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Abstract

Reactive oxygen species (ROS) decreases bioavailability of nitric oxide (NO) and impairs NO-
dependent relaxations. Like NO, hydrogen sulfide (H,S) is an antioxidant and vasodilator; however, the
effect of ROS on H,S-induced relaxations is unknown. Here we investigated whether ROS altered the
effect of H,S on vascular tone in mouse aorta and determined whether resveratrol (RVT) protects it via
H,S. Pyrogallol induced ROS formation. It also decreased H,S formation and relaxation induced by L-
cysteine and in mouse aorta. Pyrogallol did not alter sodium hydrogensulfide (NaHS)-induced
relaxation suggesting that the pyrogallol effect on L-cysteine relaxations was due to endogenous H,S
formation. RVT inhibited ROS formation, enhanced L-cysteine-induced relaxations and increased H,S
level in aortas exposed to pyrogallol suggesting that RVT protects against “H,S-dysfunctions” by
inducing H,S formation. Indeed, H,S synthesis inhibitor AOAA inhibited the protective effects of
RVT. RVT had no effect on Ach-induced relaxation that is NO dependent and the stimulatory effect of
RVT on H,S-dependent relaxation was also independent of NO. These results demonstrate that
oxidative stress impairs endogenous H,S-induced relaxations and RVT offers protection by inducing
H,S suggesting that targeting endogenous H,S pathway may prevent vascular dysfunctions associated

by oxidative stress.
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Introduction

Atherosclerosis, hypertension, diabetes mellitus and even preeclampsia are all associated with
increased reactive oxygen species (ROS) [1]. Nitric oxide (NO) protects against myocardial infarction
[2; 3] and ROS decreases bioavailability of NO. Hydrogen sulfide (H,S) also possesses cardiovascular
protective properties. Levels of H,S is decreased in aging [4], hyperglycaemia [5; 6], diabetes [7] and
preeclampsia [8]. The enzymes responsible for the generation of endogenous H,S include
cystathionine-B-synthase (CBS), cystathionine-y-lyase (CSE), and mitochondrial 3-mercaptopyruvate
sulfurtransferase (3MPST). The production of H,S through the MPST pathway is decreased by pro-
oxidant H,0, in vitro [6], however the role of oxidants on H,S formation and vasorelaxation induced
by L-cysteine is unknown. The aim of this study was to investigate the effects of oxidative stress

induced by pyrogallol on H,S-induced relaxation in mouse aorta.

The antioxidant Resveratrol (RVT), a polyphenol present in red wine, offers protection in vascular
pathologies such as diabetes, erectile dysfunction, hypertension and metabolic syndrome [9] and
preeclampsia [10]. Interestingly, the beneficial effect of RVT is attributed to activation of eNOS and
inhibition of NADPH oxidase [11; 12] via SIRT [12; 13] in vascular system. Hydrogen sulfide
activates eNOS [14; 15] and SIRT [16] and inhibits NADPH oxidase [17; 18; 19]. Also nuclear factor
erythroid 2-related factor 2 (Nrf-2) is enrolled in the antioxidant effect of both RVT [20] and H,S [7;
21; 22]. These common links led us to further investigate the role of H,S in the protective effects of

RVT in vascular oxidative stress in the regulation of vascular tone and ROS formation in mouse aorta.

Method

Animals

The present study was approved by the Animal Experiment Local Ethical Committee of Ege University
(No: 2015-070) in agreement with European guidelines for animal care. All experiments were
conducted on 10 to 12 weeks of age male CD1 mice (n=50) obtained from the Breeding Center of
Experimental Animals in Ege University (ARGEFAR). The animals were stunned by inhalation of

CO,, sacrificed by decapitation and exsanguinated.



Drugs and treatments

For ROS/H,S formation, isolated aortic rings in HEPES buffer or homogenates in phosphate buffer
were incubated respectively with either cystathionine gamma lyase/cystathionine beta synthase
(CSE/CBS) inhibitor (AOAA, 2 mM), CSE inhibitor PAG (10 mM) or the eNOS inhibitor L-NNA
(0.1mM) for 30 minutes Thereafter, without washing, RVT (0.01 mM) was added for 30 min in the
presence or absence of the inhibitors. Pyrogallol was then added (0.1mM) for 5 min prior to assaying
(Fig 1).

The same order of incubation without washing in KREBS Buffer was used for isolated organ bath
experiments to get dose response curves after confirmation of the presence of the endothelium. In some
experiments to measure H,S or ROS level, NAHS (1mM) was added to the homogenates or isolated

aortic rings for 10 minutes followed by pyrogallol for 5 min without washing.
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Fig. 1 Protocol for the treatments used in the study

RVT were acquired from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Unless otherwise stated,

all other chemicals were obtained from Sigma.



