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A B S T R A C T   

Protein persulfidation is a significant post-translational modification that involves addition of a sulfur atom to 
the cysteine thiol group and is facilitated by sulfide species. Persulfidation targets reactive cysteine residues 
within proteins, influencing their structure and/or function across various biological systems. This modification 
is evolutionarily conserved and plays a crucial role in preventing irreversible cysteine overoxidation, a process 
that becomes prominent with aging. While, persulfidation decreases with age, its levels in the aged heart and the 
functional implications of such a reduction in cardiac metabolism remain unknown. Here we interrogated the 
cardiac persulfydome in wild-type adult mice and age-matched mice lacking the two sulfide generating enzymes, 
namely cystathionine gamma lyase (CSE) and 3-mercaptopyruvate sulfurtransferase (3MST). Our findings 
revealed that cardiac persulfidated proteins in wild type hearts are less abundant compared to those in other 
organs, with a primary involvement in mitochondrial metabolic processes. We further focused on one specific 
target, NDUFB7, which undergoes persulfidation by both CSE and 3MST derived sulfide species. In particular, 
persulfidation of cysteines C80 and C90 in NDUFB7 protects the protein from overoxidation and maintains the 
complex I activity in cardiomyocytes. As the heart ages, the levels of CSE and 3MST in cardiomyocytes decline, 
leading to reduced NDUFB7 persulfidation and increased cardiac NADH/NAD+ ratio. Collectively, our data 
provide compelling evidence for a direct link between cardiac persulfidation and mitochondrial complex I ac-
tivity, which is compromised in aging.   

1. Introduction 

Protein persulfidation is a highly conserved post-translational pro-
tein modification (PTM) of the redox-sensitive amino acid cysteine [1], 
tightly regulated by intracellular sulfide levels. This PTM declines with 

aging, and recent studies assert its potential as a defense mechanism 
against overoxidation and cysteine sulfenylation [1]. Protein persulfides 
decreasing with age coincide with reduced levels of the three H2S-pro-
ducing enzymes: cystathionine-γ-lyase (CSE), cystathionine-β-synthase 
(CBS) and 3-mercaptopyruvate sulfurtransferase (3MST) [1]. CSE and 
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CBS are mainly localized in the cytoplasm whereas 3MST is found both 
in the cytoplasm and mitochondria, supporting cellular bioenergetics [2, 
3]. 

The enzymatic functions of CSE and 3MST have been linked to the 
physiological function of the cardiovascular system [2,4]. For instance, 
CSE deficiency in atherogenic mouse models results in deregulated lipid 
metabolism and accelerated atherosclerosis due to decreased sulfide 
levels [5–7]. On the other hand, sulfide supplementation and CSE 
overexpression protect against ischemia-induced heart failure by miti-
gating oxidative stress and mitochondrial dysfunction [8]. Recent 
studies on cell-specific deletion of CSE in mice show increased endo-
thelial to mesenchymal transition phenotypes in the myocardium asso-
ciated with elevated cardiac fibrosis and impaired cardiac function [9]. 
In addition, CSE overexpression in endothelial cells reverses these ef-
fects and preserves cardiac function [9]. Sulfide supplementation also 
restores endothelial function and pathological vasodilation in patients 
with vascular dysfunction [10], and, in mice reverses atherogenic phe-
notypes resulting from CSE deletion [5]. Similarly, 3MST appears crucial 
for cardiovascular function in aging, as its loss leads to hypertension and 
cardiac hypertrophy [11]. 3MST is mainly involved in regulating 
mitochondrial metabolism and mitochondrial protein import [12], and 
consequently its absence in the heart impacts on mitochondrial respi-
ration and ATP synthesis by influencing the availability of branched 
chain amino acids [13]. However, whether protein persulfidation from 
CSE or 3MST is responsible for altering heart mitochondrial function 
remains unknown. Understanding this link is crucial, given that cardiac 
bioenergetics heavily rely on mitochondrial oxidative metabolism [14], 
and aging is linked to both mitochondrial dysfunction and loss of 
cellular persulfidation. To address this, here we employed global CSE 
and 3MST mouse lines, aimed to identify CSE and 3MST specific per-
sulfidation targets in the heart and link the loss of age-related cardiac 
persulfidation to cardiac bioenergetic surveillance mechanisms. 

