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Abstract: Vascular calcification can be enhanced by hyperglycemia. Elastin loss in tunica media
promotes the osteogenic transformation of smooth muscle cells (SMCs) and involves arterial medial
calcification (AMC) that is associated with a high incidence of cardiovascular risk in patients with
type 2 diabetes. Here, we tested whether hydrogen sulfide (H2S), an endogenous gaseous mediator,
can prevent elastin loss and attenuate calcification induced by high glucose in SMCs. Calcification
was induced by high glucose (4500 mg/L) in human aortic SMCs (HASMCs) under the condition
of calcifying medium containing 10 mM β-glycerophosphate (β-GP). The experiments showed that
NaHS (an H2S donor, 100 µM) mitigated the calcification of HASMCs treated with high glucose
by decreasing calcium and phosphorus levels, calcium deposition and ALP activity and inhibited
osteogenic transformation by increasing SMα-actin and SM22α, two phenotypic markers of smooth
muscle cells, and decreasing core binding factor α-1 (Cbfα-1), a key factor in bone formation, protein
expressions in HASMCs. Moreover, NaHS administration inhibited the activation of Stat3, cathepsin S
(CAS) activity and its expression, but increased the level of elastin protein. Pharmacological inhibition
or gene silencing Stat3 not only reversed elastin loss, but also attenuated CAS expression. Inhibition
of CAS alleviated, while CAS overexpression exacerbated, elastin loss. Interestingly, overexpression
of wild type (WT)-Stat3, but not its mutant C259S, elevated CAS protein expression and reduced
elastin level. Moreover, NaHS induced S-sulfhydration in WT, but not in the C259S Stat3. These data
suggest that H2S may directly regulate Cys259 residue in Stat3 and then impair its signaling function.
Our data indicate that H2S may attenuate vascular calcification by upregulating elastin level through
the inhibition of Stat3/CAS signaling.
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1. Introduction

Vascular calcification (VC) is considered to be an active, regulative process similar to
osteogenesis [1]. Arterial medial calcification (AMC) contributes directly to cardiovascular morbidity
and mortality in elderly individuals and patients with diabetes mellitus (DM) or chronic kidney disease
(CKD) [1,2]. High glucose or a disordered mineral metabolism (e.g., elevated phosphorus level) may
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induce osteogenic differentiation of vascular smooth muscle cells (VSMCs) [3,4], which may further
contribute to the substantial increase of cardiovascular events (CVE) [5,6]. AMC could be driven by
the dysmetabolic milieus of diabetes and uremia such as hyperglycemia and hyperphosphatemia [3].
VC often begins early and gets severe during the course of CKD, particularly in individuals with DM.
This explains why the prevalence, extent, and progression of VC as well as the incidence of CVE are
higher in diabetics with concomitant CKD [7–9].

The physiological and pathophysiological importance of hydrogen sulfide (H2S) has been widely
explored in the cardiovascular system [10–12]. The production of H2S in arterial wall is mainly catalyzed
by cystathionine-γ-lyase (CSE) [13], and blunted CSE activity is associated with hypertension and
myocardial dysfunction in diabetes [14]. Moreover, CSE/H2S system is essential for the maintenance of
VSMCs differentiation. Exogenous application of H2S inhibits VSMCs proliferation in hyperglycemic
state [15]. In diabetic rats, it not only decreases blood glucose, but also plays beneficial roles
in cardiovascular diseases like atherosclerosis and diabetic cardiomyopathy [14,16–18]. Although
H2S has been shown to ameliorate phosphate-induced calcification in VSMCs, or vitamin D3 and
nicotine combination-induced calcification in rats [13], whether H2S inhibits high glucose-induced
mineralization in aortic smooth muscle cells (HASMCs) has not been studied.

VC, vascular inflammation, and endoplasmic reticulum stress are pathological processes occurring
in the vessel wall under the condition of hyperglycemia [19,20]. Signal transducer and activator of
transcription-3 (Stat3), one of Stat family members, can be activated by inflammation [21]. It mediates
the inflammation and immune responses which contribute to signal integration in the vascular
dysfunction [22,23]. Stat3 is also closely associated with VC [24] and high glucose-induced inflammation
and endoplasmic reticulum stress [25].

Cathepsin S (CAS), a potent protease, cleaves elastin and generates bioactive elastin peptides, which,
in turn, can incite inflammation, stimulate macrophage chemotaxis, and promote calcification [26,27].
It also co-localizes with the increased elastin breaks in the atherosclerotic plaques [28,29]. Moreover,
a deficiency of CAS leads to decreased vascular inflammation, calcification and elastolytic activity in
the arteries of hypercholesterolemic mice with experimental CKD [30]. Inhibition of CAS also lowers
blood glucose levels in mice [31]. All of these evidence implicate that CAS induced elastolysis involves
arterial calcification.

The interaction between Stat3 and CAS has been reported previously. IL-6-Stat3 controls
intracellular MHC class II αβ dimer level through CAS activity in dendritic cells, and IL-10-Stat3 on
MHC-II antigen presentation may occur via the inhibition of CAS expression in primary cultured
human blood macrophages [32,33]. However, Stat3-mediated activation of CAS in calcification in
VSMCs remains poorly understood.

Since diabetes companied by calcification is a severe disease state with increased mortality,
the present study was therefore designed to clarify the protective effects of H2S on human aortic smooth
muscle cells (HASMs) treated with a high concentration of glucose under the condition of calcifying
medium containing 10 mM β-glycerophosphate (β-GP). The involvement of Stat3/CAS pathway was
also studied.

2. Results

2.1. NaHS Treatment Attenuates Calcification in High Glucose (HG) Treated HASMCs.

We confirmed the effect of NaHS on HG-induced calcification in HASMCs. Treatment with HG for
14 days induced obvious Ca deposition (Figure 1A), elevation of calcium (Figure 1B,C) and phosphorus
(Figure 1D) levels in HASMCs. In addition, culture with HG for 7 days also caused significant increases
in ALP activity (Figure 1E). All the above changes were also abolished by NaHS (100 µM) treatment.
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Figure 1. NaHS suppressed high glucose (HG)-promoted calcification in cultured human aortic 
smooth muscle cells (HASMCs). HASMCs were treated with LG (1000 mg/L) plus β-
glycerophosphate (β-GP, 10 mM) or HG (4500 mg/L) plus β-GP for 7 or 14 days with or without NaHS 
(100 μM). (A): Alizarin red staining showing Ca deposition in cultured HASMCs 14 days after 
treatment with HG; (B,C): Calcium content in cultured HASMCs treated with HG for 14 days. Alizarin 
red was dissolved in 5% SDS and 0.5 N HCl, and the absorbance was evaluated at 415 nm to quantify 
the calcium content (B), the O-cresolphthalein colorimetric (OCPC) method was also used for 
measuring calcium content (C); (D): Phosphorus content in cultured HASMCs treated with HG for 14 
days; (E): alkaline phosphatase (ALP) activity in cultured HASMCs treated with HG for 7 days. n = 
3–5 independent experiments. Values represent the means ± SEM. * p < 0.05 compared to LG. # p < 
0.05 compared to HG. 