Measurement of reactive oxygen species formation by chemiluminescence

Luminol and lucigenin chemiluminescences was measured as indicators of ROS formation according to
the modified method described by Munzel et al [23]. The assay was performed with aortic rings in 1 ml
HEPES-buffered physiological solution (pH 7.4). After incubations with pharmacological agents as
given above lucigenin or luminol (5 pumol/L) were added to measure ROS level. This lower
concentration of lucigenin was demonstrated not to be involved in redox cycling and to specifically
indicate superoxide anion levels in intact vascular tissue. ROS were quantified using a multi-plate
reader (Varioskan ™ Flash multimode reader, Thermo Scientific, USA). Luminol detects a group of
reactive species, i.e., .OH, H,0,, HOCI, and lucigenin is selective for O,- [24]. Counts were obtained
at 1 min intervals for a counting period of 5 min. and the results were given as the area under the curve

(AUC) of relative light units (rlu)/mg of wet tissue.

Isolated organ bath experiments

The aorta was isolated and cut into two 4 mm-long rings after removal of loose connective tissue. The
individual aortic rings were separated, mounted in 5 ml organ bath of DMT 610 ring myograph for
isometric force recording (Danish Myograph Technology, Aarhus, Denmark) coupled to a PowerLab
8/SP data acquisition system (Chart 5.0 software; ADInstruments, Colorado Springs, CO) and bathed
in carboxygenated (95% O,; 5% CO,) modified Krebs—Ringer solution NaCl, 130 mM; NaHCO3, 14.9
mM; dextrose, 5.5 mM; KCI, 4.7 mM; KH,PO,, 1.18 mM; MgS0O,7H,0, 1.17 mM and CaCl,2H,0,
1.6 mM) at 37 °C. Tissues were allowed to equilibrate for 90 min. under a resting tension of 20 mN.
Experiments were done in rings with endothelium as confirmed by relaxation more than 40 % to ACh
(1 uM) after contraction with phenylephrine (Phe, 10 uM). One concentration-response curve was
obtained in each ring. After confirmation of presence of the endothelium, relaxant responses to either
ACh (10°-10"* M) or exogenous H,S donor NaHS (10°-3.10% M) or endogenous H,S donor L-cysteine
(10-20-40-80 mM) was obtained after pre-contraction by phenylephrine. The concentration of
phenylephrine is altered in some vessels to get equal pre-contraction. Aortic rings were exposed to

pyrogallol to induce oxidative stress.



Measurement of H,S level by Methylene blue assay

To assess H,S formation by CSE/CBS pathway in aorta, H,S determination was evaluated according to
Stipanuk and Beck [25]. Since the mouse aorta is thin and small, at least 3-4 mice aorta were
combined, homogenized with lysis buffer. After incubation with pharmacological agents as given
above, the same protocol with our previous study was used to measure H,S formation in aortic
homogenates [26]. The optical absorbance of the resulting solution was measured after 10 min. at a
wavelength of 650 nm. All samples were assayed in duplicate. The absorbance values obtained in the
absence of homogenates under different treatments were subtracted from reel absorbance to get net
absorbance to calculate H,S concentration in samples against a calibration curve of NaHS (3.9-

250 uM). Data were calculated as nmol per milligram of protein.min™

Statistics

Data are expressed as % relaxation of the Phe-induced tone. Concentration—response curves were fitted
by sigmoid curves using the least squares method. All calculations were determined using a standard
statistical software package (Prism5, Graphpad, San Diego, California, USA). Significance was
accepted at p<0.05. The data were computed as means + SEM and evaluated statistically using the
One-Way ANOVA or Two-Way ANOVA when appropriate. If there is an interaction between
concentrations and treatments Bonferroni post hoc test were used after ANOVA. “n” is the number of

tissues.

RESULTS

Reactive oxygen species

Pyrogallol treatment (0.1 mM, 5 min.) induced both superoxide and other reactive oxygen species
(ROS) generation in mouse aorta (Figure 2a and 2b, respectively, p<0.01, One-Way ANOVA,
Bonferroni post hoc test, n=6). Both RVT (0.01 mM, 30 min.) and exogenous H,S donor NaHS
significantly inhibited ROS generation (Figure 2a and 2b, p<0.01, p<0.05, respectively, One-Way
ANOVA, Bonferroni post hoc test, n=7). CBS and CSE inhibitor AOAA or the CSE inhibitor PAG

completely reversed the antioxidant effect of RVT (Figure 2a and b, p<0.05, One-Way Anova,



Bonferroni post hoc test, n=7). However eNOS inhibitor L-NNA did not alter RVT-induced inhibition

of superoxide or other ROS formation significantly.
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Fig. 2 The effects of RVT on A) superoxide B) other reactive oxygen species induced by

pyrogallol in mouse aorta

Pyrogallol (0.1mM) increased superoxide (O,) and ROS generation, as measured by lucigenin and
luminol assay, respectively. RVT (0.01 mM) or NaHS (ImM) significantly inhibited O, and ROS
formation induced by pyrogallol. H,S inhibitor AOAA (2 mM) or PAG (10 mM), reversed these
effects significantly. Although there is a trend, L-NNA (0.1mM) could not reverse the antioxidant
effect of RVT significantly. **p<0.01,***p<0,001 compared to control, ++ p<0.01, +++ p<0.001,
compared to pyrogallol (PYR), # p<0.05 compared to pyrogallol+resveratrol (PYR+RVT), One-Way

Anova, n=7.

