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Matthew Whiteman j, Roberta Torregrossa j, Yuchao Ding a,c, Lívia Beke k, Zoltán Hendrik i, 
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A B S T R A C T   

Hydrogen sulfide (H2S) was previously revealed to inhibit osteoblastic differentiation of valvular interstitial cells 
(VICs), a pathological feature in calcific aortic valve disease (CAVD). This study aimed to explore the metabolic 
control of H2S levels in human aortic valves. 

Lower levels of bioavailable H2S and higher levels of interleukin-1β (IL-1β) and tumor necrosis factor-α (TNF- 
α) were detected in aortic valves of CAVD patients compared to healthy individuals, accompanied by higher 
expression of cystathionine γ-lyase (CSE) and same expression of cystathionine β-synthase (CBS). Increased 
biogenesis of H2S by CSE was found in the aortic valves of CAVD patients which is supported by increased 
production of lanthionine. In accordance, healthy human aortic VICs mimic human pathology under calcifying 
conditions, as elevated CSE expression is associated with low levels of H2S. The expression of mitochondrial 
enzymes involved in H2S catabolism including sulfide quinone oxidoreductase (SQR), the key enzyme in mito-
chondrial H2S oxidation, persulfide dioxygenase (ETHE1), sulfite oxidase (SO) and thiosulfate sulfurtransferase 
(TST) were up-regulated in calcific aortic valve tissues, and a similar expression pattern was observed in response 
to high phosphate levels in VICs. AP39, a mitochondria-targeting H2S donor, rescued VICs from an osteoblastic 
phenotype switch and reduced the expression of IL-1β and TNF-α in VICs. Both pro-inflammatory cytokines 
aggravated calcification and osteoblastic differentiation of VICs derived from the calcific aortic valves. In 
contrast, IL-1β and TNF-α provided an early and transient inhibition of VICs calcification and osteoblastic dif-
ferentiation in healthy cells and that effect was lost as H2S levels decreased. The benefit was mediated via CSE 
induction and H2S generation. 
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We conclude that decreased levels of bioavailable H2S in human calcific aortic valves result from an increased 
H2S metabolism that facilitates the development of CAVD. CSE/H2S represent a pathway that reverses the action 
of calcifying stimuli.   

1. Introduction 

Calcific aortic valve disease (CAVD) is the most common valvular 
heart disease with high morbidity and mortality [1]. CAVD is an active 
disease, the affected valves are characterized by calcification and 
inflammation [1–5]. It was shown previously that pro-inflammatory 
cytokines, including interleukin-1β (IL-1β) and tumor necrosis factor α 
(TNF-α) are associated with CAVD, and inflammation is a hallmark of 
CAVD [1,5,6]. 

It has been revealed that valvular interstitial cells (VICs) trans-
differentiate into osteoblast-like cells resulting in calcification of the 
aortic valve in CAVD [7,8]. The progression of CAVD is pronounced in 
patients with diabetes and chronic kidney disease (CKD) [9]. Hyper-
phosphatemia is an independent cardiovascular risk factor in CKD [10, 
11], and it has been linked to vascular calcification [9,12–14]. One of 
the most potent inducers of osteoblastic transdifferentiation and 
vascular calcification is elevated plasma phosphate levels [15–17]. 

It is well established that H2S exhibits physiological functions by 
maintaining vascular homeostasis [18–23]. In animal models, it was 
revealed that a decrease in endogenous H2S generation promotes 
atheroma formation in CSE-knockout mice, which is counteracted by 
exogenous sodium hydrosulfide (NaSH) treatment [24]. Furthermore, 
CSE expression was found to control flow-dependent vascular remod-
eling in disturbed flow regions of the vasculature [25]. In human studies, 
it has been found that patients with vascular diseases have significantly 
lower concentrations of circulating sulfide compared to healthy controls 
[26–28]. Moreover, patients with lower blood H2S levels were shown to 
have lower post-operative survival after surgical revascularization [28]. 

Intracellular H2S levels are tightly controlled by its biogenesis and 
efficient oxidative catabolism in the mitochondria [29]. H2S can be 
generated via enzymatic routes including cystathionine γ-lyase (CSE) 
[30], cystathionine β-synthase (CBS) [31] and mercaptopyruvate sul-
furtransferase (MPST) enzymes [32]. The canonical H2S catabolizing 
oxidation pathway proceeds through a series of mitochondrial enzymes 
consisting of sulfide: quinone oxidoreductase (SQR) [33–35], persulfide 
dioxygenase (ETHE1) [36], thiosulfate sulfurtransferase (TST) [37] and 

sulfite oxidase (SO) [38,39]. 
Mitochondria-targeted H2S donor, AP39 was developed as a useful 

pharmacological tool to study the mitochondrial physiology of H2S in 
health and disease [40]. The rationale for targeted delivery of H2S to the 
mitochondria is based on the evidence that H2S can attenuate mito-
chondrial reactive oxygen generation and preserves mitochondrial 
integrity [41]. 

Previously, our laboratory demonstrated that endogenous H2S 
generated by CSE controls mineralization and osteoblastic transition of 
human vascular smooth muscle cells [27] and human aortic VICs [42], 
and that CSE inhibits calcification of aortic valves in apolipoprotein E 
knockout mice (ApoE− /− ) [43]. It was also shown that the inhibitory 
effect of H2S on aortic valve calcification is connected to its 
inflammation-controlling function [43]. Therefore, the objective of this 
current study was to investigate the control of H2S levels in aortic valves 
of CAVD patients and to assess the calcification potential of human 
aortic valvular interstitial cells in the calcifying environment and their 
response to proinflammatory cytokines. 

2. Materials and methods 

2.1. Materials 

All chemicals were analytical reagent grade or higher and were ob-
tained from Sigma-Aldrich, (St Louis, MO, USA). The sulfide donor 
molecule used in our experiments - AP39 [(10-oxo-10-(4-(3-thioxo-3H- 
1,2-dithiol-5yl) phenoxy)decyl) triphenylphosphonium bromide] - was 
synthesized in our laboratory [44–46]. The sulfide stock solutions were 
freshly prepared in physiological saline before treatments. 
β-(4-hydroxyphenyl)ethyl iodoacetamide (HPE-IAM) was purchased 
from Santa Cruz Biotechnology (Dallas, TX, USA). 

2.2. Human tissue samples and cell isolation 

The cusps of human aortic valve leaflets were obtained from patients 
with severe calcified aortic valve disease who underwent valve 
replacement. The cusps of human aortic valve leaflets were obtained 
between August 2018 and May 2021 (58 patients) (Regional Research 
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Ethical Committee, Project No.: 61538-2/2017/EKU and 5643-2021). 
Healthy aortic valves (HAVs) were obtained from cadavers (N = 5) of 
suicide or traumatic events without cardiovascular diseases from the 
Department of Forensic Medicine, University of Debrecen (Regional 
Research Ethical Committee, Project No.: 5038-2018). VICs were iso-
lated from human heart valves using collagenase type two (600 U/ml− 1) 
(Worthington Biochemical Corp.) and cultured as previously described 
[47]. All our experiments were performed on cells derived from 5 
different donors in phenol red-free media. 