2. Materials and methods 

2.1. Materials 

Cell culture media were from Gibco (Invitrogen, Darmstadt, Ger-
many), the protease inhibitor cocktail was from Roche (Mannheim, 
Germany). Copper (II)-TBTA complex and Cyanine5 alkyne were from 
Lumiprobe (Lumiprobe GmBH, Hannover, Germany) and Daz2 was from 
Cayman (Cayman Chemical, Michigan, USA). All other chemicals (un-
less otherwise specified) were from Sigma-Aldrich (Merck, Darmstadt, 
Germany). 

2.2. Animals 

Wild type mice in the age of 3 months and 18 months were purchased 
from Charles Rivers Associates (Boston, USA). CSE [15] and 3MST [16] 
global knockouts and respective wild type controls were bred in the 
animal facility of the Biomedical Research Foundation of the Academy 
of Athens. Mice were housed in conditions that conform to the Guide for 
the Care and Use of Laboratory Animals published by the U.S. National 
Institutes of Health (NIH publication no. 85–23). Animals received 
standard rodent chow diet and all studies were approved by the animal 
research ethic committee. Animals were randomized using the block 
randomization method to ensure similar sample sizes per age. No ani-
mals were excluded from the analysis. 

2.3. Ndufb7 constructs 

To synthetize murine Ndufb7 wild type and C80A, C90A or C80A- 
C90A HA tagged plasmids, we generated multiple overlapping primers 
based on the murine Ndufb7 (NM_025843.3) sequence (Genomeditech, 
Shanghai, China). HA coding sequence as well as homology arms were 
directly introduced into the primers. After amplification, the PCR 

products of Ndufb7-HA WT, Ndufb7-HA C80A, Ndufb7-HA C90A, and 
Ndufb7-HA C80, 90A mutant, and HA were separated via agarose elec-
trophoresis. Following amplification and agarose-based separation, the 
appropriate fragments were subsequently cloned into the BamHI/EcoRI 
sites of the pcDNA 3.1(+) (Invitrogen) via homologous recombination. 
For the generation of the lentiviral constructs the appropriate fragments 
were subsequently cloned into the BamHI/EcoRI sites of the PCDH- 
CMV-MCS-EF1-T2A-Puro lentiviral vector via homologous recombina-
tion (Genomeditech, Shanghai, China). The sequences of all plasmids 
were further verified by DNA sequencing. 

2.4. HEK293 cell culture, treatment and transfection protocols 

HEK293 cells were cultured and transfected with Ndufb7, pcDNA, 
CSE and 3MST plasmids as previously described [17]. Where indicated, 
cells were treated with 1 mmol/L dithiothreitol (DTT) for 5 min at 37 ◦C 
degrees prior to collection. 

2.5. HL-1 cell culture and transduction protocol 

HL-1 adult mouse cardiac muscle cells were purchased from Sigma- 
Aldrich (Cat. No. SCC065, Merck, Darmstadt, Germany) and cultured in 
Claycomb Medium (Cat. No. 51800C, Sigma-Aldrich, Merck, Darmstadt, 
Germany) supplemented with 10% fetal bovine serum, 0.1 μmol/L 
norepinephrine and 2 μmol/L L-Glutamine. Cells were seeded in a den-
sity of 30.000 cells/cm2 and got transduced with the produced Ndufb7 
wild type, C80A, C90A and C80A-C90A lentiviruses for 24 h using 8 μg/ 
mL polybrene (Cat. No. TR-1003, Sigma-Aldrich, Merck, Darmstadt, 
Germany). The transduced cells were further selected with 2 μg/mL 
puromycin for 6 days and the transduction efficiency was validated with 
Immunoblotting. 