ACh relaxations

ACh caused relaxation in the mouse aorta in a concentration-dependent manner. Pyrogallol decreased
the ACh-induced relaxation (Figure 3, p<0.05, compared to control, Two-Way ANOVA, n=5). RVT
(0.01 mM, 30 min.) did not alter NO-dependent relaxations in normal conditions or in the presence of
oxidative stress (Figure 3, Two way Anova, n=5). Pyrogallol reduced pD, values significantly (Table
1, p<0.01, One way Anova, n=5) and tends to decrease maximal relaxation to ACh however it did not
reach a significant level. RVT did not alter pyrogallol-induced decrease in pD, values or tendency to

reduced maximal relaxation to ACh
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Fig. 3 The effect of RVT on ACh relaxation in pyrogallol-induced oxidative stress in mouse aorta
Pyrogallol (0.1mM) slightly decreased ACh relaxations in mouse aorta. RVT (0.01 mM) did not alter
NO-dependent relaxations in normal conditions but restored impaired relaxations in the presence of

pyrogallol-induced oxidative stress. *p<0.05, control vs. pyrogallol, Two-Way Anova, n=5.

CONT PYR RVT RVT+PYR
pD, for ACh 6.921 +0.256 6.791+0.329 ** 7.131+0.122 6.996+0.212
Emax for ACh 50.10+5.876 39.79+7.174 46.02+6.996 42.52+8.539

Table 1 The effect of RVT on pD, values and maximal relaxation of ACh relaxation in the
presence or absence of pyrogallol-induced oxidative stress in mouse aorta. Pyrogallol (0.1mM)
significantly decreased pD, values without changing maximal relaxation to ACh relaxations in mouse
aorta. RVT (0.01 mM) did not alter maximal relaxations or pD, values. **p<0.01, control vs.

pyrogallol, One-Way Anova, n=5.



L-cysteine relaxations

L-cysteine caused a concentration dependent slight contraction at the very first concentrations and then
relaxation in mouse aorta. Endogenous H,S-relaxation was significantly diminished in the presence of
oxidative stress (Figure 5, p<0.001, Two-Way Anova, n=9-6, respectively). Despite, RVT (0.01 mM,
30 min.) enhanced relaxation to L-cysteine and this effect was inhibited by the CSE inhibitor PAG or

CBS/CSE inhibitor AOAA at the same rate but not by eNOS inhibitor L-NNA significantly (Figure 4

, p<0.001 compared to control and p<0.001, compared to RVT, Two-Way Anova, n=5-11).
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Fig. 4 The effect of RVT on L-cysteine induced relaxations in mouse aorta

RVT (0.01 mM) increased L-cysteine relaxation significantly. This effect of RVT were inhibited by
CBS/CSE inhibitor AOAA (2 mM) or the CSE inhibitor PAG (10 mM) significantly but not by eNOS
inhibitor L-NNA (0.1mM). *** p<0.001 compared to control (CONT), +++ p<0.001 compared to

resveratrol (RVT), Two Way Anova, n=5-11.



The stimulatory effect of RVT was still dominant under oxidative stress. Since both PAG and AOAA
inhibited RVT-induced augmentation of L-cysteine relaxation, the effect of PAG as CSE inhibitor has
been tested to investigate the role of H,S in the effect of RVT to restore impaired relaxation to L-
cysteine under oxidative stress. RVT could not rescue disrupted endogenous H,S-dependent relaxations
when H,S synthesis is inhibited by PAG, suggesting H,S was enrolled in the protective effect of RVT
under oxidative stress (Figure 5, p<0.001, compared to PYR, p<0.05 compared to PYR+RVT, Two-

Way Anova n=5, respectively).
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Fig. 5 The effect of resveratrol on L-cysteine induced relaxations in the presence of pyrogallol-
induced oxidative stress in mouse aorta

Pyrogallol (0.1mM) decreased L-cysteine relaxation significantly. RVT (0.01 mM) restored the
diminished endogenous H,S-dependent relaxations in oxidative stress. H,S synthesis inhibitor PAG
(10 mM) inhibited RVT-induced protection on L-cysteine relaxations. ***p<0.001 compared to control
(CONT), +++p<0.001, compared to Pyrogallol (PYR), v p<0.05 compared to pyrogallol+resveratrol