2.3. Induction of inflammation in human healthy and calcified aortic 
valve derived VICs 

Healthy aortic valve-derived interstitial cells (HAV-VICs) and calci-
fied aortic valve-derived interstitial cells (CAV-VICs) were cultured in a 
calcification medium (2.5 mmol/L inorganic phosphate and 1.8 mmol/L 
calcium-chloride) with or without 10 nmol/L TNF-α or IL-1β, without 
phenol red for 5 days. 

2.4. Induction of calcification, calcium measurement, Alizarin Red S 
staining 

At approximately 80% confluence, VICs were cultured in a calcifi-
cation medium with or without phenol red supplemented with 2.5 
mmol/L inorganic phosphate and 1.8 mmol/L calcium chloride for 5 
days. For time-dependent experiments, the first day of culturing in 
calcification medium was considered as day 0. 

VICs were washed twice with phosphate-buffered saline (PBS) and 
decalcified using 0.6 mol/L hydrochloric acid (HCl). The calcium con-
tents of the supernatants were assigned by QuantiChrome Calcium Assay 
Kit (Gentaur; 65-DICA-500), normalized to protein content. 

Alizarin Red S (Sigma Aldrich; A5533) stainings were used to visu-
alize calcium deposition. Cells were fixed with 3.7% formaldehyde for 
10 min at 4 ◦C and stained with 2% Alizarin Red S. Stained cells were 
visualized using Leica DMIL LED microscope, Leica DMC4500 camera 
with Leica application suite LAS Software 4.9.0× and 10× magnifica-
tion). Calcified regions were evaluated by ImageJ software. 

2.5. Alkaline phosphatase staining 

To visualize alkaline phosphatase activity, cells were cultured in 24 
well plates and fixed in Citrate-acetone solution (2:3) followed by 
staining with Naphtanol AS-MX –Fast Violet B solution (Sigma; 1596-56- 
1). Cells were visualized using Leica DMIL LED microscope, Leica 
DMC4500 camera with Leica application suite LAS Software 4.9.0×, 
10× magnification. Calcified areas were measured by ImageJ software. 

2.6. Quantitative real-time PCR (qRT-PCR) 

VICs were cultured in growth media and calcification media sup-
plemented with 5 nmol/L AP39. After 5 days cells were harvested. Total 
RNA was isolated using RNAzol STAT-60 according to the manufac-
turer’s instructions (TEL-TEST Inc., Friendswood, TX, USA). RNA con-
centrations were measured with a NanoDropTM 2000c 
spectrophotometer (Thermo Scientific Inc., Waltham, MA, USA). Sub-
sequently, cDNA synthesis was performed using a high-capacity cDNA 
kit (Applied Biosystems, Foster City, CA). We used real-time PCR tech-
nique for quantification of mRNA levels of TNF-α (Thermo Fisher 

Scientific Inc.; HS00174128) and IL-1β (Thermo Fisher Scientific Inc.; 
HS0155410) and GAPDH (Thermo Fisher Scientific Inc.; HS02758991). 
TaqMan Universal PCR Master Mix was purchased from Applied Bio-
systems (Applied Biosystems, Foster City, CA). Finally, we performed 
TaqMan quantitative PCR (40 cycles at 95 ◦C for 15 s and 60 ◦C for 1 
min) on 96-well plates with the Bio-Rad CFX96 (Bio-Rad Laboratories 
Inc., Hercules, California, USA) detection system. Results were 
expressed as mRNA expression normalized to GAPDH. 

2.7. Western blot 

The following primary antibodies were used in the project: rabbit 
anti-human TNF-α (Thermo Fisher Scientific; PA5-19810; 400 ng/mL), 
rabbit anti-human IL-1β (Invitrogen; 17 h18l16; 400 ng/mL), rabbit 
anti-human ALP (Abcam; ab65834; 1000 ng/mL), rabbit anti-human 
CSE (Proteintech Group; 12217-1-AP; 1000 ng/mL); rabbit anti-human 
SO (Thermo Fisher Scientific; PA5-21705; 1 mg/mL), rabbit anti-human 
ETHE1 Thermo Fisher Scientific; PA5-56040; 0,30 mg/mL), rabbit anti- 
human SQR (Proteintech Group; 17256-1-AP; 550 μg/mL), rabbit anti- 
human TST (Abcam; ab166625; 0.08 mg/mL) and rabbit anti-human 
CBS (Proteintech Group; 14787-1-AP; 700 μg/mL). HRP-labeled anti- 
rabbit or anti-mouse IgG secondary antibodies were used. Complexes of 
antigen-antibody were visualized with a horseradish peroxidase chem-
iluminescence detection system (Amersham Biosciences; RPN2109). 
After developing signals, membranes were stripped and incubated with 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 

2.8. Immunofluorescence staining 

VICs were cultured on the coverslip and treated with and without 
calcification medium in the absence of phenol red, supplemented with 5 
nmol/L AP39 for 5 days. After treatment, the cells were fixed with 3.7% 
formaldehyde for 15 min and blocked with 10% goat serum for 1 h at 
room temperature. Mouse anti-human TNF-α (Santa Cruz; sc-52746; 
100 μg/mL) and rabbit anti-human IL-1β (Invitrogen; 17h18116; 400 
ng/mL) at 1:500 dilution were used as primary antibodies to show levels 
of TNF-α and IL-1β in VICs. TNF-α antibody was labeled with goat anti- 
mouse Alexa Fluor 488 fluorophore (Thermo Fisher Scientific; A11004) 
and IL-1β was labeled with goat anti-rabbit Alexa Fluor 488 fluorophore 
(Thermo Fisher Scientific; A11070) for 1 h in dark at room temperature. 
All secondary antibodies were used at 1:500 dilution. Hydroxyapatite 
crystals were stained with IVI Sense Osteo 680 Fluorescent Probe 
(OsteoSense; PerkinElmer®; NEV10020EX). Hoechst 33258 was used to 
stain nuclei. Multicolor STED imaging was acquired with STED (Stim-
ulated Emission Depletion) Leica TCS SP8 gated STED-CW nanoscopy 
(Leica Microsystem Mannheim, Germany). Gated STED images were 
deconvolved using Huygens Professional (Scientific Volume Imaging B. 
V., Hilversum, Netherlands) software. Levels of TNF-α and IL-1β were 
evaluated by Image J software. Separate images of immunofluorescence 
stainings (nucleus, osteosense, IL-1β, and TNF-α) with their antibody 
controls can be found in the Supplementary Fig. 3. 