2.2. NaHS Treatment Inhibits Osteogenic Transition of VSMC in HG Treated HASMCs. 

Osteogenic transition was assessed by examination of the protein expression of SMα-actin and 
SM22α, two phenotypic markers of VSMC, and Cbfα-1, a key osteogenic regulator. As shown in 
Figure 2, the protein levels of SMα-actin and SM22α were down-regulated, whereas the protein level 
of Cbfα-1 was up-regulated in the HG-treated HASMCs. NaHS treatment reversed all above changes 
in HASMCs, thereby suggesting that H2S can attenuate the osteogenic transition process in smooth 
muscle cells. To study the signaling mechanism(s), we determined the effect of NaHS treatment on 
the activation of Stat3 and protein expression of CAS. As shown in Figure 2, both activities of Stat3 
and CAS were elevated in HG-treated HASMCs (Figure 2D,E). Western blots demonstrated that the 

Figure 1. NaHS suppressed high glucose (HG)-promoted calcification in cultured human aortic smooth
muscle cells (HASMCs). HASMCs were treated with LG (1000 mg/L) plus β-glycerophosphate (β-GP,
10 mM) or HG (4500 mg/L) plus β-GP for 7 or 14 days with or without NaHS (100 µM). (A): Alizarin
red staining showing Ca deposition in cultured HASMCs 14 days after treatment with HG; (B,C):
Calcium content in cultured HASMCs treated with HG for 14 days. Alizarin red was dissolved in 5%
SDS and 0.5 N HCl, and the absorbance was evaluated at 415 nm to quantify the calcium content (B),
the O-cresolphthalein colorimetric (OCPC) method was also used for measuring calcium content (C);
(D): Phosphorus content in cultured HASMCs treated with HG for 14 days; (E): alkaline phosphatase
(ALP) activity in cultured HASMCs treated with HG for 7 days. n = 3–5 independent experiments.
Values represent the means ± SEM. * p < 0.05 compared to LG. # p < 0.05 compared to HG.

2.2. NaHS Treatment Inhibits Osteogenic Transition of VSMC in HG Treated HASMCs.

Osteogenic transition was assessed by examination of the protein expression of SMα-actin and
SM22α, two phenotypic markers of VSMC, and Cbfα-1, a key osteogenic regulator. As shown in
Figure 2, the protein levels of SMα-actin and SM22α were down-regulated, whereas the protein level
of Cbfα-1 was up-regulated in the HG-treated HASMCs. NaHS treatment reversed all above changes
in HASMCs, thereby suggesting that H2S can attenuate the osteogenic transition process in smooth
muscle cells. To study the signaling mechanism(s), we determined the effect of NaHS treatment on
the activation of Stat3 and protein expression of CAS. As shown in Figure 2, both activities of Stat3
and CAS were elevated in HG-treated HASMCs (Figure 2D,E). Western blots demonstrated that the
elevated CAS activity may be from the upregulated CAS protein expression, and NaHS treatment
abolished the upregulated Stat3 activation and CAS protein expression in HG-treated HASMCs
(Figure 2D,F). Consistent with previous studies, CAS plays an important role in elastin degradation and
its activity regulates elastin level in aortic wall [30], we found in the present study that the application
of NaHS also attenuated the reduced elastin level in HG-treated HASMCs (Figure 2G). Our findings
suggest that NaHS treatment may rescue the loss of elastin through the inhibition of the activated
Stat3/CAS pathway.
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Figure 2. NaHS suppressed the osteogenic transition, Stat3 phosphorylation, activities and protein 
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HASMCs. Western blots showing that NaHS attenuated HG-induced down-regulation in SMα-actin 
(A), SM22α (B), and elastin (G) and up-regulation of Cbfα-1 (C), Stat3 phosphorylation (D) and 
activities and protein expression of CAS (E,F). n = 3–5. Values represent the means ± SEM. * p < 0.05 
compared to LG. # p < 0.05 compared to HG. The protein expressions of SMα-actin, SM22α, elastin, 
Cbfα-1 Stat3, CAS, and elastin were examined in HG-cultured HASMCs after NaHS (100 μM) 
treatment for 7 days. β-actin or total Stat3 from the same blots was used as a protein loading control. 

2.3. Impaired Endogenous H2S Generating Enzyme Activity and Expression in HG-Treated HASMCs. 

To study the role of endogenous H2S, we first investigated the ability of H2S generating enzyme 
in the presence of sufficient substrates (10 mM L-cystein). It was found that the H2S generating 
enzyme activity was largely reduced in HG-treated HASMCs (Figure 3A). Since CSE is the main 
enzyme to produce H2S in vascular smooth muscles, we further measured CSE protein expression in 
HG-treated HASMCs. Western blots demonstrated that CSE levels were also markedly 
downregulated in this situation (Figure 3B). These data suggest that endogenous H2S may be reduced 
during a diabetic state and the impaired endogenous H2S generating enzyme ability may contribute 
to the vascular pathology in diabetes. To clarify the role of endogenous H2S in calcification, we further 
regulated endogenous H2S production by either an application of PAG (a CSE inhibitor, 100 μM) to 
decrease endogenous H2S production or the overexpression (OE) of CSE to compensate the impaired 
endogenous H2S generation. Western blots demonstrated that CSE protein expression was 
significantly upregulated by CSE OE (Figure 3C). Alizarin red staining and calcium content data 

Figure 2. NaHS suppressed the osteogenic transition, Stat3 phosphorylation, activities and protein
expression of cathepsin S (CAS), and increased the protein expression of elastin (G) of HG-cultured
HASMCs. Western blots showing that NaHS attenuated HG-induced down-regulation in SMα-actin
(A), SM22α (B), and elastin (G) and up-regulation of Cbfα-1 (C), Stat3 phosphorylation (D) and activities
and protein expression of CAS (E,F). n = 3–5. Values represent the means ± SEM. * p < 0.05 compared
to LG. # p < 0.05 compared to HG. The protein expressions of SMα-actin, SM22α, elastin, Cbfα-1 Stat3,
CAS, and elastin were examined in HG-cultured HASMCs after NaHS (100 µM) treatment for 7 days.
β-actin or total Stat3 from the same blots was used as a protein loading control.

2.3. Impaired Endogenous H2S Generating Enzyme Activity and Expression in HG-Treated HASMCs

To study the role of endogenous H2S, we first investigated the ability of H2S generating enzyme
in the presence of sufficient substrates (10 mM l-cystein). It was found that the H2S generating enzyme
activity was largely reduced in HG-treated HASMCs (Figure 3A). Since CSE is the main enzyme to
produce H2S in vascular smooth muscles, we further measured CSE protein expression in HG-treated
HASMCs. Western blots demonstrated that CSE levels were also markedly downregulated in this
situation (Figure 3B). These data suggest that endogenous H2S may be reduced during a diabetic state
and the impaired endogenous H2S generating enzyme ability may contribute to the vascular pathology
in diabetes. To clarify the role of endogenous H2S in calcification, we further regulated endogenous
H2S production by either an application of PAG (a CSE inhibitor, 100 µM) to decrease endogenous H2S
production or the overexpression (OE) of CSE to compensate the impaired endogenous H2S generation.
Western blots demonstrated that CSE protein expression was significantly upregulated by CSE OE
(Figure 3C). Alizarin red staining and calcium content data demonstrated that application of PAG
induced more Ca deposition, whereas CSE OE largely reduced it (Figure 3D–F). This was consistent
with their effects on the key osteogenic regulator, Cbfα-1 (Figure 3G,H).
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cystathionine-γ-lyase (CSE) in HG-cultured HASMCs (B) and overexpressing CSE or using PAG (100 
μM, a CSE inhibitor, 14 days) on Ca deposition (D,E,F) and the protein expression of Cbfα-1 (G,H). 
Alizan red staining and its quantitative analysis showing the effects of PAG or CSE overexpression (6 
days, cells were transfected two times for obvious staining) on Ca deposition in HASMCs treated with 
HG (D,E,F); CSE protein expression for testing CSE overexpression after transfection (C). HG-
cultured HASMCs were collected on the third day after transfection for CSE (C) and Cbfα-1 
examination (H). HASMCs were treated with HG or PAG for 7 days (G). n = 3–5. Values represent the 
means ± SEM. * p < 0.05 compared to LG (A,B) or HG (C,D,E,F,G,H). 

2.4. Effect of Endogenous H2S on Stat3/CAS/Elastin Pathway 

Next, we studied the role of endogenous H2S on Stat3/CAS/elstin pathway. Treatment of 
HASMCs with PAG (100 μM, for 7 days) further stimulated the Stat3/CAS pathway caused by HG 
(Figure 4A,B), while CSE OE decreased it (Figure 4D,E). This was further confirmed by the elastin 
level in HASMCs. As shown in Figure 4C,F, PAG further reduced HG-induced elastin loss (Figure 
4C), whereas CSE OE upregulated it (Figure 4F). 