(PYR+RVT) Two Way Anova, n=5-9.
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NaHS relaxations

Alterations in downstream mechanisms of H,S were tested in response to the exogenous H,S donor
(NaHS). NaHS caused a concentration-dependent relaxation in the mouse aorta. Pyrogallol-induced
oxidative stress did not alter relaxation to NaHS (Figure 6, p>0.05, compared to control, Two-Way

Anova, n=5).
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Fig. 6 The effect of pyrogallol on NaHS induced relaxations in mouse aorta
Exogenous H,S donor NaHS induced concentration dependent relaxation in mouse aorta. Pyrogallol
(0.1mM) did not significantly change exogenous H,S dependent relaxations. p>0.05 compared to

control (CONT), Two-Way Anova, n=5.

H,S formation

H,S formation in mouse aortic rings was measured by methylene blue assay, to investigate if oxidative
stress alters H,S formation and the role of H,S in the protective effect of RVT under oxidative stress,

RVT incubation caused a significant increase in H,S levels in both basal and L-cysteine stimulated

11



conditions. RVT-induced augmentation of H,S level was inhibited by AOAA. Pyrogallol decreased
L-cysteine-stimulated H,S formation significantly. (Figure 7, p<0.001, One-Way Anova, n=7). RVT

reversed this impaired H,S formation in the presence of oxidative stress (Figure 7, p<0.01, One-Way

Anova, n=7).
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Fig. 7 The effect of RVT and oxidative stress on H,S formation in mouse aorta

RVT (0.01 mM) significantly increased basal H,S formation in the presence or absence of oxidative
stress and this stimulatory effect was reversed by H,S synthesis inhibitor AOAA (2 mM). Pyrogallol
(0.1mM) decreased the L-cysteine (10 mM) stimulated H,S formation and RVT restored it slightly.
***p<0.001, compared to control (CONT), +++p<0.001 compared to RVT, # p<0.05, ## p<0.001
compared to pyrogallol (PYR), .. p<0.01 compared to pyrogallol+resveratrol (PYR +RVT). One-Way

ANOVA, n=7.

Discussion
This study shows that ROS generated by pyrogallol significantly decreases H,S formation, which
resulted in disruption to the endogenous H,S-dependent relaxations. Furthermore, the antioxidant effect

of RVT requires H,S but not NO. RVT stimulates H,S formation through the CBS/CSE pathways and
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restores impaired endogenous H,S-dependent relaxations in the presence of oxidative stress. These
results support the therapeutic value of RVT and demonstrate significance of H,S dysfunction in

vascular oxidative stress.

Oxidative stress inhibits NO bioavailability, which is accepted as the main cause of endothelial
dysfunction and cardiovascular diseases. H,S have some similarities to NO to provide protection for
cardiovascular system as a vasodilator, antioxidant, anti-inflammatory gasotransmitter, depends on
concentration as in NO. There are accumulated evidence showing impaired H,S level in
hyperglycaemia [27], diabetes [28] [29], atherosclerosis [30] and hypercholesterolemia [3] where
oxidative stress is accompanied. Although a recent study shows acute oxidative stress by H,O, causes a
decrease in MPST-induced H,S formation [6], there is no study investigating the role of vascular
oxidative stress on the CSE/H,S -dependent regulation of ROS formation and vascular tonus yet. We
found that pyrogallol causes both superoxide radical and other ROS formation (Figure 2a and 1b) and
oxidative stress induced by pyrogallol significantly decreases L-cysteine stimulated endogenous H,S
formation without altering basal H,S formation in mouse aorta (Figure 7). To our knowledge this is the
first study reporting impaired L-cysteine induced H,S formation and relaxation in oxidative stress.
Several studies showed that L-cysteine, the substrate of CSE and CBS, induces relaxations through
H,S, since CBS/CSE inhibitor AOAA [31] or CSE inhibitor PAG [32] inhibits this relaxation in
bladder [33] corpus cavernosum [26; 34] as well as aorta [31] [35]. In our study, L-cysteine caused a
relaxation in mouse aorta (Figure 4 and 5) confirming previous studies [35; 36]. The major findings of
our study showed that acute oxidative stress inhibits endogenous H,S-dependent relaxation induced by
L-cysteine (Figure 5). Further we found that the impairment in L-cysteine-induced relaxation was not
depending on downstream mechanism of vasorelaxation through H,S, since exogenous H,S donor
NaHS-induced relaxations were not decreased by oxidative stress (Figure 6). Thus we conclude that
disrupted L-cysteine induced relaxation in oxidative stress was dependent on decreased endogenous
H,S formation. These data suggest that decreased H,S may contribute to the regulation of vascular

tonus in cardiovascular disease where oxidative stress accompanies.