2.9. Determination of sulfide levels from cell lysates with modified 
methylene blue assay 

Sulfide levels were measured with zinc precipitation method ac-
cording to Gilboa-Garber et al. [48] and A. D. Ang et al. [49]. Cell lysates 
(50 μL) were mixed with 350 μL 1% zinc acetate and 50 μL 1.5 mol/L 

Fig. 1. Decreased levels of bioavailable hydrogen sulfide and high expression of inflammatory cytokines are characteristics of human calcific aortic valves 
(A) Hematoxylin and eosin, TNF-α, IL-1β, and CSE immunohistochemical (IHC) stainings were performed on healthy aortic valves (HAVs) derived from the 
Department of Forensic Medicine, University of Debrecen (N = 5) and on calcific aortic valves (CAVs) of patients diagnosed with CAVD undergoing total aortic valve 
replacement (N = 5). Scale bars shown in the images represent 200 μm or 50 μm. (B) Quantitative analysis of TNF-α, and IL-1β IHC staining of tissue sections were 
calculated using ImageJ software (N = 5) (C, left panel). Quantitative analysis of CSE IHC staining of tissue sections was calculated using ImageJ software (N = 5) (C, 
right panel). Levels of bioavailable H2S of healthy aortic valves and calcific aortic valves measured with LC-MS/MS are shown (N = 5). Results were analyzed by 
unpaired t-test and are shown as mean values ± SEM of five independent experiments. **p < 0.01; ***p < 0.001. 

Z. Combi et al.                                                                                                                                                                                                                                   



Redox Biology 60 (2023) 102629

5

(caption on next page) 

Z. Combi et al.                                                                                                                                                                                                                                   



Redox Biology 60 (2023) 102629

6

sodium hydroxide and incubated for 60 min on a shaker. The incubation 
step was followed by centrifugation at 2000g for 5 min to pellet the 
generated zinc sulfide. The supernatant was then removed, and the 
pellet was washed with 1 mL of distilled water by vortexing extensively, 
followed by centrifugation at 2000g for 5 min. The supernatant was then 
discarded and the pellet was reconstituted with 160 μL of distilled water 
and mixed with 40 μL of pre-mixed dye (20 μL of 20 mmol/L 
dimethyl-p-phenylenediamine dihydrochlorides (NNDP) in 7.2 mol/L 
HCl and 20 μL of 30 mmol/L iron (III) chloride (FeCl3) in 1.2 mol/L HCl). 
After 10 min, the absorbance of the generated methylene blue (MB) was 
measured with a spectrophotometer at 667 nm. The concentrations were 
determined by the MB’s extinction coefficient (30 200 M− 1cm− 1). 
Samples were normalized to protein content. Results are shown as 
μmol/L total H2S/mg protein. 

2.10. Dual silencing of cystathionine γ-lyase and cystathionine β-synthase 

Transient silencing of cystathionine γ-lyase (CSE) and cystathionine 
β-synthase (CBS) genes using siRNAs (CSE: Ambion; 4392420; s3710; 
CBS: Ambion; 4390824; s289) were performed. Briefly, VICs were 
cultured in an antibiotic-free medium (D-MEM, Sigma) in 12 well plates. 
At approximately 70% confluence, cells were transfected with CSE and 
CBS siRNA for 4 h in minimal serum media (Opti-MEM, Gibco). After 4 
h, 30% fetal bovine serum (FBS) containing, antibiotic-free D-MEM was 
added. The next day, cells were washed and treated with 2.5 mmol/L 
inorganic phosphate and 1.8 mmol/L calcium chloride further 10 nmol/ 
L TNF-α or 10 nmol/L IL-1β cytokines every other day until 5 days. 

2.11. Immunohistochemistry (IHC) 

Heart valve tissues were fixed with 10% (v/v) neutral buffered 
formalin (NBF) for one day. After fixation, samples were dehydrated 
with ethanol and embedded in paraffin wax. IHC assays were performed 
on a VENTANA BenchMark Ultra automated staining instrument (Ven-
tana Medical Systems), using VENTANA reagents except as noted, ac-
cording to the manufacturer’s instructions. Slides were deparaffinized 
using EZ Prep solution (Ventana medical systems; product number: 
5279771001) for 4 min at 72 ◦C. For epitope retrieval, ULTRA Cell 
Conditioning 1 Solution (ULTRA CC1) was used (contains: Tris-based 
buffer and a preservative (Ventana medical systems; product no: 
5424569001) at 100 ◦C, for 52 min. Antibodies used for IHC: rabbit anti- 
human TNF-α (Thermo Fisher Scientific; PA5-19810; 400 ng/mL); rabbit 
anti-human IL-1β (Invitrogen; 17 h18l16; 400 ng/mL); rabbit anti- 
human CSE (Proteintech Group; 12217-1-AP; 1000 ng/mL); and rabbit 
anti-human CBS (Proteintech Group; 14787-1-AP; 700 μg/mL. For 
detection, slides were developed using VENTANA ultraView Universal 
DAB detection kit (Ventana medical systems; product no: 5269806001) 
according to the manufacturer’s instructions. Slides were then coun-
terstained with hematoxylin II (Ventana medical systems; product no: 
5277965001) for 12 min, followed by Bluing reagent (Ventana medical 
systems; product no: 5266769001) for 8 min. The intensity and distri-
bution of antibody expression were assessed by light microscopy (Leica 
DM2500 microscope, DFC 420 camera, and Leica Application Suite V3 
software, Wetzlar, Germany). 

2.12. LC-MS/MS measurement of CSSC, cystathionine, lanthionine and 
HCys 

Cryogenically pulverized tissues (N = 5) were resuspended in CHAPS 
buffer (150 mmol/L KCl, 50 mmol/L HEPES pH 7.4, 0.1% CHAPS, 
protease inhibitors) and sonicated for 10 s. After centrifugation (14 000 
g 10 min, 4 ◦C) protein concentrations were measured from the super-
natant using the BCA method. 50 μl of the samples at 1 mg/mL protein 
concentration was derivatized with the EZ:Faast kit (Phenomenex, 
Torrance, CA, USA) following the manufacturer’s instructions and 
measured with a Thermo Vanquish UHPLC system coupled to a Thermo 
Q Exactive Focus mass spectrometer. m/z values for CSSC, Cystathionine 
and HCys recommended by the EZ:Faast kit were used, Lanthionine was 
monitored using published m/z values [50]. 