Figure 3. Role of endogenous H2S in the development of calcification. Endogenous H2S generating
enzyme activity in HG-cultured HASMCs (A); Western blots showing the protein expression of
cystathionine-γ-lyase (CSE) in HG-cultured HASMCs (B) and overexpressing CSE or using PAG (100
µM, a CSE inhibitor, 14 days) on Ca deposition (D–F) and the protein expression of Cbfα-1 (G,H).
Alizan red staining and its quantitative analysis showing the effects of PAG or CSE overexpression (6
days, cells were transfected two times for obvious staining) on Ca deposition in HASMCs treated with
HG (D–F); CSE protein expression for testing CSE overexpression after transfection (C). HG-cultured
HASMCs were collected on the third day after transfection for CSE (C) and Cbfα-1 examination (H).
HASMCs were treated with HG or PAG for 7 days (G). n = 3–5. Values represent the means ± SEM. *
p < 0.05 compared to LG (A,B) or HG (C–H).

2.4. Effect of Endogenous H2S on Stat3/CAS/Elastin Pathway

Next, we studied the role of endogenous H2S on Stat3/CAS/elstin pathway. Treatment of HASMCs
with PAG (100 µM, for 7 days) further stimulated the Stat3/CAS pathway caused by HG (Figure 4A,B),
while CSE OE decreased it (Figure 4D,E). This was further confirmed by the elastin level in HASMCs.
As shown in Figure 4C,F, PAG further reduced HG-induced elastin loss (Figure 4C), whereas CSE OE
upregulated it (Figure 4F).

2.5. CAS Is Important in Calcification of Smooth Muscle Cells

To confirm the involvement of CAS in HG-induced mineralization of HASMCs, LY3000328 (LY,
a selective CAS inhibitor, 1µM) was used. Western blotting analysis showed that, similar to NaHS,
LY reversed the downregulated expression of SMα-actin (Figure 5A), SM22α (Figure 5B), and elastin
(Figure 5D) and upregulated level of Cbfα-1 (Figure 5C). However, the overexpression of CAS produced
the opposite effects on the expression level of all these proteins (Figure 5E–K). These data indicate that
CAS may promote the transformation of the osteogenic phenotype of HASMCs in a HG situation.
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compared to LG (A–C) or HG (D–F). # p < 0.05 compared to HG (A–C). 
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NaHS (100 µM) treatment for 7 days or CSE overexpression (D–F). HG-cultured HASMCs were collected on
third day after transfection. β-actin or total Stat3 from the same blot was used as protein loading control.
n = 3–5 experiments. Values represent the means ± SEM. * p < 0.05 compared to LG (A–C) or HG (D–F). #
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induced changes on SMα-actin (A), SM22α (B), Cbfα-1 (C), and elastin (D) in HASMCs treated with 
HG for 7 days. CAS overexpression (E,F) reduced the protein expression of elastin (E,G), SMα-actin 
(H,I), SM22α (H,J) and increased the protein expression of Cbfα-1 (H,K) in HASMCs treated with HG 
for 3 days. n = 3–5. Values represent the means ± SEM. * p < 0.05 compared to LG (A–D) or HG (F,G,I–
K), # p < 0.05 compared to HG (A–D). 

2.6. Stat3 Inhibitor or Stat3 Silencing Inhibited Osteoblastic Differentiation, Decreased CAS Expression, but 
Increased Elastin Expression 

To study whether Stat3 is the upstream of CAS in its regulation of hyperglycemia-induced 
vascular calcification, both HO-3867 (HO, a selective Stat3 inhibitor, 5 μM) and RNA interference 
were employed. As shown in Figure 6A, HO significantly reduced HG-stimulated Stat3 activation. 
Similar to NaHS, HO also obviously attenuated the downregulated elastin expression (Figure 6B) and 
upregulated CAS expression (Figure 6C) and activity (Figure 6D) caused by HG treatment. The effect 
of HO on HG-stimulated CAS expression was further validated by the immunohistochemical 
staining (Figure 6E). Following transfection of HASMCs with Stat3-specific siRNA, Stat3 expression 
was successfully suppressed (Figure 6F,G). Stat3 silencing also resulted in a significant decrease in 
CAS expression (Figure 6F,H) and an obvious increase in elastin level (Figure 6F,I). 

Figure 5. Western blots showing the effects of LY, a CAS inhibitor, or CAS overexpression on calcification
and elastin expression in HG-treated HASMCs. (A–D): LY abolished the effects of HG-induced changes
on SMα-actin (A), SM22α (B), Cbfα-1 (C), and elastin (D) in HASMCs treated with HG for 7 days. CAS
overexpression (E,F) reduced the protein expression of elastin (E,G), SMα-actin (H,I), SM22α (H,J) and increased
the protein expression of Cbfα-1 (H,K) in HASMCs treated with HG for 3 days. n = 3–5. Values represent the
means ± SEM. * p < 0.05 compared to LG (A–D) or HG (F,G,I–K), # p < 0.05 compared to HG (A–D).
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2.6. Stat3 Inhibitor or Stat3 Silencing Inhibited Osteoblastic Differentiation, Decreased CAS Expression, but
Increased Elastin Expression

To study whether Stat3 is the upstream of CAS in its regulation of hyperglycemia-induced
vascular calcification, both HO-3867 (HO, a selective Stat3 inhibitor, 5 µM) and RNA interference
were employed. As shown in Figure 6A, HO significantly reduced HG-stimulated Stat3 activation.
Similar to NaHS, HO also obviously attenuated the downregulated elastin expression (Figure 6B) and
upregulated CAS expression (Figure 6C) and activity (Figure 6D) caused by HG treatment. The effect
of HO on HG-stimulated CAS expression was further validated by the immunohistochemical staining
(Figure 6E). Following transfection of HASMCs with Stat3-specific siRNA, Stat3 expression was
successfully suppressed (Figure 6F,G). Stat3 silencing also resulted in a significant decrease in CAS
expression (Figure 6F,H) and an obvious increase in elastin level (Figure 6F,I).Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 8 of 16 

 

 
Figure 6. Effects of HG on Stat3 phosphorylation, CAS activity, and protein expression of elastin and 
CAS in HASMCs treated with HO, a Stat3 inhibitor (A–D) or upon Stat3 silencing (F–I). (A–D): HO 
attenuated HG-induced Stat3 phosphorylation (A), down-regulation of elastin protein (B), and up-
regulation CAS protein (C) and CAS activity (D) in HASMCs treated with HG for 7 days. (E): 
Immunofluorescent staining shows that HG increased CAS protein expression and this effect was 
attenuated by NaHS or HO, but potentiated by PAG. CAS (red) and 4',6-diamidino-2-phenylindole 
(DAPI) (blue) in HASMCs (Magnification 100×). (F–I): Stat3 SiRNA (SiStat3) (F,G) also reduced the 
protein expression of CAS (H) and elastin (I) in HG-treated HASMCs for 3 days. HASMCs were 
treated with NaHS (100 μM), HO-3867 (a Stat3 inhibitor) and PAG (a CSE inhibitor), respectively, 
under the condition of LG or HG for 7 days. The fluorescence images are representatives from three 
independent experiments. Results are from one representative experiment and relative to total Stat3 
or β-actin expression. n = 3–5 experiments. Values represent the means ± SEM. * p < 0.05 compared to 
LG, # p < 0.05 compared to HG (A–D). * p < 0.05 compared to HG, # p < 0.05 compared to HG + Con-Si 
(G–I). 

2.7. Overexpression of WT-Stat3, but not that of Stat3 Mutant (C259S), Elevated CAS Protein Expression 
and Reduced Elastin Level in the Presence of HG 

Dimerization of Stat3 is necessary for its activation and function. Stat3 dimerization can be 
mediated by interchain disulfide bridging involving Cys259 [34–36]. For this reason, we successfully 
transfected WT- and C259S Stat3 into HASMCs under condition of HG (Figure 7A,B). It was found 
that overexpression of WT-Stat3, but not C259S, elevated CAS protein expression and reduced elastin 
levels (Figure 7C,D). These were reversed upon transfection with Stat3 (C259S), NaHS application 
had no obvious effects on CAS expression and elastin levels. The S-sulfhydration assay with the tag-
switch technique revealed that H2S induced S-sulfhydration in WT-Stat3 at the cysteine residue 
(Cys259), but not in the C259S mutant. This suggests that the S-sulfhydration at Cys259 may regulate 
Cys259 directly and then impair its dimer formation and activation (Figure 7E). 