H,S-targeting treatments have protective effects in endothelial dysfunctions [3] including diabetes [27],

myocardial infarction [37], myocardial ischemia/reperfusion [38], hypertension [39], atherosclerosis
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[29; 30] and erectile dysfunction [40]. Interestingly RVT is also protective in these cardiovascular
diseases [41]. RVT and H,S share some mechanisms such as SIRT activation, PDE inhibition and
KATP activation. Recently we have showed RVT induce H,S formation in penile tissue [26]. These
observations had led us to investigate whether H,S contribute to the beneficial effect of RVT in aorta.
RVT induced CSE/CBS dependent H,S formation in mouse aorta in the presence or absence of
oxidative stress (Figure 7), suggesting the effect of RVT on H,S formation was not limited to
pathological conditions or penile tissue. Beside RVT enhanced the endogenous H,S dependent
relaxation (Figure 4) via promoting H,S formation in mouse aorta as in mouse corpus cavernosum
(MCC) [26]. We now further showed that CBS/CSE inhibitor AOAA or the CSE inhibitor PAG
reversed the augmentation of L-cysteine relaxations in mouse aorta in a same rate (Figure 4),
emphasize the role of CSE/H,S pathway rather than CBS in protective effect of RVT. Further this
effect was not returned by eNOS inhibitor L-NNA in mouse aorta as in MCC [26], suggesting NO-
independent regulation of endogenous H,S-relaxation by RVT. Although vascular protective effects of
RVT have been mostly attributed to eNOS activation [42; 43; 44; 45], we showed in this study that
RVT also protects impaired endogenous H,S dependent relaxations under oxidative stress. CSE/H,S
pathway contributes to the protective effect of RVT, since PAG reversed the enhanced relaxation to L-
cysteine by RVT (Figure 4). We should note that although the inhibition rate by PAG was around 56%,
but still it was not complete. The reason for not full inhibition may result from the activation of H,S
formation by RVT and a counterbalance effect of PAG to inhibit H,S formation. Alternatively this
could be due to a lack of efficacy of PAG in inhibiting CBS/CSE or the contribution of an additional
enzyme (MPST) or additional mechanisms. However the contribution of the third enzyme MPST to
RVT-induced H,S synthesis and relaxation could not be determined, since there are no specific
inhibitors of MPST. On the other side oxidative stress depressed endogenous H,S induced relaxation
more than NO-dependent relaxations in mouse aorta (Figure 5 and 3, respectively). Impaired relaxation
to ACh was not restored by RVT in mouse aorta (Figure 3). However improvement of endothelial
relaxations by chronic RVT treatment in aorta from spontaneous hypertensive conditions but not
normotensive conditions was reported in rat [46]. This discrepancy may result from differences
between pathological conditions or species. Nevertheless the protective effect of RVT on L-cysteine

relaxation was much more pronounced than from ACh-induced relaxations.
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H,S have also significant role in vessels via regulating ROS formation, which is an important
signalling molecule in inflammation, apoptosis and proliferation processes that ultimately regulate
vascular disease such as atherosclerosis. Interestingly recent studies revealed that SIRT activation is
linked to NADPH inhibition [12] and RVT as a known SIRT activator [13] have a capacity to inhibit
NADPH [11] in vascular system as in reported by H,S [17; 19]. Beside other antioxidant mechanisms
of RVT and H,S are similar such as activation of eNOS [1] [14], SOD [47] [48] and HO-1 [10; 49] as
well as Nrf-2 translocation [50] [7]. Because of these similarities we investigated the role of H,S in the
antioxidant effect of RVT in mouse aorta. RVT (0.1 mM, 30 min) significantly inhibited superoxide
radicals and other ROS formation induced by pyrogallol in-mouse aorta (Figure 2) as NaHS (1 mM, 10
min.) did. H,S synthesis inhibitor AOAA or PAG completely reversed it significantly, showing a
strong role of H,S pathway in antioxidant effect of RVT (Figure 2). Since inhibition of CSE alone or
together with CBS did reverse the effect of RVT on superoxide formation at same level, we suggest
that CSE is involved in these effects rather than CBS. Supporting this, it was reported that CSE
overexpression inhibits ROS formation and restores impaired ACh-relaxations due to high glucose in
mouse aorta, whereas CSE inhibition causes an augmentation in mitochondrial ROS formation [27].
On the other hand, in our study L-NNA could not cause a significant decrease in antioxidant effect of
RVT, suggesting pronounced effect of H,S pathway on the effects of antioxidants. Thus we suggest

that H,S may contribute as an upstream mechanism of protective effect of RVT in oxidative stress.

