminating the regulation
mechanism between Drp1 and ROCK1 on mitochondrial fis-
sion is one of the major areas for future studies.

Exogenous H2S reportedly protects endothelial cells
from high glucose by modulating mitochondrial morphol-
ogy.46 Another literature demonstrated that exogenous H2S
ameliorates VSMC proliferation and migration by regulating
mitochondrial fission in a hyperglycemic state.27 In this study,
we uncovered that exogenous H2S dramatically abrogated
TGF-b1–induced ROCK1/Drp1-dependent mitochondrial fis-
sion and AF activation. In addition, consistent with other
cells,30,47 TGF-b1 was able to accelerate mitochondrial fis-
sion and subsequent mtROS generation in AFs, which was
obviously inhibited by exogenous H2S. It has been reported
that inhibition of mitochondrial fission augmented mitochon-
drial inner membrane proton leak, thus inhibiting PDGF-
induced mtROS generation in VSMCs.31 The augmented
mitochondrial inner membrane proton leak might partly
account for the increased mtROS in AFs. Furthermore, our
present data establish that Mito-TEMPO obviously sup-
pressed TGF-b1–induced AF phenotypic switch.
Meanwhile, exogenous ROS successfully mimicked the TGF-
b1–induced effect. Thus, our findings indicate that exogenous
H2S might suppress AF phenotypic transition by inhibiting
mtROS generation through the abrogation of TGF-b1–
induced mitochondrial fission.

In conclusion, the present data demonstrated that
ROCK1/Drp1-dependent mitochondrial fission regulates the
TGF-b1–induced AF activation. Moreover, exogenous H2S
could ameliorate TGF-b1–induced AF activation by sup-
pressing ROCK1/Drp1-mediated mitochondrial fission and
subsequent mtROS generation. On description of the mecha-
nism conferred by H2S protection, it is possible to provide a
novel approach for therapies in the alleviation of vascular
remodeling.
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