Figure 6. Effects of HG on Stat3 phosphorylation, CAS activity, and protein expression of elastin and CAS
in HASMCs treated with HO, a Stat3 inhibitor (A–D) or upon Stat3 silencing (F–I). (A–D): HO attenuated
HG-induced Stat3 phosphorylation (A), down-regulation of elastin protein (B), and up-regulation CAS
protein (C) and CAS activity (D) in HASMCs treated with HG for 7 days. (E): Immunofluorescent
staining shows that HG increased CAS protein expression and this effect was attenuated by NaHS or
HO, but potentiated by PAG. CAS (red) and 4’,6-diamidino-2-phenylindole (DAPI) (blue) in HASMCs
(Magnification 100×). (F–I): Stat3 SiRNA (SiStat3) (F,G) also reduced the protein expression of CAS (H)
and elastin (I) in HG-treated HASMCs for 3 days. HASMCs were treated with NaHS (100 µM), HO-3867
(a Stat3 inhibitor) and PAG (a CSE inhibitor), respectively, under the condition of LG or HG for 7 days.
The fluorescence images are representatives from three independent experiments. Results are from one
representative experiment and relative to total Stat3 or β-actin expression. n = 3–5 experiments. Values
represent the means ± SEM. * p < 0.05 compared to LG, # p < 0.05 compared to HG (A–D). * p < 0.05
compared to HG, # p < 0.05 compared to HG + Con-Si (G–I).

2.7. Overexpression of WT-Stat3, but not that of Stat3 Mutant (C259S), Elevated CAS Protein Expression and
Reduced Elastin Level in the Presence of HG

Dimerization of Stat3 is necessary for its activation and function. Stat3 dimerization can be
mediated by interchain disulfide bridging involving Cys259 [34–36]. For this reason, we successfully
transfected WT- and C259S Stat3 into HASMCs under condition of HG (Figure 7A,B). It was found that
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overexpression of WT-Stat3, but not C259S, elevated CAS protein expression and reduced elastin levels
(Figure 7C,D). These were reversed upon transfection with Stat3 (C259S), NaHS application had no
obvious effects on CAS expression and elastin levels. The S-sulfhydration assay with the tag-switch
technique revealed that H2S induced S-sulfhydration in WT-Stat3 at the cysteine residue (Cys259), but
not in the C259S mutant. This suggests that the S-sulfhydration at Cys259 may regulate Cys259 directly
and then impair its dimer formation and activation (Figure 7E).
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Figure 7. C259 of Stat3 is one of the targets of NaHS (A–D). Western blotting analysis showing that
NaHS failed to produce effects on the protein expression of Stat3 (A,B), CAS (A,C) and elastin (A,D) in
cells with overexpressed Stat3 mutant C259S. Experiments were performed in HASMCs cells treated
with HG for 3 days. n = 3–5. The S-sulfhydration assay showing that NaHS induced S-sulfhydation
only in WT-Stat3, but not in C259S mutant (E). * p < 0.05 compared to Control (Con), # p < 0.05 compared
to WT-Stat3.

3. Discussion

In the present studies, we confirmed that high glucose promoted osteogenic transition and
calcification of HASMCs. Moreover, we found that H2S administration not only inhibited the
phenotype switching, but also ameliorated calcification of HASMCs. This was, at least partly, mediated
by the up-regulation of the elastin level in the aorta through the inhibition of Stat3/CAS signaling.

We found in the present study that the calcification development of HASMCs was associated with
the downregulated endogenous CSE/H2S in the smooth muscle cells. Pharmacological inhibition of
CSE activity aggravated calcification, stimulated Stat3 activation, increased CAS activity, and reduced
the elastin expression in HASMCs cultured by HG. Consistently, HG-induced activation of Stat3,
an increase of CAS activity, and a reduction of the elastin level were significantly attenuated by CSE
overexpression. These data suggest that endogenous H2S may be an important player to prevent
calcification development in diabetes.

Stat3, an inducible monomeric transcription factor, dimerizes upon phosphorylation, and then
translocates to the nucleus for exerting its functions on cell proliferation, angiogenesis, apoptotic
resistance, and tumor evasion [37,38]. Stat3 also regulates inflammation and immune responses in
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vascular dysfunction [22,23]. High glucose induces ER stress and inflammation through the activation
of Stat3 in diabetic retinopathy [25]. It has been put forward that Stat3 activation can induce the
production of the cytokine transforming growth factor-β1 (TGF-β1), and it responds to intracellular
ROS, and oxidative stress that may be a major contributor to diabetes [35]. Since ER stress, inflammation,
TGF-β1, and oxidative stress are the risk factors for VC under a hyperglycemic state, it is reasonable
to speculate that the inhibition of Stat3 signaling may be an effective strategy to inhibit calcification.
In this study, we found that Stat3 was activated in HASMCs treated by HG, and the effect was
restrained by H2S administration. Suppression of Stat3 phosphorylation with a Stat3 inhibitor and
Stat3 silencing produced a similar effect. These results confirm that Stat3 signaling may be involved
in the development of calcification caused by hyperglycemia. Stat3 dimerization is also mediated
by interchain disulfide bridging involving Cys259 [35,36]. One of the most important mechanisms
associated with the physiological effects of H2S in various body systems is post-translation modification,
which controls the activity of many proteins. H2S can react with particular cysteine residues through
converting cysteine –SH (thiol) groups to –SSH (persulfide) groups [39,40]. To confirm this, we
detected S-sulfhydration in both WT and C259S-Stat3. Our results showed that the mutant Stat3
(C259S) downregulated CAS expression. The data imply that Cys259 plays an important role in the
regulation of the expression of CAS. Interestingly, H2S had no significant effect on calcification in cells
overexpressing C259S-Stat3. H2S may act on and modify the molecular structure of C259 to attenuate
Stat3 activation. The S-sulfhydration assay further confirmed that H2S can induce S-sulfhydration at
the cysteine residue (Cys259). This sulfhydration may impair the dimer formation of Stat3 and result
in the anti-calcific effects in HASMCs-treated by HG.

CAS, a cysteine protease, can degrade the basement membrane and surrounding extracellular
matrix of arterial walls. It has been reported that CAS is implicated in mediating elastin degradation
and calcification in previous studies of atherosclerotic arteries of uremic, ApoE−/− mice [41],
and earlier Sukhova et al. demonstrated that the reduced atherosclerosis was found in CAS-deficient,
LDL-receptor-deficient mice [30]. Elastin is an important component for consisting of elastic fibers,
and it is synthesized and secreted from medial VSMCs for the maintenance of the VSMC phenotype
and the vascular environment [26,27]. Moreover, elastin loss and disruption of elastin fibers were
associated with aortic stiffening and remodeling in CKD [30] or STZ–diabetic rats [42]. Consequently,
inhibition of CAS to improve elastin levels could be a useful therapy for preventing VC. In the present
study, H2S inhibited the increases of CAS expression and activity in vivo and in vitro, and that those
were significantly inhibited by the Stat3 inhibitor. Moreover, down-regulation of Stat3 also inhibited
CAS expression in vitro. Interestingly, we observed that elastin was reduced markedly in HG-cultured
HASMCs, and they were improved by H2S administration or the pharmacological inhibition of Stat3
and CAS, respectively. Moreover, the overexpression of CAS caused the further decrease in elastin
and promoted the change of osteogenic phenotype in HASMCs. Collectively, these observations
demonstrated that Stat3/CAS mediates calcification by affecting elastin degradation, and H2S inhibiting
calcification is partly associated with the Stat3/CAS/elastin pathway.