2.13. LC-MS/MS measurement of bioavailable H2S 

Measurement is based on the method published by Akaike et al. [51] 
as described here: cryogenically pulverized heart tissue was resuspended 
in ice-cold methanol containing 5 mmol/L β-(4-hydroxyphenyl)ethyl 
iodoacetamide (HPE-IAM). Between each preparation step, samples 
were kept on ice. After sonication the derivatizations were carried out at 
37 ◦C for 20 min followed by centrifugation at 14 000 g for 10 min at 
4 ◦C. 100 μL of the supernatants were acidified with 5 μL of 10% formic 
acid and diluted two-fold with 0.1% FA/H2O before injection. Tissue 
pellets were dissolved in 1% SDS/PBS, sonicated and protein contents 
were measured using BCA assay. Liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) measurements were carried out on a Thermo 
Q-Exactive Focus Orbitrap mass spectrometer coupled to a Thermo 
Vanquish UHPLC (ultra-high-performance liquid chromatograph). The 
derivatized analytes were separated on a Phenomenex Kinetex C18 (50 
× 2.1 mm, 2.6 μm) column with eluents 0.1% FA/H2O (A) and 0.1% 
FA/MeOH (B). The initial 5% B was linearly increased to 95% in 15 min, 
then lowered back to 5% B in 2 min and held there for 3 min before the 
next injection. Flow rate was 0.3 mL/min at 30 ◦C. MS/MS detection for 
the alkylated sulfide product was carried out in positive ionization 
mode, higher-energy collisional dissociation (HCD) was used to detect 
the 252 m/z fragment from the 389 m/z precursor ion. 

2.14. LC-MS/MS measurement of protein persulfidation 

Measurement is based on the method published by Akaike et al. [51] 
and performed as described here: Cryogenically pulverized heart tissues 
were resuspended in RIPA buffer containing 5 mmol/L HPE-IAM and 
sonicated. After centrifugation at 14 000 g for 10 min at RT, 100 μL of 
the supernatants were desalted using Zeba spin columns (7K MWCO, 0.5 
mL). The protein contents of the flow-through were measured using BCA 
method, then 4 μL of 100 mmol/L HPE-IAM in DMSO was added. Protein 
levels of the desalted samples were brought to equal using RIPA buffer 
and digested with pronase (3 mg/mL) in 35 mmol/L Na-acetate buffer 
(pH 5.0) at 37 ◦C for 1 h. The samples were acidified with 10% TCA and 
centrifuged for 10 min at 14 000 g RT. The supernatants were injected 
onto the LC-MS/MS and the derivatized analytes were measured by 
using the LC-MS/MS method mentioned above under “LC-MS/MS 
measurement of bioavailable H2S“. MS/MS detection for cysteine and 
cysteine-persulfide was carried out in positive ionization mode, 
higher-energy collisional dissociation (HCD) was used to detect the 121 
m/z fragment from 299 m/z (cysteine) and 331 m/z 

Fig. 2. Expression of cystathionine beta-synthase doesn’t change in cavd 
(A) Hematoxylin and eosin and CBS immunohistochemical (IHC) stainings were performed on healthy aortic valves (HAVs) derived from the Department of Forensic 
Medicine, University of Debrecen (N = 5) and on calcific aortic valves (CAVs) of patients diagnosed with CAVD undergoing total aortic valve replacement (N = 5). 
Scale bars shown in the images represent 100 μm or 50 μm. (B) HAVs (N = 4) and CAVs (N = 5) were cryogenically pulverized and taken up with cell lysis buffer 
followed by 5-s sonication on ice three times. CBS protein expression normalized to GAPDH of healthy human aortic valves (N = 4) and calcified human aortic valves 
(N = 5) were measured with western blot. Quantitative analysis of the CBS western blot was calculated using ImageJ software. Results were analyzed by unpaired t- 
test and were shown as mean values ± SEM. Ns: not significant; *p < 0.05; ***p < 0.001. 
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Fig. 3. Mineralization potential and inflammatory response of valvular interstitial cells to high levels of phosphate 
Valvular interstitial cells (VICs) isolated from calcific aortic valves (CAV-VICs) or healthy aortic valves (HAV-VICs) were exposed to calcification medium supple-
mented with 2.5 mmol/L inorganic phosphate and 1.8 mmol/L calcium chloride every other day for 5 days. (A) Calcium contents of extracellular matrix normalized 
to a protein of VICs are shown (n = 3). (B) TNF-α levels normalized to GAPDH of VICs cultured in calcification medium or culture medium are shown (n = 3). (C) IL- 
1β levels normalized to GAPDH of VICs cultured in calcification medium or culture medium are shown (n = 3). Red lines indicate CAV-VICs cultured in calcification 
medium. Black lines indicate HAV-VICs cultured in calcification medium. Blue lines show the HAV-VICs maintained in culture medium. Results were analyzed by 
unpaired t-test and are shown as mean values ± SEM of three independent experiments. *p < 0.05; **p < 0.01. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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(cysteine-persulfide) precursor ions. 

2.15. Experimental units 

“N” represents the number of tissue samples used in each group. The 
“n” denotes the number of replications of the independent results. 

2.16. Statistical analysis 

Data were analyzed by GraphPad Prism 5.02 software (GraphPad 
Software Inc., 7825 Fay Avenue, Suite 230 La Jolla, CA 92037). All 
statistical data are presented with mean ± SEM. If data groups passed 
the normality and equal variance tests, we performed Student’s t-test or 
one-way ANOVA followed by Bonferroni post hoc tests as indicated in 
figure legends. p < 0.05 was considered significant. 

3. Results 

3.1. High expression of CSE and low bioavailable H2S levels are 
accompanied by high expression of pro-inflammatory cytokines in CAVD 

Since CAVD was revealed to be an inflammatory disease [1,5] and 
H2S was found to control vascular calcification, we examined the 
expression of proinflammatory cytokines and CSE in human aortic 
valves. Valves from patients diagnosed with CAVD who underwent 
aortic valve replacement, were stained for cytokines IL-1β and TNF-α as 
well as for CSE. For controls, healthy aortic valves (HAVs) from cadavers 
of suicide or traumatic events without cardiovascular diseases were 
obtained. As shown in Fig. 1A and B, severe valvular calcification was 
accompanied by increased expression of IL-1β and TNF-α in calcific 
aortic valves (CAVs). Importantly, a significant enhancement of CSE 
expression was also detected in the aortic valves of patients diagnosed 
with CAVD as compared to HAVs (Fig. 1A and C/left panel). Since 
elevated CSE levels were found in the aortic valves of CAVD patients, we 
measured bioavailable H2S levels in valvular tissues derived from CAVD 
patients and from healthy individuals employing LC-MS/MS. Surpris-
ingly, aortic valvular tissues of CAVD patients had lower bioavailable 
H2S levels compared to HAV tissues (Fig. 1C, right panel). 

Besides CSE, cystathionine beta-synthase (CBS) is another enzyme 
that catalyzes the biosynthesis of hydrogen sulfide. For this reason, we 
examined the expression of CBS in healthy and calcified human aortic 
valves. Immunohistochemistry and western blot analyses demonstrated 
that CBS level was not changed in CAVs compared to the HAVs (Fig. 2A 
and B). 