2.6. Lentiviral preparations 

HEK293T cells were cultured in DMEM/F-12 (Cat. No. 21041025, 
Thermo Fischer Scientific, Harz, Germany) supplemented with 10% fetal 
bovine serum, 100 U/mL penicillin-streptomycin (Cat. No. 15140122, 
Thermo Fischer Scientific, Harz, Germany) and 0.01 mol/L HEPES (Cat. 
No. H0887, Merck, Darmstadt, Germany). Cells were plated in a density 
of 40.000 cells/cm2 and 24 h later were co-transfected with psPAX2, 
(Addgene plasmid #12260), pMD2.G (Addgene plasmid #12259) and 
Ndufb7 wild type, C80A, C90A or C80A-C90A plasmids to produce the 
respective lentiviruses. For the virus production the media was replaced 
24 h after transfection with fresh media and 72 h later the viruses were 
collected, filtered through a 0.45 μm syringe filter and stored in − 80 ◦C 
until use. The efficiency of viral infection was tested using the Lenti-X 
GoStix Plus Takara kit (Cat. No. 631280, Saint-Germain-en-Laye, 
France) according to the manufacturer instructions. 

2.7. Cardiomyocyte isolation 

Cardiomyocytes were isolated from 3 to 18 month old wild type mice 
with a modified Langendorff free method [18]. Gravity isolated car-
diomyocytes were snap frozen until further evaluation. 

2.8. Detection of cardiac persulfidation 

nanoLC-MS/MS: Persulfidomes where detected in pulverized heart 
tissue as previously described [10]. 

Antibody array: NDUFB7 persulfidation was adapted from a previous 
publication [1,17]. NDUFB7 antibody was from Proteintech (Man-
chester, UK, Cat No. 14912-1-AP) 

Immunofluorescent imaging: Pseudocoloring of persulfidation was 
visualized by a dimedone switch method [1] as previously described 
[10]. 
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2.9. NADH/NAD+ assays 

The assay was performed in pulverized heart tissue, isolated car-
diomyocytes, murine HL-1 cardiomyocytes or HEK293 cells with a 
commercially available NAD/NADH Assay kit from Abcam (Berlin, 
Germany, Cat.No. ab176723) according to the manufacturers protocol. 
The values of NADH and NAD+ were normalized to the amount of 
protein in the samples measured with the Bradford assay from Biorad 
(Feldkirchen, Germany) and ratios are presented. Where indicated the 
respected cells were treated with 1 mmol/L Tris(2-carboxyethyl) 
phosphine hydrochloride (TCEP) for 5 min at 37 ◦C degrees prior to 
the assay. 

2.10. Oxygen consumption rate 

The cellular oxygen consumption rate (OCR) was analyzed using a 
Seahorse 96 extracellular flux analyzer (Agilent, Waldbronn, Germany). 
50.000 HEK293 cells or 8.600 HL-1 murine cardiomyocytes were plated 
in Seahorse 96-well cell culture plates one day prior to the measure-
ments and equilibrated in Krebs Henseleit buffer (111 mmol/L NaCl, 4.7 
mmol/L KCl, 1.25 mmol/L CaCl2, 2 mmol/L MgSO4, 1.2 mmol/L 
Na2HPO4) supplemented with 1 mmol/L sodium pyruvate for 30 min 
without CO2 before recordings were made. HEK293 cells were treated 
with 10 μmol/L oligomycin, 20 μmol/L FCCP, 10 μmol/L rotenone and 
10 μmol/L antimycin A. HL-1 murine cardiomyocytes were treated with 
10 μmol/L oligomycin, 5 μmol/L FCCP, 10 μmol/L rotenone and 10 
μmol/L antimycin A for the mitotest and with one single treatment of 
rotenone 20 μmol/L to evaluate the Complex I OCR. 

2.11. Immunoblotting and DNA content 

Immunoblotting was performed as previously described [17]. CSE 
antibody was from Proteintech (Cat. No. 12217-1-AP, Manchester, UK), 
3MST antibody was from Sigma-Aldrich (Cat. No. HPA001240, Merck, 
Darmstadt, Germany), GAPDH antibody was from Santa Cruz (Cat. No. 
sc-47724, Santa Cruz Biotechnology Inc, Heidelberg, Germany), Vin-
culin monoclonal antibody was from Thermo Fisher Scientific (Cat. No. 
MA5-11690, Invitrogen, Harz, Germany) and the HA antibody was from 
Abcam (Berlin, Germany, Cat. No. ab1424). DNA was isolated with the 
PureLink Genomic DNA mini kit (Cat. Mo K1820-00, Invitrogen, Thermo 
Fischer Scientific, Harz, Germany). 