We should note that the effect of RVT on ROS formation, endogenous H,S dependent relaxation or
H,S level was returned by AOAA or PAG partly but not completely. This could be due to the
contribution of 3-mercaptopyruvate sulphurtransferase (MPST), the third enzyme that enrolled in H,S
formation as well as CBS and CSE, since AOAA is a CBS/CSE inhibitor but a specific
pharmacological inhibitor of MPST is not known yet. Moreover Czabo et al. already showed that H,S

production through MPST pathway is reduced in H,O, induced oxidative stress [6].

Conclusion
In summary, as PAG or AOAA decreased the effect of RVT on inducing H,S formation and inhibiting
ROS formation as well as I-cysteine-induced relaxation, we suggest that CSE/H,S pathway can

contribute to the beneficial effect of RVT under oxidative stress. However we can not rule out the role
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of other possible mechanisms, since the inhibition of the beneficial effect of RVT by PAG or AOAA

was not full and we should note that we are suggesting that CSE/H,S pathway may not be the only
pathway for the beneficial effect of RVT but it contributes to the protective effect of RVT. There are

already several clinical trials investigating the effect of RVT in cardiovascular diseases in different
doses. Our study may be important to show the potential of RVT as an H,S-targeting drugs to treat H,S
pathway related physiological effects in cardiovascular diseases. As H,S requires of smooth muscles
cells instead of endothelial cell to produce the gasotransmitter to relax the vessel, targeting H,S may be
a better option in endothelial dysfunctions associated with oxidative stress where NO-dependent
relaxations is decreased. We conclude that acute oxidative stress impairs H,S dependent protection in
the aorta. RVT provides protection by limiting ROS formation and promoting vascular relaxation
through production of H,S under vascular oxidative stress. These data suggest that H,S targeting
molecules such as RVT may offer an additional supplementation against cardiovascular disease where
oxidative stress are accompanied with decreased H,S dependent regulation of vascular tone and

antioxidant systems are impaired.

References

[1] H. Li, S. Horke, U. Forstermann, Oxidative stress in vascular disease and its pharmacological
prevention, Trends Pharmacol Sci 34 (2013) 313-9.

[2] G. Yetik-Anacak, J.D. Catravas, Nitric oxide and the endothelium: history and impact on
cardiovascular disease, Vascul Pharmacol 45 (2006) 268-76.

[3] R. Wang, C. Szabo, F. Ichinose, A. Ahmed, M. Whiteman, A. Papapetropoulos, The role of H2S
bioavailability in endothelial dysfunction, Trends Pharmacol Sci 36 (2015) 568-78.

[4] S. Jin, S.X. Pu, C.L. Hou, F.F. Ma, N. Li, X.H. Li, B. Tan, B.B. Tao, M.J. Wang, Y.C. Zhu, Cardiac
H2S Generation Is Reduced in Ageing Diabetic Mice, Oxid Med Cell Longev 2015 (2015)
758358.

[5] C. Coletta, K. Modis, B. Szczesny, A. Brunyanszki, G. Olah, E.C. Rios, K. Yanagi, A. Ahmad, A.
Papapetropoulos, C. Szabo, Regulation of Vascular Tone, Angiogenesis and Cellular
Bioenergetics by the 3-Mercaptopyruvate Sulfurtransferase/H2S Pathway: Functional
Impairment by Hyperglycemia and Restoration by DL-alpha-Lipoic Acid, Mol Med 21 (2015)
1-14.

[6] K. Modis, A. Asimakopoulou, C. Coletta, A. Papapetropoulos, C. Szabo, Oxidative stress
suppresses  the  cellular  bioenergetic  effect of the  3-mercaptopyruvate
sulfurtransferase/hydrogen sulfide pathway, Biochem Biophys Res Commun 433 (2013) 401-
7.

[7] B.F. Peake, C.K. Nicholson, J.P. Lambert, R.L. Hood, H. Amin, S. Amin, J.W. Calvert, Hydrogen
sulfide preconditions the db/db diabetic mouse heart against ischemia-reperfusion injury by
activating Nrf2 signaling in an Erk-dependent manner, Am J Physiol Heart Circ Physiol 304
(2013) H1215-24.

[8] K. Wang, S. Ahmad, M. Cai, J. Rennie, T. Fujisawa, F. Crispi, J. Baily, M.R. Miller, M. Cudmore,
P.W. Hadoke, R. Wang, E. Gratacos, |.A. Buhimschi, C.S. Buhimschi, A. Ahmed,
Dysregulation of hydrogen sulfide producing enzyme cystathionine gamma-lyase contributes
to maternal hypertension and placental abnormalities in preeclampsia, Circulation 127 (2013)
2514-22.