3.2. Mineralization and inflammatory response of VICs to high phosphate 
concentrations 

To assess the mineralization potential and inflammatory response of 
VICs to calcifying stimuli, we exposed cells isolated from CAVs or HAVs 
to high phosphate concentrations, which are known to trigger the 
transition of cells towards an osteoblast phenotype [15]. As demon-
strated in Fig. 3 (left panels), a robust response was detected in VICs 
derived from CAVD patients, which was reflected by the accumulation of 

calcium in the extracellular matrix and high levels of pro-inflammatory 
cytokines, IL-1β and TNF-α (red lines). VICs from healthy patients 
exhibited significantly less calcium deposition and lower expression of 
IL-1β and TNF-α with a significant delay (black lines) compared to cells 
from CAVD patients (red lines). We also assessed the cellular responses 
in VICs derived from healthy patients (Fig. 3, right panels) cultured in 
calcifying media (black lines) compared to cells maintained in normal 
culture media (blue lines). Please note the values on y-axis in right 
panels are significantly lower compared to those in left panels. As shown 
in the right panels (Fig. 3), calcification occurred and the levels of IL-1β 
and TNF-α were increased in VICs of HAVs as a result of phosphate 
exposure. 

3.3. Pro-inflammatory cytokines increase calcification of human VICs 
derived from CAVD patients 

As pro-inflammatory cytokines were previously revealed to play a 
central role in the initiation and progression of CAVD [1,3,5], we tested 
whether IL-1β and TNF-α enhance calcification of VICs provoked by high 
phosphate. As shown in Fig. 4A (upper panels) and B (left panel), 
phosphate treatment of VICs derived from CAVD patients resulted in the 
deposition of calcium in the extracellular matrix. Upon exposure to IL-1β 
or TNF-α, we found an increased accumulation of calcium in these cells 
compared to cells exposed to phosphate alone (Fig. 4A (upper panel) and 
B (left panel)). Accordingly, IL-1β or TNF-α treatment of VICs from 
CAVD patients maintained in high phosphate-containing media further 
increased the expression of alkaline phosphatase as demonstrated by 
westen blot analysis (Fig. 4C), and such induction was confirmed by ALP 
staining (Fig. 4D, upper panels). These data are consistent with the 
notion that transdifferentiation of valvular interstitial cells to an oste-
oblastic phenotype is connected to inflammation. 

3.4. Transient inhibition of calcification is provoked by pro-inflammatory 
cytokines in human VICs derived from healthy aortic valves 

To our surprise, as we exposed VICs derived from HAVs to IL-1β or 
TNF-α an inhibition of phosphate-induced calcification occurred. As 
shown in Fig. 4A (lower panels) and B (right panel), calcium accumu-
lation developed within the extracellular matrix of VICs from healthy 
aortic valves maintained in high phosphate-containing media (second 
panel). Importantly, as demonstrated in Fig. 4A (lower third and fourth 
panels) and B (right panel), deposition of calcium was decreased as cells 
were exposed to IL-1β or TNF-α within a time period of 5 days, and such 
benefit was lost at day 14 (Fig. 5A). In accordance, both proin-
flammatory cytokines inhibited the expression of the osteoblast-specific 
gene, ALP as demonstrated by western blot analysis and ALP stainings 
(Fig. 4C/right panel and D/lower panels). These data indicate that IL-1β 
and TNF-α exhibit a transient inhibition on phosphate-induced osteo-
blastic phenotype switch in healthy aortic valve-derived VICs. 

3.5. CSE/H2S mediates the IL-1β and TNF-α evoked transient inhibition 
of human VICs calcification 

To reveal the molecular mechanisms of the transient inhibition of the 

Fig. 4. Distinct calcification response of valvular interstitial cells to pro-inflammatory cytokines depending upon disease state 
Valvular interstitial cells (VICs) isolated from calcific aortic valves (CAV-VICs) or healthy aortic valves (HAV-VICs) were cultured in growth medium or calcification 
medium, containing 2.5 mmol/L inorganic phosphate and 1.8 mmol/L calcium chloride every other day, for 5 days. VICs maintained in calcification media were 
exposed to TNF-α (10 nmol/L) or IL-1β (10 nmol/L) for 5 days. (A) Alizarin Red S staining of CAV-VICs (upper panels) and HAV-VICs (lower panels) are shown. 
Quantitative analysis of Alizarin Red S staining of CAV-VICs and HAV-VICs was calculated using ImageJ software (n = 5). (B) Extracellular calcium contents 
normalized to protein of CAV-VICs and HAV-VICs are shown (n = 5). (C) ALP protein expressions normalized to GAPDH of CAV-VICs (left panels) and HAV-VICs 
(right panels) were measured with western blot (n = 3). Quantitative analysis of the ALP western blots were calculated using ImageJ software. (D) ALP staining 
of CAV-VICs (upper panels) and HAV-VICs (lower panels) are shown. Quantitative analysis of ALP staining of CAV-VICs and HAV-VICs was calculated using ImageJ 
software (n = 5). Results were analyzed by one-way ANOVA, Bonferroni’s Multiple Comparison Test, and are shown as mean values ± SEM of three (D and E) or five 
(A–C) independent experiments. IL-1β and TNF-α treatment were compared to the minus condition (calcification medium). Ns: not significant; *p < 0.05; **p < 0.01; 
***p < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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phosphate-induced calcification in HAV-VICs provoked by proin-
flammatory cytokines we investigated the cellular H2S pool in HAVs 
using the modified methylene blue method. A gradual decrease in total 
H2S levels was found in VICs of healthy aortic valves maintained in high 
phosphate media (Fig. 5C). In contrast, in cells exposed to IL-1β or TNF- 
α, H2S levels were elevated at 5 days followed by a decline at 14 days 
(Fig. 5C). We previously identified several triggers including IL-1β or 
TNF-α for inducing CSE expression in vascular cells [52]. Therefore, we 
measured the expression of CSE in HAV-VICs. Both IL-1β and TNF-α 
enhanced CSE protein levels in HAV-VICs (Fig. 5B) suggesting a 
CSE-mediated control of mineralization via endogenous H2S production. 

We previously observed that mitigation of endogenous H2S produc-
tion by lowering CSE and CBS expression promotes calcification of 
valvular interstitial cells [42]. Therefore, we tested whether the tran-
sient benefit of pro-inflammatory cytokines depends upon CSE levels. 
We found that both IL-1β and TNF-α lost their anti-calcification effects 
under calcifying conditions when interfering RNAs for CSE/CBS were 
used for 5 days as reflected by a significant increase in calcium depo-
sition within the extracellular matrix of human VICs derived from HAVs 
(Fig. 6A). 