2.12. SIRT3 activity 

Activity was measured in HEK293 cells with a commercially avail-
able fluorometric kit from Abcam (Berlin, Germany, Cat. No. 
ab156067), NAD addition was omitted. 

2.13. Statistical analysis 

All data are presented as the mean ± SD. Normal distribution was 
examined using the d’Agostino–Pearson omnibus normality test. When 
2 groups were compared, the Student’s t-test was used when samples 
were normally distributed and Mann Whitney test for non-parametric 
analysis. When more than 2 groups were compared, one-way analysis 
of variance (ANOVA) followed by Tukey’s multiple comparisons test 
was used. For studies comparing more than two variables two-way 
ANOVA followed by Bonferroni’s multiple comparison test was used. 
For non parametric analysis Kruskal-Wallis with Dunn’s multiple com-
parisons test was used. Details are presented on each figure legend. All 
analyses were performed using GraphPad PRISM data analysis software 
(version 10.2; GraphPad Software). 

3. Results 

3.1. CSE and 3MST derived sulfides modify the persulfidation of the 
mitochondrial protein NDUFB7 

Persulfidation was identified by nanoLC tandem MS methods in 
pulverized heart tissue isolated from wild type adult mice, or age- 
matched mice lacking CSE and 3MST. In total 369 cysteine residues in 
157 proteins were identified to be persulfidated in wild type hearts 
(Table 1). In CSE knock out hearts 56 cysteines in 32 proteins were found 
less persulfidated (p < 0.1) with only 4 of them being significantly 
reduced (p < 0.05) compared to wild type hearts. GO enrichment 
analysis showed that the CSE dependent persulfidated proteins were 
involved mainly in iron and metal cluster binding (GO:0051539, 
0051536, 0051540) as well as mitochondrial electron transfer activity 
and NADH dehydrogenase activity (GO:0009055, 0008137, 0050136, 
0003955, 0003954) (Fig. 1A). 3MST knock out had a greater impact on 
cardiac persulfidation, as 115 cysteines in 58 proteins exhibited reduced 
persulfidation (p < 0.1), with 24 being significantly reduced (p < 0.05) 
(Table 1). Those belonged mainly to mitochondrial electron transfer 
activity processes (GO: 0009055) and receptor, protein or heparin 
binding processes (GO:0043394, 0051087, 0043167, 0043169) 
(Fig. 1B). Among the CSE and 3MST knockout hearts, 25 common pro-
teins with a tendency of significance were identified and only 4 proteins 
were found to exhibit significantly reduced persulfidation, with the most 
interesting target being the NADH:Ubiquinone Oxidoreductase Subunit 
B7 (NDUFB7) (Table 1). 

Given that NDUFB7 was found modified at Cys80 and Cys90, the two 
main cysteines of the Cx9C-containing subunit that form intra-molecular 
disulfide bonds which are important for the NADH dehydrogenase 
function of the protein [19], we focused on this in more detail. Indeed, 
by performing an antibody array persulfidation assay as previously 
described [1,10], we were able to confirm reduced NDUFB7 persulfi-
dation in CSE and 3MST knock out heart samples (Fig. 1C), accompanied 
by increased NADH/NAD+ ratio (Fig. 1D). To examine whether Cys80 
and Cys90 are the key modified cysteines on NDUFB7, we generated 
murine Ndufb7 cysteine 80 to alanine and cysteine 90 to alanine single 
mutants, as well as a cysteine 80 and 90 to alanine double mutant. We 
chose to overexpress those mutants either in HEK293 cells, which do not 
basally express CSE or 3MST (Fig. 1E), resulting in low levels of 
endogenous persulfidation, or raise lentiviruses to overexpress them in 
CSE and 3MST expressing murine cardiomyocytes (Fig. 1F). All mutants 
expressed equal amounts of NDUFB7 protein when overexpressed in 
HEK293 cells (Fig. 1E) or HL-1 murine cardiomyocytes (Fig. 1F). Our 
data show that persulfidation signals were increased in wild type or 
single mutated NDUFB7 co-transfected with CSE and 3MST HEK293 
cells, whilst the double mutation completely abolished the DAZ2:Cy5 
signal, an indication that these 2 cysteine residues sense both CSE- and 
3MST-derived sulfides (Fig. 1E). However, in murine HL-1 car-
diomyocytes, mutation of C80A, C90A or double C80A-C90A mutation 
resulted in reduced persulfidation signals, with a trend for a stronger 
effect in the double mutant (Fig. 1F). Taken together, these data indicate 
a CSE and 3MST-dependent regulatory role of persulfidation in mito-
chondrial proteins in the heart. 