16



[9] P.C. Tang, Y.F. Ng, S. Ho, M. Gyda, S.W. Chan, Resveratrol and cardiovascular health--promising
therapeutic or hopeless illusion?, Pharmacol Res 90 (2014) 88-115.

[10] M.J. Cudmore, W. Ramma, M. Cai, T. Fujisawa, S. Ahmad, B. Al-Ani, A. Ahmed, Resveratrol
inhibits the release of soluble fms-like tyrosine kinase (sFlt-1) from human placenta, Am J
Obstet Gynecol 206 (2012) 253 e10-5.

[11] Y. Tang, J. Xu, W. Qu, X. Peng, P. Xin, X. Yang, C. Ying, X. Sun, L. Hao, Resveratrol reduces
vascular cell senescence through attenuation of oxidative stress by SIRT1/NADPH oxidase-
dependent mechanisms, J Nutr Biochem 23 (2012) 1410-6.

[12] M.J. Zarzuelo, R. Lopez-Sepulveda, M. Sanchez, M. Romero, M. Gomez-Guzman, Z. Ungvary, F.
Perez-Vizcaino, R. Jimenez, J. Duarte, SIRT1 inhibits NADPH oxidase activation and
protects endothelial function in the rat aorta: implications for vascular aging, Biochem
Pharmacol 85 (2013) 1288-96.

[13] K.T. Howitz, K.J. Bitterman, H.Y. Cohen, D.W. Lamming, S. Lavu, J.G. Wood, R.E. Zipkin, P.
Chung, A. Kisielewski, L.L. Zhang, B. Scherer, D.A. Sinclair, Small molecule activators of
sirtuins extend Saccharomyces cerevisiae lifespan, Nature 425 (2003) 191-6.

[14] C. Coletta, A. Papapetropoulos, K. Erdelyi, G. Olah, K. Modis, P. Panopoulos, A.
Asimakopoulou, D. Gero, I. Sharina, E. Martin, C. Szabo, Hydrogen sulfide and nitric oxide
are mutually dependent in the regulation of angiogenesis and endothelium-dependent
vasorelaxation, Proc Natl Acad Sci U S A 109 (2012) 9161-6.

[15] N. Xia, S. Strand, F. Schlufter, D. Siuda, G. Reifenberg, H. Kleinert, U. Forstermann, H. Li, Role
of SIRT1 and FOXO factors in eNOS transcriptional activation by resveratrol, Nitric Oxide 32
(2013) 29-35.

[16] R. Suo, Z.Z. Zhao, Z.H. Tang, Z. Ren, X. Liu, L.S. Liu, Z. Wang, C.K. Tang, D.H. Wei, Z.S.
Jiang, Hydrogen sulfide prevents H(2)O(2)-induced senescence in human umbilical vein
endothelial cells through SIRT1 activation, Mol Med Rep 7 (2013) 1865-70.

[17] M.R. Al-Magableh, B.K. Kemp-Harper, H.H. Ng, A.A. Miller, J.L. Hart, Hydrogen sulfide
protects endothelial nitric oxide function under conditions of acute oxidative stress in vitro,
Naunyn Schmiedebergs Arch Pharmacol 387 (2014) 67-74.

[18] R.K. Mistry, T.V. Murray, O. Prysyazhna, D. Martin, J.R. Burgoyne, C. Santos, P. Eaton, A.M.
Shah, A.C. Brewer, Transcriptional Regulation of Cystathionine-gamma-lyase in Endothelial
cells by NADPH oxidase 4-dependent Signaling, J Biol Chem (2015).

[19] D. Zheng, S. Dong, T. Li, F. Yang, X. Yu, J. Wu, X. Zhong, Y. Zhao, L. Wang, C. Xu, F. Lu, W.
Zhang, Exogenous Hydrogen Sulfide Attenuates Cardiac Fibrosis Through Reactive Oxygen
Species Signal Pathways in Experimental Diabetes Mellitus Models, Cell Physiol Biochem 36
(2015) 917-29.

[20] H. Ghanim, C.L. Sia, K. Korzeniewski, T. Lohano, S. Abuaysheh, A. Marumganti, A. Chaudhuri,
P. Dandona, A resveratrol and polyphenol preparation suppresses oxidative and inflammatory
stress response to a high-fat, high-carbohydrate meal, J Clin Endocrinol Metab 96 (2011)
1409-14.

[21] X. Huang, Y. Gao, J. Qin, S. Lu, The role of miR-34a in the hepatoprotective effect of hydrogen
sulfide on ischemia/reperfusion injury in young and old rats, PL0oS One 9 (2014) e113305.

[22] X. Zhou, G. An, J. Chen, Inhibitory effects of hydrogen sulphide on pulmonary fibrosis in
smoking rats via attenuation of oxidative stress and inflammation, J Cell Mol Med 18 (2014)
1098-103.