We wondered if VICs isolated from the aortic valves of CAVD patients 
have elevated CSE levels in response to pro-inflammatory cytokines. As 
shown in Fig. 6B, while phosphate alone significantly enhanced CSE 
levels, neither IL-1β nor TNF-α altered the expression of CSE in VICs 
derived from CAVD patients’ valves maintained in high phosphate- 
containing media. In contrast, in these cells cultured in high 
phosphate-containing media total H2S levels measured with modified 
methylene blue method were lower compared to cells maintained in 
normal culture media (Fig. 6C). Moreover, treatment with IL-1β or TNF- 
α in calcification medium further decreased H2S levels of cells derived 
from CAVD patients (Fig. 6C). 

3.6. Increased mitochondrial metabolism of H2S in aortic valves of CAVD 
patients 

The increased expression of CSE in aortic valves of CAVD patients 
compared to healthy controls was found to be accompanied by dimin-
ished H2S levels (Fig. 1C). This contra intuitive observation might sug-
gest that the activity of CSE is reduced in CAVD tissues leading to 
decreased H2S production. Therefore, to gain deeper insights into 
enzyme activities of the transsulfuration pathway we conducted sulfur 
metabolome analyses. Both cysteine and homocysteine levels were 
similar, but cystathionine levels were lower in the aortic valves of CAVD 
patients compared to healthy aortic valves (Fig. 7). These analytes are 
not only substrates but in different enzymatic routes they can also be 
products of CSE and other transsulfuration enzymes, so they are 
generated and consumed in interlinked enzymatic pathways. A more 

(caption on next column) 

Fig. 5. Transient inhibition of valvular interstitial cell calcification provoked 
by pro-inflammatory cytokines is associated with elevated cystathionine-γ-lyase 
expression and H2S generation. 
Valvular interstitial cells isolated from healthy aortic valves (HAV-VICs) were 
cultured in calcification medium, containing 2.5 mmol/L inorganic phosphate 
and 1.8 mmol/L calcium chloride every other day, for 5 and 14 days. VICs 
maintained in calcification media were exposed to TNF-α (10 nmol/L) or IL-1β 
(10 nmol/L) for 5 and 14 days. (A) Calcium contents of extracellular matrix 
normalized to protein of HAV-VICs are shown (n = 3). (B) CSE protein 
expression normalized to GAPDH in HAV-VICs maintained in calcification 
media with or without TNF-α (10 nmol/L) and IL-1β (10 nmol/L) for 5 and 14 
days are shown (n = 3). (C) H2S generation measured with modified methylene 
blue method and normalized to protein of HAV-VICs are shown (n = 3). Results 
were analyzed by one-way ANOVA, Bonferroni’s Multiple Comparison Test, and 
are shown as mean values ± SEM of three independent experiments. Ns: not 
significant; *p < 0.05; **p < 0.01; ***p < 0.001. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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Fig. 6. Cystathionine-γ-lyase derived hydrogen sulfide mediates the transient inhibition of calcification in healthy valvular interstitial cells triggered by pro- 
inflammatory cytokines 
CSE and CBS genes were silenced in valvular interstitial cells isolated from healthy aortic valves (HAV-VICs). After the silencing, cells were cultured in a growth 
medium or exposed to a calcification medium, containing 2.5 mmol/L inorganic phosphate and 1.8 mmol/L calcium chloride every other day, in the presence or 
absence of TNF-α (10 nmol/L) or IL-1β (10 nmol/L) for 5 days. (A) Alizarin Red S staining of HAV-VICs is shown. Quantitative analysis of Alizarin Red S staining of 
HAV-VICs was calculated using ImageJ software (n = 5). (A) Calcium contents of extracellular matrix normalized to protein of HAV-VICs are shown (n = 3). (B) CSE 
protein levels normalized to GAPDH in valvular interstitial cells isolated from calcific aortic valves (CAV-VICs) were measured with western blot (n = 3). Quantitative 
analysis of the CSE western blots was calculated using ImageJ software (n = 3). (C) H2S generation measured with modified methylene blue method and normalized 
to protein of CAV-VICs is shown (n = 5). Results were analyzed by one-way ANOVA, Bonferroni’s Multiple Comparison Test, and are shown as mean values ± SEM. 
Ns: not significant; *p < 0.05; **p < 0.01; ***p < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 7. Cystathionine-γ-lyase is functioning in calcific human aortic valves 
Healthy human aortic valves (HAVs) (N = 5) and calcified human aortic valves (CAVs) (N = 5) were cryogenically pulverized and resuspended in CHAPS or RIPA 
(CysSH/Cys ratios) buffer followed by 10-s sonication on ice. Cys, CSSC, HCys, cystathionine, lanthionine contents and protein CysSH/Cys ratios of the healthy aortic 
valves (N = 5) and calcified aortic valves (N = 5) are shown. Results were analyzed by unpaired t-test, and are shown as mean values ± SEM. Ns: not significant; *p 
< 0.05. 
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indicative byproduct of H2S generation by CSE is lanthionine, which is 
produced when 2 cysteine molecules are used for sulfide synthesis by the 
enzyme. Hence, we also measured lanthionine levels in aortic valve 
tissues. Importantly, lanthionine levels were higher in the aortic valve 
tissues of CAVD patients compared to healthy aortic valves (Fig. 7). 
These findings together suggest that CSE is fully functional in CAVD and 
led us to hypothesize that lower levels of observed bioavailable sulfide at 
increased CSE expressions might be due to an increased metabolic flux of 
H2S in the diseased aortic valves. Therefore, we investigated protein 
levels of SQR, ETHE1, SO and TST, which are enzymes involved in the 
mitochondrial oxidative catabolism of H2S. As shown in Fig. 8, the ex-
pressions of these enzymes were significantly higher in the calcific aortic 
valves of CAVD patients compared to healthy aortic valves, which is 

indeed indicative of an increased sulfide catabolic rate in patient valves 
and could explain the observed lower steady-state levels of bioavailable 
sulfide at higher CSE expressions. 

These enzymes are also involved in cysteine persulfide metabolism 
[53,54], therefore taking into account transpersulfidation event we 
measured the protein persulfidation levels in human healthy and calci-
fied aortic valves. As shown in Fig. 7, there was no difference regarding 
the protein CysSH/Cys% persulfide levels between healthy and calcified 
aortic valves. 