3.2. Persulfidation controls NAD+ levels through NDUFB7 activity 

Next, we aimed to link NDUFB7 persulfidation, with mitochondrial 
complex I activity and the capacity of the cell to generate NAD+. When 
oxygen consumption rates were monitored in HEK293 cells over-
expressing CSE and 3MST, to induce persulfidation, double mutation of 
the NDUFB7 resulted in reduced complex I activity and overall lower 
basal respiratory capacity (Fig. 2A). Interestingly, in the murine HL-1 
cardiomyocytes although single and double mutants exhibited similar 
effects to the complex I dependent oxygen consumption rate, differential 
responses were observed considering the basal, maximal and ATP 
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dependent mitochondrial respiration (Fig. 2B). In particular, the C80A 
and C80A-C90A double mutation of Ndufb7 exhibited similar effects on 
basal, ATP dependent and maximal oxygen consumption rate, the C90A 
mutation had no statistically significant impact. Collectively these data 
propose that while Complex I dependent mitochondrial respiration is 
equally regulated by the persulfidation of the C80 and C90, complex I 
independent mitochondrial respiration is more sensitive to the 

modification of the C80. These results were paralleled with the NDUFB7 
dependent NADH to NAD+ conversion, as increased persulfidation in 
wild type NDUFB7 resulted in reduced NADH/NAD+ ratio and as such 
increased function of the protein, an increase that was abolished in the 
presence of the reducing agent TCEP. Single mutants showed reduced 
function similar to the double mutation of the two reactive cysteines in 
HEK293 cells (Fig. 2C). Notably, in contrast to the superior contribution 

Fig. 1. Reduced persulfidation in the hearts of CSE and 3MST knock out mice affects NDUFB7 persulfidation and NADH/NADþ ratio. (A-B) Volcano plots 
showing persulfidated cysteines in proteins, in hearts from wild type (WT) compared to (A) CSE or (B) 3MST knock out (KO) mice and respective GO enrichment 
analysis of the modified proteins. n = 4/group. Unpaired Student’s t-test. Red/Green: persulfidated cysteines in the respective proteins with a p < 0.1 enriched in the 
WT samples, blue: persulfidated proteins with a p < 0.1 enriched in the CSE (A) or the 3MST (B) samples. (C) Persulfidated NDUFB7 S-SH detected with a dimedone 
switch method and plotted as the relative fluorescence intensity of Daz2:Cy5/NBF in whole hearts from mice as in panels A and B. n = 6/group. one-way ANOVA, 
Tukey’s multiple comparisons test. (D) NADH/NAD+ ratio in whole heart homogenates from mice as in panels A and B. n = 4/group. Kruskal-Wallis, Dunn’s multiple 
comparisons test. (E) Representative Western blot analysis for HA tagged NDUFB7, GAPDH and persulfidated NDUFB7 S-SH detected with a dimedone switch method 
and plotted as the relative fluorescence intensity of Daz2:Cy5/NBF in HEK293 cells transfected with wild type (WT) NDUFB7, or NDUFB7 mutated at Cys80 to 
alanine (C80A), Cys90 to alanine (C90A) or double mutated and co-transfected with pcDNA or a CSE and a 3MST expressing plasmid. Dithiothreitol (DTT) was used 
as a negative control for the removal of endogenous persulfidation. n = 6/group. two-way ANOVA, Tukey’s multiple comparisons test. (F) Representative Western 
blot analysis for CSE, 3MST, HA tagged NDUFB7, Vinculin and persulfidated NDUFB7 S-SH detected as the relative fluorescence intensity of Daz2:Cy5/NBF in murine 
HL-1 cardiomyocytes infected with lentiviruses expressing a wild type (WT) NDUFB7, or NDUFB7 mutated at Cys80 to alanine (C80A), Cys90 to alanine (C90A) or 
double mutated. DTT was used as a negative control. n = 6/group. one-way ANOVA, Tukey’s multiple comparisons test. 
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of the C80A mutation to the HL-1 murine cardiomyocyte mitochondrial 
respiration, both C80A and C90A mutations resulted in significant 
elevation of the NADH/NAD+ ratio (Fig. 2D), with no evident cumula-
tive effect on the double mutant. Taken together the data indicate that 
single de-persulfidation of NDUFB7 results in impaired NADH/NAD+