The pathophysiological significance of H2S has been extensively studied in numerous diseases
such as cerebral, cardiovascular, and renal diseases [43–46]. Emerging evidence has suggested that
H2S also actively regulates vascular function and is implicated in vascular diseases including vascular
calcification [47]. In the recent decade years, remarkable progress has been made in the research of the
therapeutic potential of H2S, and continued innovation of its synthetic donors drives H2S research
forward [48]. H2S donors such as the hydrolysis-triggered donor GYY4137 and so on [48], enable
biological studies on the pathophysiological roles of H2S in vascular calcification. Although many
important questions remain unanswered in the field of H2S donors, persistent innovation in synthetic
donors and increased understanding of H2S physiology may eventually enable a pathway to the clinic
for vascular calcification.

The present study demonstrated that H2S offers protection against calcification by mitigating
Stat3/CAS signaling cascades for increasing local elastin levels. Further studies are needed to determine
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the precise mechanism by which H2S affects Stat3/CAS signaling involving the inhibition of VC in
diabetic patients.

4. Materials and Methods

4.1. Reagents

Tris, glycine, NaCl, SDS, mannitol, bovine serum albumin (BSA), sodium hydrosulfide
(NaHS), β-glycerophosphate (β-GP), ascorbate, and propargylglycine (PAG) were purchased from
Sigma-Aldrich (St Louis, MO, USA). HO-3867 and LY3000328 (LY) were from Medchem express,
LLC (Princeton, NJ, USA). Dulbecco’s modified Eagle’s medium (DMEM), fetal bovineserum (FBS),
streptomycin/penicillin and trypsin were obtained from Hyclone Laboratories (South Logan, UT, USA).
The RIPA buffer was purchased from Thermo Fisher Scientific Inc (Waltham, MA, USA). The Bradford
colorimetric protein assay kit (Rockford, IL, USA) was used for protein quantification. The calcium,
phosphorus, and alkaline phosphatase (ALP) kits were purchased from Jiancheng Bioengineering Co
(Nanjing, China).

4.2. Cell Culture

HASMCs (Cell Resource Center, SIBS, CAS) were cultured according to the manufacturer’s
instructions. HASMCs were incubated in Dulbecco’s modified Eagle medium (GE Healthcare HyClone
Cell Culture Media) and 10% HyClone fetal bovine serum (GE Healthcare Bio-Sciences, Pasching,
Austria). The calcifying medium contained 10 mM β-GP and 50 µg/mL ascorbate. Two concentrations
of glucose (1000 mg/L or 4500 mg/L) were used. Osmolarity in the normal glucose was corrected by
addition of mannitol (3500 mg/L) into the normal glucose (1000 mg/L) medium, and the medium was
changed every 2 days.

4.3. Determination of Calcification

Mineralization of HASMCs was induced using high glucose (4500 mg/L) under a Calcifying
medium containing β-GP and ascorbate for 14 days. Cells were fixed with 4% formaldehyde for
10–15 min and washed out, followed by an incubation with alizarin red (1%, w/v, pH 4.2) for 5 min,
and distilled water was used for a final rinse for half an hour. Positive calcium staining is red/orange.

4.4. Measurement of Calcium Content

O-cresolphthalein colorimetric (OCPC) method was used for calcium content measurement of the
HASMCs, which were decalcified with HCl at 37 ◦C for 24 h. The mixed working reagent solution
containing ethanolamine buffer, OCPC, and 8-hydroxyquinoline were added into the supernatant
fluid. The solutions were incubated at 30 ◦C for 5 min. The absorbance of the compound solution was
measured at 600 nm.

4.5. Measurement of Phosphorus Level

Phosphomolybdic acid method was used for phosphorus content examination. The precipitating
agent was added into the cell lysate. After that, the mixed solution was centrifuged at 3500 r/min
for 10 min, and working solution containing hosphomolybdic acid was added into the supernatant
fluid. The compound solution was incubated at 37 ◦C for 30 min, and the absorbance was measured at
660 nm.

4.6. Measurement of Alkaline Phosphatase (ALP)

Proteins were extracted from the HASMCs lysate in 0.05% Triton X-100 in PBS, respectively.
Total proteins were quantified using a bicinchoninic acid (BCA, ThermoFisher, Waltham, MA, USA)
protein assay. The supernatant was mixed with reaction mixture, respectively. The mixed solution
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was incubated at 37 ◦C for 15 min, then developer was added into each well, and the absorbance was
determined at 520 nm. ALP activity was calculated according to the manufacturer’s instructions.

4.7. Measurement of H2S Synthesis Enzymes Cystathionine-γ-lyase (CSE) Activity

The H2S production rate in aorta or HASMCs was measured as described previously [15]. Briefly,
HASMCs were harvested and rat aortic tissues from each group were homogenized in 100 mM
potassium phosphate buffer (pH 7.4). The assay was performed in the present of 10 mM L-cysteine,
and 2 mM pyridoxal 5′-phosphate. After incubation at 37 ◦C for 30 min, zinc acetate (1% w/v) was
added to trap H2S, trichloroacetic acid (10% w/v) was used to stop the reaction. Equal volumes
of N,N-dimethyl-p-phenylenediamine sulfate (20 mM) and FeCl3 (30 mM) were next added and
centrifuged for 10 min, the absorbance of supernatant at 670 nM was determined.

4.8. Measurement of CAS Activity

After measurement of the protein concentration, the homogenate of cell lysate (100 µg) was
incubated in chilled buffer on ice for 10 min and then centrifuged at a top speed in a microcentrifuge
for 5 min, respectively. The supernatant was transferred to a new tube. 50 µL of supernatant, 50 µL
of reaction buffer, and 2 µL of the 10 mM substrate were added orderly into the 96-well plate. After
incubation at 37 ◦C for 2 h, samples were measured by a Varioskan Flash microplate reader from
Thermo Electron Corporation (Waltham, Mass, USA) at the wavelength of 400 nm excitation and 505
nm emission.

4.9. Western Blot Analysis

Protein extracted from the HASMCs lysate was prepared and analyzed by Western blotting.
Homogenate made from the harvested HASMCs was lysed with a RIPA buffer containing phosphatase
and protease inhibitor. The protein quantification was measured using BCA method. Equal amounts
of protein (40 µg) were separated by 10% SDS-polyacrylamide gel electrophoresis (SDS/PAGE) and
proteins were transferred to nitrocellulose membrane (Bio-Rad). After blocking with 10% nonfat milk,
the membranes were probed with primary antibodies against SM22α, SMα-actin, elastin, CSE (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), P-Stat3, T-Stat3, Cbfα-1 (Cell Signaling Technology, 3 Trask
Lane Danvers, MA, USA) or CAS (Abcam, Cambridge, MA, USA) overnight at 4 ◦C. Horseradish
peroxidase–conjugated anti-mouse, anti-rabbit or anti-sheep IgG were used as a secondary antibody.
The immunoblots were visualized with an Enhanced Chemiluminescence Kit (ECL™ Plus, GE
Healthcare, Piscataway, NJ, USA) and immunodetection was performed using and autoradiography.
Protein band intensity was normalized with non-phosphorylated Stat3 or β-actin levels.

4.10. Immunofluorescence

HASMCs were fixed with acetone/methanol (1:1) for 10 min. After permeabilization with 0.1%
Triton x-100 in PBS for 10 min at room temperature, cells were blocked in bovine serum albumin
(BSA)/PBS for 1 h, then incubated with primary antibody (CAS, 1:50, ab18822) diluted in blocking
buffer, at 4 ◦C overnight. Secondary antibody CY3-conjugated anti-sheep IgG (red) was used for
fluorescence detection (1:200, Molecular Probes, Thermo Fisher Scientific, Waltham, MA, USA). Nuclei
were counterstained with DAPI.