Since one of the most potent recognized inducers of vascular calci-
fication are elevated plasma phosphate levels [12,13,15], we tested 
whether phosphate exposure of aortic VICs alters the expression of 
mitochondrial enzymes involved in H2S oxidation. Importantly, healthy 

Fig. 8. Mitochondrial enzymes involved in H2S metabolism are upregulated in calcific human aortic valves 
Healthy human aortic valves (HAVs) (N = 4) and calcific human aortic valves (CAVs) (N = 5) were cryogenically pulverized and taken up with cell lysis buffer 
followed by 5-s sonication on ice three times. SQR, ETHE1, SO and TST protein expression normalized to GAPDH of healthy human aortic valves (N = 4) and calcified 
human aortic valves (N = 5) were measured with western blot. Quantitative analyses of the SQR, ETHE1, SO and TST western blots were calculated using ImageJ 
software. Results were analyzed by unpaired t-test and were shown as mean values ± SEM. *p < 0.05; **p < 0.01. 
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VICs cultured at high phosphate levels exhibited increased expression of 
SQR, and that was accompanied by elevated levels of ETHE1, SO and 
TST as demonstrated in Fig. 9. This together with the observation that 
HAV-VICs maintained in high phosphate-containing media for 14 days 
compared to normal conditions also exhibited elevated expression of 
CSE and lower H2S levels (Fig. 5B and C and Fig. 6B and C), suggest that 
phosphate exposure is indeed an inducer of higher sulfide flux in VICs. 

3.7. Mitochondrial sulfide donor prevents calcification provoked by high 
phosphate levels in human valvular interstitial cells 

Mitochondria-targeting H2S donors [55,56] offer an approach to test 
if restored H2S levels in mitochondria could prevent transdifferentiation 
of VICs to an osteoblastic phenotype in a calcifying environment. We 

treated cells with compound AP39, a mitochondria-targeting H2S donor, 
and measured the calcification of aortic valvular interstitial cells derived 
from CAVD patients under calcifying conditions. As expected, the 
transition of VICs to osteoblasts occurred at high phosphate levels as 
reflected by the accumulation of calcium in the extracellular matrix. 
Supplementation of H2S to the mitochondria of VICs by employing AP39 
significantly reduced the extracellular calcium deposition as indicated 
by Alizarin Red staining and direct calcium measurements (Fig. 10A), 
confirming a key role of mitochondrial H2S metabolism in maintaining 
the integrity of the aortic valve. 

In order to exclude the effects of cytoplasm H2S in our experiments 
we employed NaSH (general H2S donor) and compared its impact with 
AP39. As shown in Supplementary Fig. 1, the optimal concentration of 
AP39 in the inhibition of VICs calcification provoked by high phosphate 

Fig. 9. Valvular interstitial cells of healthy aortic valves exposed to calcifying stimuli up-regulate the expression of SQR, ETHE, SO and TST 
Valvular interstitial cells isolated from healthy aortic valves (HAV-VICs) were cultured in a growth medium or exposed to calcification medium, containing 2.5 
mmol/L inorganic phosphate and 1.8 mmol/L calcium chloride every other day for 5 days. SQR, ETHE1, SO and TST protein levels normalized to GAPDH were 
measured with western blot (N = 4). Quantitative analyses of the SQR, ETHE1, SO and TST western blots were calculated using ImageJ software (N = 4). Results were 
analyzed by unpaired t-test and were shown as mean values ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001. 
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was 5 nmol/L. In contrast, NaSH failed to affect the calcification of VICs 
at concentration of 5 nmol/L (Supplementary Fig. 1). Similar suppres-
sion on VICs calcification provided by 5 nmol/L AP39 was found to 
occur when 25 μmol/L of NaSH was used (Fig. 10 and Supplementary 
Fig. 2). When we compared the effectiveness of AP39 and NaSH in the 
inhibition of VICs calcification, AP39 was more effective by 59.8 ± 8% 
at 5000 times lower concentration (Fig. 10). 

3.8. Mitochondrial sulfide donor prevents inflammation provoked by high 
phosphate levels in human valvular interstitial cells 

Since calcification and inflammation are connected in the patho-
genesis of CAVD [1,5,6,43] we tested whether AP39 also affects 
inflammation of VICs. As expected, the expression of inflammatory cy-
tokines, IL-1β and TNF-α were increased in human interstitial cells 
maintained in calcifying media at both mRNA and protein levels 
(Fig. 11A–C). Treatment of cells with AP39 resulted in the loss of 
elevation of pro-inflammatory cytokines provoked by high phosphate 
levels (Fig. 11A–C). We also performed immunofluorescence staining 
using STED-CW nanoscopy for calcification, formation of hydroxyapa-
tite (Osteosense) as well as IL-1β and TNF-α in VICs maintained in 
calcifying milieu with or without AP39 treatment. As shown in Fig. 11C, 
accumulation of calcium in the extracellular matrix occurred when cells 
were cultured in high phosphate media and that was accompanied by 
strong staining for IL-1β and TNF-α in VICs. Importantly, AP39 treat-
ment significantly inhibited the accumulation of calcium in extracellular 
matrix and prevented the expression of IL-1β and TNF-α (Fig. 11C). 

4. Discussion 

This study is the first that highlights the relationship between the 
metabolic control of H2S levels in human aortic VICs and the calcifica-
tion process in the aortic valves of CAVD patients. Lower levels of H2S 
were detected, which was accompanied by higher expression of the H2S 
generating enzyme CSE (Fig. 1C) as well as by higher expression of 
mitochondrial enzymes involved in H2S oxidation in the aortic valves of 
CAVD patients compared to healthy aortic valves (Fig. 8). In accordance, 
healthy human aortic VICs under calcifying conditions mimic the 
transsulfuration enzyme expression profile of this human pathology, 
because elevated CSE expression (Fig. 5B) was associated with elevated 
expressions of SQR, the key enzyme in mitochondrial H2S oxidation as 
well as its downstream enzymes ETHE1, SO and TST (Fig. 9). We pro-
pose that the lower observed bioavailable H2S levels (Fig. 5C) in VICs 
under these conditions as well as in CAVD aortic valves is due to a 
calcifying environment-induced increased mitochondrial consumption 
rate of sulfide. 

Although the increased catabolism of H2S could explain the observed 
lower bioavailable H2S levels, some caveats of this notion are 
acknowledged. The high CSE expression may not necessarily be associ-
ated with high H2S production rates in these valvular lesions. Alterna-
tively, CSE phosphorylation at Ser377 could lead to decreased activity of 
the enzyme [57]. Nevertheless, the increased lanthionine levels 
observed in aortic valves of CAVD patients compared to healthy tissues 
suggested that CSE is fully active and H2S generation rates may even be 
elevated in CAVD (Fig. 7). 

Altered expression of CBS would offer another explanation for the 
low bioavailable H2S levels in CAVD. Immunohistochemistry and 
western blot analyses revealed that expression of CBS in calcific aortic 

valves is similar to that observed in healthy aortic valve (Fig. 2). This 
suggests that the lower bioavailable H2S levels observed in CAVD are not 
related to CBS. 

H2S is an important signaling molecule that has gained increasing 
attention in recent years due to its versatile functions in cardiovascular 
systems [18,20,21]. Our laboratory has previously shown that endoge-
nous production of H2S by CSE and H2S administration via sulfide 
releasing molecules inhibit aortic valve calcification in ApoE− /− mouse 
as well as the transdifferentiation of human VICs and human vascular 
smooth muscle cells towards osteoblast-like cells [27,42]. 