ratio and compromised Complex I activity, although particularly the 
C80 cysteine residue is more important for mitochondrial basal respi-
ration. We next treated cells expressing the wild type NDUFB7 and 
either transfected with pcDNA or with CSE and 3MST, with excessive 
amounts of H2O2, which is responsible for the irreversible oxidative 
modification of cysteine thiols. Interestingly, while H2O2 increased the 
NADH/NAD+ ratio in pcDNA transfected cells, expression of CSE and 
3MST maintained the capacity of mitochondria to convert NADH to 

NAD+, indicating that endogenous sulfides act to protect against 
cysteine overoxidation of NDUFB7 and preserve complex I activity 
(Fig. 2E). Last, given the importance of NAD+ in the regulation of sirtuin 
activity, which impacts on cardiac acetylation and heart failure phe-
notypes [20], we evaluated SIRT3 activity omitting the addition of 
NAD+. Our data reveal that in HEK293 cells expressing CSE and 3MST 
maintained high SIRT3 activity levels only in NDUFB7 non-mutated 
conditions, whilst non-persulfidatable mutants exhibited reduced 
SIRT3 activity (Fig. 2F). Taken together our data demonstrate that CSE 
and 3MST derived persulfides collectively modify key proteins of com-
plex I, including NDUFB7, preserving its activity by shielding its sub-
units against cysteine hyperoxidation. 

Fig. 2. CSE and 3MST-triggered persulfidation preserves mitochondrial complex I activity and NADH/NADþ levels. (A-B) Oxygen consumption rate (OCR) in 
(A) HEK293 cells co-transfected with CSE and 3MST as well as wild type (WT) NDUFB7, or NDUFB7 mutated at Cys80 to alanine (C80A), Cys90 to alanine (C90A) or 
double mutated (B) murine HL-1 cardiomyocytes infected with lentiviruses expressing a WT or mutated NDUFB7. Complex I oxygen consumption rate was evaluated 
in response to 10 μmol/L Rotenone. n = 6–14/group. one-way ANOVA, Tukey’s multiple comparisons test. (C) NADH/NAD+ ratio in HEK293 cells as in panel A. (D) 
NADH/NAD+ ratio in HL-1 cardiomyocytes as in panel B. Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) was used as a disulfide bond breaker. n = 6/group. 
two-way ANOVA, Tukey’s multiple comparisons test (C). one-way ANOVA, Tukey’s multiple comparisons test (D). (E) NADH/NAD+ ratio in HEK293 cells transfected 
with NDUFB7 and either pcDNA or CSE and 3MST plasmids and treated with solvent (Sol.) or 500 μmol/L of H2O2 for up to 72 h n = 6/group. one-way ANOVA, 
Tukey’s multiple comparisons test. (F) SIRT3 activity in HEK293 cells transfected with CSE and 3MST as well as a WT or mutated NDUFB7. n = 6/group. one-way 
ANOVA, Tukey’s posthoc analysis. 
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3.3. Loss of persulfidation in cardiomyocytes isolated from middle aged 
murine hearts alters NAD+ homeostasis 