4.11. Transfection of HASMCs with CAS and Stat3 Plasmid, and Stat3 siRNA

The construct of CAS was kindly provided by Dr. Hyun-Shik from School of Life Science and
Biotechnology, College of Natural Sciences, Kyungpook National University, Republic of Korea.
Human STAT3 small interfering RNA (sc-29493; Santa Cruz Biotechnology, Santa Cruz, CA, USA). Wild
type plasmid Stat3 (WT-Stat3) site directed mutagenesis was performed with the Phusion Site-Directed
Mutagenesis Kit from Thermo Fisher Scientific Inc based on an overlap extension polymerase chain
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reaction with pXJ40-Stat3 as template. The PCR products (WT-Stat3 and Stat3 C259S) were inserted
into a pIRESPuro3 vector. The plasmids were confirmed by DNA sequencing. Stat3 C259S plasmid
was transfected in HASMCs by using an Invitrogen Lipofectamine 3000 transfection kit (Carlsbad,
CA, USA). After transfection for 24 h, cells were treated with different chemicals. The transfection
efficiency was determined by Western blots.

4.12. S-sulfhydration Assay

Stat3 S-sulfhydration was determined with the tag-switch technique [34]. Briefly, cells transfected
with flag-tagged Stat3 or Mu-Stat3 (C259S) were treated with or without 100 µM NaHS for 30 min, then
cells were collected and resuspended in HEN buffer (250 mM HEPES, 50 mM NaCl, 1 mM Ethylene
Diamine Tetraacetic Acid (EDTA), 0.1 mM neocuproine, 1% NP-40) containing protease inhibitors.
After ultrasonication, 50 µL of the cell lysates was mixed with 50 mM MSBT-A and incubated in
water batch at 37 ◦C for 1 h. Subsequently, the mixture was desalted and pulled down with protein
A/G beads by anti-flag antibody. After washing for 3 times by using PBS with protease inhibitors,
the beads were incubated with 20 mM biotin-linked cyanoacetate in PBS containing 2.5% SDS at 37 ◦C
for 1 h. The excessive biotin-linked cyanoacetate in the supernatant was removed after centrifuge.
The remaining beads were mixed with 30 µL non-reducing loading buffer and boiled at 95 ◦C for 1 min.
Western blot method was used to analyze the resulted samples. S-sulfhydration of Stat3 was tested with
anti-biotin antibody, and the total Stat3 protein was detected with anti-flag antibody after stripping.

4.13. Statistical Analysis

Data are expressed as the mean ± SEM. One-way or two-way ANOVA followed by Bonferroni’s
post-hoc test was used analyze multiple comparisons. P < 0.05 was considered statistically significant.

Author Contributions: Conceptualization, J.-S.B., Y.-B.Z.; Data curation, J.-S.B.; Formal analysis, X.C., Z.-Y.W.,
H.Z.; Investigation, Y.-B.Z., H.Z., L.L., Y.K., L.D.; Methodology, Z.-Y.W.; Project administration, Y.-B.Z., H.Z., Y.K.,
G.S.; Writing – original draft, Y.-B.Z.; Writing – review & editing, J.-S.B.

Acknowledgments: This work was supported by Ministry of Education of Singapore Tier 2 Research grant
(MOE2017-T2-2-029) and Jiangsu Nature Science Foundation, China (BK20181185).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zhu, D.; Mackenzie, N.C.; Farquharson, C.; Macrae, V.E. Mechanisms and clinical consequences of vascular
calcification. Front. Endocrinol. 2012, 3, 95. [CrossRef] [PubMed]

2. Kay, A.M.; Simpson, C.L.; Stewart, J.A., Jr. The Role of AGE/RAGE Signaling in Diabetes-Mediated Vascular
Calcification. J. Diab. Res. 2016, 2016, 6809703. [CrossRef] [PubMed]

3. Ishimura, E.; Okuno, S.; Taniwaki, H.; Kizu, A.; Tsuchida, T.; Shioi, A.; Shoji, T.; Tabata, T.; Inaba, M.;
Nishizawa, Y. Different risk factors for vascular calcification in end-stage renal disease between diabetics
and nondiabetics: The respective importance of glycemic and phosphate control. Kidney Blood Press Res.
2008, 31, 10–15. [CrossRef] [PubMed]

4. Chen, N.X.; Moe, S.M. Arterial calcification in diabetes. Curr. Diab. Rep. 2003, 3, 28–32. [CrossRef] [PubMed]
5. Hruska, K.A.; Mathew, S.; Lund, R.; Qiu, P.; Pratt, R. Hyperphosphatemia of chronic kidney disease. Kidney Int.

2008, 74, 148–157. [CrossRef] [PubMed]
6. Lanzer, P.; Boehm, M.; Sorribas, V.; Thiriet, M.; Janzen, J.; Zeller, T.; St Hilaire, C.; Shanahan, C. Medial

vascular calcification revisited: Review and perspectives. Eur. Heart J. 2014, 35, 1515–1525. [CrossRef]
7. Klimentova, A.; Sagova, I.; Pridavkova, D.; Kantarova, D.; Makovicky, P.; Sadlonova, J.; Mokan, M. Diabetic

Kidney Disease 3rd stage–laboratory markers of mineral bone disorder. Vnitr. Lek. 2016, 62, 442–448.
8. Baktiroglu, S.; Yanar, F.; Ozata, I.H.; Oner, G.; Ercan, D. Arterial disease and vascular access in diabetic

patients. J. Vasc. Access. 2016, 17 (Suppl. 1), S69–S71. [CrossRef]

http://dx.doi.org/10.3389/fendo.2012.00095
http://www.ncbi.nlm.nih.gov/pubmed/22888324
http://dx.doi.org/10.1155/2016/6809703
http://www.ncbi.nlm.nih.gov/pubmed/27547766
http://dx.doi.org/10.1159/000112542
http://www.ncbi.nlm.nih.gov/pubmed/18097148
http://dx.doi.org/10.1007/s11892-003-0049-2
http://www.ncbi.nlm.nih.gov/pubmed/12643143
http://dx.doi.org/10.1038/ki.2008.130
http://www.ncbi.nlm.nih.gov/pubmed/18449174
http://dx.doi.org/10.1093/eurheartj/ehu163
http://dx.doi.org/10.5301/jva.5000532


Int. J. Mol. Sci. 2019, 20, 4202 13 of 14

9. Georgiadis, G.S.; Argyriou, C.; Antoniou, G.A.; Kantartzi, K.; Kriki, P.; Theodoridis, M.; Thodis, E.;
Lazarides, M.K. Upper limb vascular calcification score as a predictor of mortality in diabetic hemodialysis
patients. J. Vasc. Surg. 2015, 61, 1529–1537. [CrossRef]

10. Liu, Y.H.; Lu, M.; Hu, L.F.; Wong, P.T.; Webb, G.D.; Bian, J.S. Hydrogen sulfide in the mammalian
cardiovascular system. Antioxid. Redox Signal. 2012, 17, 141–185. [CrossRef]

11. Liu, Y.H.; Lu, M.; Xie, Z.Z.; Hua, F.; Xie, L.; Gao, J.H.; Koh, Y.H.; Bian, J.S. Hydrogen sulfide prevents heart
failure development via inhibition of renin release from mast cells in isoproterenol-treated rats. Antioxid.
Redox Signal. 2014, 20, 759–769. [CrossRef] [PubMed]

12. Yong, Q.C.; Pan, T.T.; Hu, L.F.; Bian, J.S. Negative regulation of beta-adrenergic function by hydrogen
sulphide in the rat hearts. J. Mol. Cell. Cardiol. 2008, 44, 701–710. [CrossRef] [PubMed]

13. Yang, G.; Wang, R. H2S and Blood Vessels: An Overview. Handb. Exp. Pharmacol. 2015, 230, 85–110.
[PubMed]

14. El-Sayed, S.S.; Zakaria, M.N.; Abdel-Ghany, R.H.; Abdel-Rahman, A.A. Cystathionine-gamma lyase-derived
hydrogen sulfide mediates the cardiovascular protective effects of moxonidine in diabetic rats. Eur. J. Pharmacol.
2016, 783, 73–84. [CrossRef] [PubMed]

15. Sun, A.; Wang, Y.; Liu, J.; Yu, X.; Sun, Y.; Yang, F.; Dong, S.; Wu, J.; Zhao, Y.; Xu, C.; et al. Exogenous
H2S modulates mitochondrial fusion-fission to inhibit vascular smooth muscle cell proliferation in a
hyperglycemic state. Cell Biosci. 2016, 6, 36. [CrossRef] [PubMed]