Due to the suggested interactions of Cys-persulfide with the mito-
chondrial electron transport chain, enzymes activating during H2S 
catabolism, including SQR, ETHE1, SO, and TST may also be enhanced 
during persulfide/polysulfide metabolism [53,54]. In addition, genera-
tion of H2S can also be an indicative event for increased levels of per-
sulfide/polysulfide or their metabolism [58–63]. It should also be noted 
that the currently available state-of-the-art detection protocols to mea-
sure reactive sulfur species (including H2S) can artificially alter their 
speciation [60,61]. Therefore, at present it is very difficult to distinguish 
whether the observed biological effect is mediated by H2S or persulfi-
des/polysulfides. Nevertheless, we measured total protein persulfida-
tion levels in human healthy and calcified aortic valves. We observed 
unaltered protein CysSH/Cys% persulfide levels, which for the above 
mentioned detection problems (discussed in detail in the cited refer-
ences) do not explicitely exclude the role of persulfides nor support the 
direct role of H2S in our study systems (Fig. 7). 

It has been revealed that increased expression of pro-inflammatory 
cytokines, IL-1β and TNF-α are associated with CAVD, and inflamma-
tion is a hallmark of CAVD [1–3,5]. CAVD was shown to be an active 
complex osteogenic process and inflammation plays a central role in its 
initiation and progression. These observations prompted us to study the 
effects of IL-1β and TNF-α on human VICs under calcifying conditions. 
As previously revealed, both IL-1β and TNF-α facilitated calcification of 
human VICs regardless of cellular origin, more specifically whether they 
are derived from aortic valves of healthy individuals or CAVD patients 
(Fig. 3). Although there are robust differences regarding the extent and 
time course of cellular responses depending upon the cellular origin as 
reflected by calcification and production of inflammatory cytokines, the 
ultimate directions of these responses were the same (Fig. 3). The 
calcification was more rapid and the synthesis of IL-1β and TNF-α were 
more pronounced in cells of CAVD patients (Fig. 3), which might be due 
to their inherited osteoblastic commitment derived from the calcifying 
milieu in the diseased valves. 

As shown by Lagoutte and colleagues [34], H2S has a substantial role 
in mammalian cell bioenergetics via stimulating the mitochondrial 
electron transport chain. Studies with the mitochondria-targeting H2S 
donor, AP39, have been shown to exert beneficial effects on bioenergetic 
parameters [55,56]. Therefore, we tested whether restoration of H2S 
levels in mitochondria via a mitochondria-targeting H2S donor might 
represent an approach to control the calcification of VICs. The 
anti-calcification action of AP39 observed on human aortic VICs sup-
ports the essential role of mitochondrial H2S metabolism in maintaining 
the integrity of the aortic valve (Figs. 10 and 11). 

H2S measurements in our studies were not specific for the mito-
chondria, therefore we performed experiments using NaSH (general H2S 
donor) and compared it with AP39 to rule out the effects of cytoplasmic 
H2S in the observed inhibition of VICs calcification. NaSH failed to affect 
calcification of VICs at 5 nmol/L, an optimal concentration for AP39 

Fig. 10. Mitochondria-targeting H2S donor prevents calcification of valvular interstitial cells derived from calcific human aortic valves 
Valvular interstitial cells isolated from calcific aortic valves (CAV-VICs) were cultured in a growth medium or exposed to calcification medium containing 2.5 mmol/ 
L inorganic phosphate and 1.8 mmol/L calcium chloride every other day in the presence or absence of [10-oxo-10-[4-(3-thioxo-3H-1,2-dithiol-5-yl)phenoxy]decyl] 
triphenyl-phosphonium (AP39) (5 nmol/L) or sodium hydrogen sulfide (NaSH) (5 nmol/L; 25 μmol/L) for 5 days. (A and B) Alizarin Red S staining and extracellular 
calcium content normalized to protein of CAV-VICs are shown (n = 5). Quantitative analysis of Alizarin Red S staining of CAV-VICs was performed using ImageJ 
software (n = 5). Results were analyzed by one-way ANOVA, Bonferroni’s Multiple Comparison Test, and were shown as mean values ± SEM. Ns: not significant; **p 
< 0.01; ***p < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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(Fig. 10 and Suppl. Fig. 1). When we compared the effectiveness of AP39 
and NaSH, the mitochondria-targeting H2S donor AP39 was more 
effective at 5000 times lower concentration indicating that mitochon-
drial H2S plays a critical role in the inhibition of calcification of VICs 
(Fig. 10 and Suppl. Fig. 1). Retardation of calcification and the 
decreased expression of pro-inflammatory cytokines resulted from AP39 
treatment at such a low concentrations are in accordance with previous 
observation revealing the pathophysiological connection between 
calcification and inflammation in CAVD [1,5,6,43] (Fig. 11). 

Importantly and to our surprise, we observed a transient inhibition of 
VICs calcification and osteoblastic phenotype switch in response to IL-1β 
and TNF-α in cells derived from the healthy aortic valves, as opposed to 
cells of CAVD patients (Fig. 4A–D). This benefit might also be linked to 
H2S biogenesis, as both IL-1β and TNF-α enhanced the expression of CSE 
along with an observed increase in H2S levels (Fig. 5B and C). To test 
whether CSE-derived H2S is responsible for the inhibition of calcification 
and osteoblastic transition of VICs we silenced the expression of CSE and 
CBS. A number of studies in different biological systems revealed that, 
considering sulfide/persulfide producing activities, CSE and CBS can to 
some extent compensate for each other [29,64,65], thus we employed 
double silencing of these enzymes. The reduction of endogenous H2S 
production led to the loss of anti-calcification effects under calcifying 
conditions indicating that CSE-derived H2S might be responsible for the 
transient inhibition of human VICs calcification, which was induced by 
TNF-α or IL-1β (Fig. 6). 

Similarly to VICs, CSE expression can be enhanced by TNF-α and IL- 
1β in other cells in the vasculature including smooth muscle cells, 
endothelium and macrophages. CSE is also inducible by other sub-
stances involved in vascular pathologies such as peroxides associated 
with oxLDL and atherosclerotic plaque lipids, as well as heme or 
oxidized hemoglobin [52]. These constituents were also strongly asso-
ciated with the development of CAVD [1,5] and could contribute to the 
elevated expression of CSE in aortic valves. 

5. Conclusions 

We propose that in a calcifying milieu [1,5] depletion of H2S by 
enhanced mitochondrial catabolic rates may facilitate VICs calcification 
in CAVD, and up-regulation of CSE represents an adaptive 
anti-calcification rescue mechanism via generation of protecting H2S. 
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