In line with the reduced protein expression of CSE and 3MST in 
primary isolated murine cardiomyocytes from 18 compared to 3 month 
old wild type mice (Fig. 3A), global persulfidation was reduced in 18 
month age hearts (Fig. 3B), an age that is linked to cardiac dysfunctional 
phenotypes [21–24]. Although, the global NDFUB7 levels did not 
change in the cardiomyocytes from middle aged murine hearts (Fig. 3C), 
persulfidation of NDUFB7 was significantly reduced in cardiomyocytes 
isolated from 18 month old mice, an effect that could not be reversed 
after treatment of the isolated cells for 10 min with the rapid releasing 
H2S donor, NaHS (Fig. 3D). These results were consistent with the 
increased NADH/NAD+ levels observed in the middle aged murine 
cardiomyocytes. Interestingly, NaHS treatment was able to increase the 
NAD+ levels only in the young cardiomyocytes but not in the middle 
aged, strengthening the evidence that the irreversible oxidative modi-
fications occurring in aging cannot be rescued by sulfide supplementa-
tion (Fig. 3E). 

4. Conclusion 

Protein persulfidation is a significant reversible and regulatory PTM 
that in the heart relies heavily on the enzymatic activities of CSE and 
3MST. In this study, we aimed to compare the cardiac persulfidome 

derived from CSE or 3MST knock out animals and understand how such 
a modification impacts on cardiac signaling. Strikingly, endogenous 
persulfidation of the murine heart was found to be less abundant 
compared to what has been described for other organs such as the liver 
[25] or the endothelium [10]. Only 157 proteins were found to be 
modified in the wild type myocardium, with 4 of them commonly tar-
geted significantly from CSE and 3MST derived sulfides. 3MST played a 
more dominant role to cardiac persulfidation, with a total of 24 signif-
icant proteins and 20 of them solely modified from 3MST-derived sul-
fides. Of note 3MST/H2S also can serve as an inorganic electron donor at 
the respiratory chain, complementing and balancing the bioenergetic 
role of Krebs cycle-derived electron donors [26]. Interestingly, CSE and 
3MST affected distinct proteins in different cellular compartments i.e. 
electron transport flavoproteins for CSE and primarily tricarboxylic acid 
cycle related proteins as malate dehydrogenase 1 (MDH1), 
fructose-bisphosphate aldolase (ALDOA), pyruvate kinase (PKM) and 
succinate dehydrogenase A (SDHA) for 3MST, indicating of a comple-
mentary role of the two proteins in the regulation of cardiac persulfi-
dation and mitochondrial metabolism. When focusing on common CSE 
and 3MST targets, we, surprisingly, observed that the deletion of both 
enzymes reduced persulfidation of NADH:Ubiquinone Oxidoreductase 
Subunits/NDUF subunits, which are key components of mitochondrial 
complex I activity. 

The NADH:ubiquinone oxidoreductase (complex I) catalyses the first 
step of the oxidative phosphorylation and consists of 45 proteins in 