16. Li, F.; Luo, J.; Wu, Z.; Xiao, T.; Zeng, O.; Li, L.; Li, Y.; Yang, J. Hydrogen sulfide exhibits cardioprotective
effects by decreasing endoplasmic reticulum stress in a diabetic cardiomyopathy rat model. Mol. Med. Rep.
2016, 14, 865–873. [CrossRef] [PubMed]

17. Xiong, Q.; Wang, Z.; Yu, Y.; Wen, Y.; Suguro, R.; Mao, Y.; Zhu, Y.Z. Hydrogen sulfide stabilizes atherosclerotic
plaques in apolipoprotein E knockout mice. Pharmacol. Res. 2019, 144, 90–98. [CrossRef]

18. Liu, M.; Li, Y.; Liang, B.; Li, Z.; Jiang, Z.; Chu, C.; Yang, J. Hydrogen sulfide attenuates myocardial fibrosis in
diabetic rats through the JAK/STAT signaling pathway. Int. J. Mol. Med. 2018, 41, 1867–1876. [CrossRef]

19. Bessueille, L.; Fakhry, M.; Hamade, E.; Badran, B.; Magne, D. Glucose stimulates chondrocyte differentiation
of vascular smooth muscle cells and calcification: A possible role for IL-1beta. FEBS Lett. 2015, 589, 2797–2804.
[CrossRef]

20. Zhu, Q.; Guo, R.; Liu, C.; Fu, D.; Liu, F.; Hu, J.; Jiang, H. Endoplasmic Reticulum Stress-Mediated Apoptosis
Contributing to High Glucose-Induced Vascular Smooth Muscle Cell Calcification. J. Vasc. Res. 2015, 52, 291–298.
[CrossRef]

21. Shrivastava, K.; Llovera, G.; Recasens, M.; Chertoff, M.; Gimenez-Llort, L.; Gonzalez, B.; Acarin, L. Temporal
expression of cytokines and signal transducer and activator of transcription factor 3 activation after neonatal
hypoxia/ischemia in mice. Dev. Neurosci. 2013, 35, 212–225. [CrossRef] [PubMed]

22. Demyanets, S.; Kaun, C.; Rychli, K.; Pfaffenberger, S.; Kastl, S.P.; Hohensinner, P.J.; Rega, G.; Katsaros, K.M.;
Afonyushkin, T.; Bochkov, V.N.; et al. Oncostatin M-enhanced vascular endothelial growth factor expression
in human vascular smooth muscle cells involves PI3K-, p38 MAPK-, Erk1/2- and STAT1/STAT3-dependent
pathways and is attenuated by interferon-gamma. Basic Res. Cardiol. 2011, 106, 217–231. [CrossRef]
[PubMed]

23. Johnson, A.W.; Kinzenbaw, D.A.; Modrick, M.L.; Faraci, F.M. Small-molecule inhibitors of signal transducer
and activator of transcription 3 protect against angiotensin II-induced vascular dysfunction and hypertension.
Hypertension 2013, 61, 437–442. [CrossRef] [PubMed]

24. Kakutani, Y.; Shioi, A.; Shoji, T.; Okazaki, H.; Koyama, H.; Emoto, M.; Inaba, M. Oncostatin M Promotes
Osteoblastic Differentiation of Human Vascular Smooth Muscle Cells Through JAK3-STAT3 Pathway. J. Cell.
Biochem. 2015, 116, 1325–1333. [CrossRef] [PubMed]

25. Chen, Y.; Wang, J.J.; Li, J.; Hosoya, K.I.; Ratan, R.; Townes, T.; Zhang, S.X. Activating transcription factor 4
mediates hyperglycaemia-induced endothelial inflammation and retinal vascular leakage through activation
of STAT3 in a mouse model of type 1 diabetes. Diabetologia 2012, 55, 2533–2545. [CrossRef] [PubMed]

26. Simpson, C.L.; Lindley, S.; Eisenberg, C.; Basalyga, D.M.; Starcher, B.C.; Simionescu, D.T.; Vyavahare, N.R.
Toward cell therapy for vascular calcification: Osteoclast-mediated demineralization of calcified elastin.
Cardiovasc. Pathol. 2007, 16, 29–37. [CrossRef]

27. Vrhovski, B.; Weiss, A.S. Biochemistry of tropoelastin. Eur. J. Biochem. 1998, 258, 1–18. [CrossRef]

http://dx.doi.org/10.1016/j.jvs.2015.01.026
http://dx.doi.org/10.1089/ars.2011.4005
http://dx.doi.org/10.1089/ars.2012.4888
http://www.ncbi.nlm.nih.gov/pubmed/23581627
http://dx.doi.org/10.1016/j.yjmcc.2008.01.007
http://www.ncbi.nlm.nih.gov/pubmed/18329040
http://www.ncbi.nlm.nih.gov/pubmed/26162830
http://dx.doi.org/10.1016/j.ejphar.2016.04.054
http://www.ncbi.nlm.nih.gov/pubmed/27138707
http://dx.doi.org/10.1186/s13578-016-0102-x
http://www.ncbi.nlm.nih.gov/pubmed/27252826
http://dx.doi.org/10.3892/mmr.2016.5289
http://www.ncbi.nlm.nih.gov/pubmed/27222111
http://dx.doi.org/10.1016/j.phrs.2019.04.006
http://dx.doi.org/10.3892/ijmm.2018.3419
http://dx.doi.org/10.1016/j.febslet.2015.07.045
http://dx.doi.org/10.1159/000442980
http://dx.doi.org/10.1159/000348432
http://www.ncbi.nlm.nih.gov/pubmed/23571161
http://dx.doi.org/10.1007/s00395-010-0141-0
http://www.ncbi.nlm.nih.gov/pubmed/21174212
http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.00299
http://www.ncbi.nlm.nih.gov/pubmed/23266544
http://dx.doi.org/10.1002/jcb.25088
http://www.ncbi.nlm.nih.gov/pubmed/25735629
http://dx.doi.org/10.1007/s00125-012-2594-1
http://www.ncbi.nlm.nih.gov/pubmed/22660795
http://dx.doi.org/10.1016/j.carpath.2006.07.001
http://dx.doi.org/10.1046/j.1432-1327.1998.2580001.x


Int. J. Mol. Sci. 2019, 20, 4202 14 of 14

28. Liu, J.; Sukhova, G.K.; Sun, J.S.; Xu, W.H.; Libby, P.; Shi, G.P. Lysosomal cysteine proteases in atherosclerosis.
Arterioscler. Thromb. Vasc. Biol. 2004, 24, 1359–1366. [CrossRef]

29. Samokhin, A.O.; Lythgo, P.A.; Gauthier, J.Y.; Percival, M.D.; Bromme, D. Pharmacological inhibition of cathepsin S
decreases atherosclerotic lesions in Apoe−/−mice. J. Cardiovasc. Pharmacol. 2010, 56, 98–105. [CrossRef]

30. Aikawa, E.; Aikawa, M.; Libby, P.; Figueiredo, J.L.; Rusanescu, G.; Iwamoto, Y.; Fukuda, D.; Kohler, R.H.;
Shi, G.P.; Jaffer, F.A.; et al. Arterial and aortic valve calcification abolished by elastolytic cathepsin S deficiency
in chronic renal disease. Circulation 2009, 119, 1785–1794. [CrossRef]

31. Lafarge, J.C.; Pini, M.; Pelloux, V.; Orasanu, G.; Hartmann, G.; Venteclef, N.; Sulpice, T.; Shi, G.P.; Clement, K.;
Guerre-Millo, M. Cathepsin S inhibition lowers blood glucose levels in mice. Diabetologia 2014, 57, 1674–1683.
[CrossRef]

32. Kitamura, H.; Kamon, H.; Sawa, S.; Park, S.J.; xKatunuma, N.; Ishihara, K.; Murakami, M.; Hirano, T.
IL-6-STAT3 controls intracellular MHC class II alphabeta dimer level through cathepsin S activity in dendritic
cells. Immunity 2005, 23, 491–502. [CrossRef]