Fig. 3. Reduced NDUFB7 persulfidation during aging impairs NADH/NADþ ratio. (A) Representative immunoblotting analysis for CSE and 3MST and relative 
densitometric analysis normalized to the DNA content in primary murine isolated cardiomyocytes from 3 or 18 month old wild type mice. n = 4/group, Unpaired 
Student’s t-test. (B) Representative confocal images and quantification showing the results of the dimedone switch method for the detection of persulfidation plotted 
as the intensity of the Daz2:Cy5 persulfidation signal (blue to red, upper panel) and DAPI (grey), NBF–Cl (red) and a-actinin (blue) in the lower panel in samples as in 
A. n = 4–6/group, Unpaired Student’s t-test. (C) Representative immunobloting and respective quantification for NDUFB7 and VINCULIN for samples as in panel A. n 
= 4–5/group. (D-E) Persulfidated NDUFB7 S-SH detected with a dimedone switch method and plotted as the relative fluorescence intensity of Daz2:Cy5/NBF (D) and 
NADH/NAD ratio (E) in samples as in panel A, treated for 10 min with solvent (Sol.) or 100 μmol/L NaHS. n = 6/group. two-way ANOVA, Bonferroni’s post-
hoc analysis. 
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humans [27]. Embedded in the mitochondrial inner membrane, it cou-
ples the oxidation of NADH to the reduction of ubiquinone and the 
translocation of protons across the inner membrane. Given its size and 
role in energy conversion it is not surprising that complex I deficiencies 
are the most frequently encountered class of mitochondrial disorders 
[28]. In the mitochondrial inter-membrane space (IMS) two families of 
short proteins reside that include repeated double cysteine motifs (Cx9C 
or Cx3C). The cysteines are oxidized in the IMS, forming disulfide 
bridges that stabilize a hairpin confirmation in which α-helices between 
the cysteines align in an anti-parallel manner [19]. Among those pro-
teins the NDUF family surveil mitochondrial NAD+ availability. Indeed, 
we were able to identify that persulfidation targets NDUF proteins and in 
particular NDUFB7 in cysteines 80 and 90 which are located in the Cx9C 
motif and are involved in disulfide bonds formation [19]. Detailed 
subsequent studies in which the reactive cysteines were mutated showed 
that persulfidation of the two specific cysteines is responsible to preserve 
NDUFB7 function, protect against overoxidation, maintain complex I 
activity and high levels of mitochondrial nicotinamide adenine 
dinucleotide-NAD+, with cysteine C80 exhibiting a greater contribution 
to the basal mitochondrial respiration in cardiomyocytes. Whether 
physiologically both cysteines are simultaneously persulfidated, or sin-
gle presulfidation suffice to preserve complex I activity remains to be 
further investigated. NAD+ is a pyrimidine dinucleotide which preserves 
energy homeostasis and redox balance through numerous mitochondrial 
metabolic processes, while it serves as rate-limiting substrate for en-
zymes in non-redox reactions involved in DNA repair, epigenetic regu-
lation and post-translation modifications [29]. The high energy 
demands of the heart makes it particularly susceptible to dysregulated 
NAD+ metabolism and NAD+ depletion is linked to disease pathogenesis 
[30]. During aging, which represents a form of chronic stress, NAD+

pools decline in various tissues, including the heart, which is correlated 
with a decline in mitochondrial function [31]. Of note, in stressed car-
diomyocytes reduced levels of NAD+ and increased NAD+ catabolizing 
enzymes contribute to cell death in heart failure [32]. Thus, NAD+

replenishment through NAD+ precursors supplementation or inhibition 
of NAD+ catabolic enzymes have shown to reverse vascular dysfunction 
induced by aging and improve cardiac function and, thus, are investi-
gated as anti-aging strategies [20,33,34]. Simultaneously to reduced 
NAD+ levels observed in aging, the NADH/NAD+ ratio is significantly 
increased [35]. Notably, increase in NADH levels initiate reductive 
stress responses [36], and have also been linked to pathological 
myocardial remodeling [37]. Further experiments would be requiered to 
confirm the existence of reductive stress in cardiomyocytes with 
impaired complex I activity due to lack of NDUFB7 persulfidation. There 
are different NAD+ catabolizing enzymes which belong to three different 
classes: the sirtuin family of deacetylases (SIRTs), the poly(ADP-ribose) 
polymerases (PARPs) and the (cyclic ADP-ribose) synthases (cADPRs), 
like CD38, which are mostly expressed in the heart and whose function is 
cell type- and context-dependent [33]. SIRTs are of particular interest 
given their impact on global acetylation of proteins, which dictates 
cellular phenotypes and transcriptional programs. This is not the first 
report linking hydrogen sulfide bioavailability to NAD+ levels, as in 
vessels H2S dependent NAD+ and SIRT1 regulation has been proposed to 
be a novel anti-aging strategy [38]. In our studies, we made the first link 
of persulfidation control of SIRTs activity through its impact on NAD+

availability in the murine heart, a finding that is very promising for 
future studies on how loss of persulfidation in aging affects car-
diomyocyte transcription and function. Given that changes in NAD+

metabolism during aging are incompletely understood, our studies have 
shed some light on novel mechanisms affecting endogenous NAD+ pools 
that impact on cardiac cell homeostasis. 
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