33. Chan, L.L.; Cheung, B.K.; Li, J.C.; Lau, A.S. A role for STAT3 and cathepsin S in IL-10 down-regulation of
IFN-gamma-induced MHC class II molecule on primary human blood macrophages. J. Leukoc. Biol. 2010, 88, 303–311.
[CrossRef]

34. Zhang, D.; Macinkovic, I.; Devarie-Baez, N.O.; Pan, J.; Park, C.M.; Carroll, K.S.; Filipovic, M.R.; Xian, M.
Detection of protein S-sulfhydration by a tag-switch technique. Angew. Chem. 2014, 53, 575–581. [CrossRef]

35. Li, L.; Shaw, P.E. A STAT3 dimer formed by inter-chain disulphide bridging during oxidative stress. Biochem.
Biophys. Res. Commun. 2004, 322, 1005–1011. [CrossRef]

36. Ahmad, R.; Raina, D.; Meyer, C.; Kufe, D. Triterpenoid CDDO-methyl ester inhibits the Janus-activated
kinase-1 (JAK1)–>signal transducer and activator of transcription-3 (STAT3) pathway by direct inhibition of
JAK1 and STAT3. Cancer Res. 2008, 68, 2920–2926. [CrossRef]

37. Darnell, J.E., Jr.; Kerr, I.M.; Stark, G.R. Jak-STAT pathways and transcriptional activation in response to IFNs
and other extracellular signaling proteins. Science 1994, 264, 1415–1421. [CrossRef]

38. Darnell, J.E., Jr. STATs and gene regulation. Science 1997, 277, 1630–1635. [CrossRef]
39. Paul, B.D.; Snyder, S.H. Modes of physiologic H2S signaling in the brain and peripheral tissues. Antioxid.

Redox Signal. 2015, 22, 411–423. [CrossRef]
40. Zhou, H.; Ding, L.; Wu, Z.; Cao, X.; Zhang, Q.; Lin, L.; Bian, J.S. Hydrogen sulfide reduces RAGE toxicity

through inhibition of its dimer formation. Free Radic. Biol. Med. 2017, 104, 262–271. [CrossRef]
41. Figueiredo, J.L.; Aikawa, M.; Zheng, C.; Aaron, J.; Lax, L.; Libby, P.; de Lima Filho, J.L.; Gruener, S.; Fingerle, J.;

Haap, W.; et al. Selective cathepsin S inhibition attenuates atherosclerosis in apolipoprotein E-deficient mice
with chronic renal disease. Am. J. Pathol. 2015, 185, 1156–1166. [CrossRef] [PubMed]

42. Salum, E.; Butlin, M.; Kals, J.; Zilmer, M.; Eha, J.; Avolio, A.P.; Arend, A.; Aunapuu, M.; Kampus, P.
Angiotensin II receptor blocker telmisartan attenuates aortic stiffening and remodelling in STZ-diabetic rats.
Diabetol. Metab. Syndr. 2014, 6, 57. [CrossRef] [PubMed]

43. Narne, P.; Pandey, V.; Phanithi, P.B. Role of Nitric Oxide and Hydrogen Sulfide in Ischemic Stroke and the
Emergent Epigenetic Underpinnings. Mol. Neurobiol. 2019, 56, 1749–1769. [CrossRef] [PubMed]

44. Citi, V.; Piragine, E.; Testai, L.; Breschi, M.C.; Calderone, V.; Martelli, A. The Role of Hydrogen Sulfide and H2S-donors
in Myocardial Protection Against Ischemia/Reperfusion Injury. Curr. Med. Chem. 2018, 25, 4380–4401. [CrossRef]
[PubMed]

45. Monti, M.; Hyseni, I.; Pacini, A.; Monzani, E.; Casella, L.; Morbidelli, L. Cross-talk between endogenous H2S
and NO accounts for vascular protective activity of the metal-nonoate Zn(PipNONO)Cl. Biochem. Pharmacol.
2018, 152, 143–152. [CrossRef] [PubMed]

46. Cao, X.; Bian, J.S. The Role of Hydrogen Sulfide in Renal System. Front. Pharmacol. 2016, 7, 385. [CrossRef] [PubMed]
47. Yang, R.; Teng, X.; Li, H.; Xue, H.M.; Guo, Q.; Xiao, L.; Wu, Y.M. Hydrogen Sulfide Improves Vascular Calcification in

Rats by Inhibiting Endoplasmic Reticulum Stress. Oxid. Med. Cell. Longev. 2016, 2016, 9095242. [CrossRef] [PubMed]
48. Powell, C.R.; Dillon, K.M.; Matson, J.B. A review of hydrogen sulfide (H2S) donors: Chemistry and potential

therapeutic applications. Biochem. Pharmacol. 2018, 149, 110–123. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1161/01.ATV.0000134530.27208.41
http://dx.doi.org/10.1097/FJC.0b013e3181e23e10
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.827972
http://dx.doi.org/10.1007/s00125-014-3280-2
http://dx.doi.org/10.1016/j.immuni.2005.09.010
http://dx.doi.org/10.1189/jlb.1009659
http://dx.doi.org/10.1002/anie.201305876
http://dx.doi.org/10.1016/j.bbrc.2004.08.014
http://dx.doi.org/10.1158/0008-5472.CAN-07-3036
http://dx.doi.org/10.1126/science.8197455
http://dx.doi.org/10.1126/science.277.5332.1630
http://dx.doi.org/10.1089/ars.2014.5917
http://dx.doi.org/10.1016/j.freeradbiomed.2017.01.026
http://dx.doi.org/10.1016/j.ajpath.2014.11.026
http://www.ncbi.nlm.nih.gov/pubmed/25680278
http://dx.doi.org/10.1186/1758-5996-6-57
http://www.ncbi.nlm.nih.gov/pubmed/24920962
http://dx.doi.org/10.1007/s12035-018-1141-6
http://www.ncbi.nlm.nih.gov/pubmed/29926377
http://dx.doi.org/10.2174/0929867325666180212120504
http://www.ncbi.nlm.nih.gov/pubmed/29436990
http://dx.doi.org/10.1016/j.bcp.2018.03.025
http://www.ncbi.nlm.nih.gov/pubmed/29588193
http://dx.doi.org/10.3389/fphar.2016.00385
http://www.ncbi.nlm.nih.gov/pubmed/27803669
http://dx.doi.org/10.1155/2016/9095242
http://www.ncbi.nlm.nih.gov/pubmed/27022436
http://dx.doi.org/10.1016/j.bcp.2017.11.014
http://www.ncbi.nlm.nih.gov/pubmed/29175421
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	NaHS Treatment Attenuates Calcification in High Glucose (HG) Treated HASMCs. 
	NaHS Treatment Inhibits Osteogenic Transition of VSMC in HG Treated HASMCs. 
	Impaired Endogenous H2S Generating Enzyme Activity and Expression in HG-Treated HASMCs 
	Effect of Endogenous H2S on Stat3/CAS/Elastin Pathway 
	CAS Is Important in Calcification of Smooth Muscle Cells 
	Stat3 Inhibitor or Stat3 Silencing Inhibited Osteoblastic Differentiation, Decreased CAS Expression, but Increased Elastin Expression 
	Overexpression of WT-Stat3, but not that of Stat3 Mutant (C259S), Elevated CAS Protein Expression and Reduced Elastin Level in the Presence of HG 

	Discussion 
	Materials and Methods 
	Reagents 
	Cell Culture 
	Determination of Calcification 
	Measurement of Calcium Content 
	Measurement of Phosphorus Level 
	Measurement of Alkaline Phosphatase (ALP) 
	Measurement of H2S Synthesis Enzymes Cystathionine–lyase (CSE) Activity 
	Measurement of CAS Activity 
	Western Blot Analysis 
	Immunofluorescence 
	Transfection of HASMCs with CAS and Stat3 Plasmid, and Stat3 siRNA 
	S-sulfhydration Assay 
	Statistical Analysis 

	References