[23] T. Munzel, 1.B. Afanas'ev, A.L. Kleschyov, D.G. Harrison, Detection of superoxide in vascular
tissue, Arterioscler Thromb Vasc Biol 22 (2002) 1761-8.

[24] Y. Ohara, T.E. Peterson, D.G. Harrison, Hypercholesterolemia increases endothelial superoxide
anion production, J Clin Invest 91 (1993) 2546-51.

[25] M.H. Stipanuk, P.W. Beck, Characterization of the enzymic capacity for cysteine
desulphhydration in liver and kidney of the rat, Biochem J 206 (1982) 267-77.

[26] G. Yetik-Anacak, M.V. Dereli, G. Sevin, O. Ozzayim, Y. Erac, A. Ahmed, Resveratrol Stimulates
Hydrogen Sulfide (H2 S) Formation to Relax Murine Corpus Cavernosum, J Sex Med 12
(2015) 2004-12.

[27] K. Suzuki, G. Olah, K. Modis, C. Coletta, G. Kulp, D. Gero, P. Szoleczky, T. Chang, Z. Zhou, L.
Wu, R. Wang, A. Papapetropoulos, C. Szabo, Hydrogen sulfide replacement therapy protects
the vascular endothelium in hyperglycemia by preserving mitochondrial function, Proc Natl
Acad Sci U S A 108 (2011) 13829-34.

[28] V. Brancaleone, F. Roviezzo, V. Vellecco, L. De Gruttola, M. Bucci, G. Cirino, Biosynthesis of
H2S is impaired in non-obese diabetic (NOD) mice, Br J Pharmacol 155 (2008) 673-80.

17



[29] X. Zhong, L. Wang, Y. Wang, S. Dong, X. Leng, J. Jia, Y. Zhao, H. Li, X. Zhang, C. Xu, G.
Yang, L. Wu, R. Wang, F. Lu, W. Zhang, Exogenous hydrogen sulfide attenuates diabetic
myocardial injury through cardiac mitochondrial protection, Mol Cell Biochem 371 (2012)
187-98.

[30] Y. Wang, X. Zhao, H. Jin, H. Wei, W. Li, D. Bu, X. Tang, Y. Ren, C. Tang, J. Du, Role of
hydrogen sulfide in the development of atherosclerotic lesions in apolipoprotein E knockout
mice, Arterioscler Thromb Vasc Biol 29 (2009) 173-9.

[31] A. Asimakopoulou, P. Panopoulos, C.T. Chasapis, C. Coletta, Z. Zhou, G. Cirino, A. Giannis, C.
Szabo, G.A. Spyroulias, A. Papapetropoulos, Selectivity of commonly used pharmacological
inhibitors for cystathionine beta synthase (CBS) and cystathionine gamma lyase (CSE), Br J
Pharmacol 169 (2013) 922-32.

[32] Q. Sun, R. Collins, S. Huang, L. Holmberg-Schiavone, G.S. Anand, C.H. Tan, S. van-den-Berg,
L.W. Deng, P.K. Moore, T. Karlberg, J. Sivaraman, Structural basis for the inhibition
mechanism of human cystathionine gamma-lyase, an enzyme responsible for the production
of H(2)S, J Biol Chem 284 (2009) 3076-85.

[33] J.W. Gai, W. Wahafu, H. Guo, M. Liu, X.C. Wang, Y.X. Xiao, L. Zhang, Z.C. Xin, J. Jin, Further
evidence of endogenous hydrogen sulphide as a mediator of relaxation in human and rat
bladder, Asian J Androl 15 (2013) 692-6.

[34] R. dEmmanuele di Villa Bianca, R. Sorrentino, P. Maffia, V. Mirone, C. Imbimbo, F. Fusco, R.
De Palma, L.J. Ignarro, G. Cirino, Hydrogen sulfide as a mediator of human corpus
cavernosum smooth-muscle relaxation, Proc Natl Acad Sci U S A 106 (2009) 4513-8.

[35] M.R. Al-Magableh, J.L. Hart, Mechanism of vasorelaxation and role of endogenous hydrogen
sulfide production in mouse aorta, Naunyn Schmiedebergs Arch Pharmacol 383 (2011) 403-
13.

[36] M. Bucci, A. Papapetropoulos, V. Vellecco, Z. Zhou, A. Zaid, P. Giannogonas, A. Cantalupo, S.
Dhayade, K.P. Karalis, R. Wang, R. Feil, G. Cirino, cGMP-dependent protein kinase
contributes to hydrogen sulfide-stimulated vasorelaxation, PLoS One 7 (2012) e53319.

[37] S.C. Chuah, P.K. Moore, Y.Z. Zhu, S-allylcysteine mediates cardioprotection in an acute
myocardial infarction rat model via a hydrogen sulfide-mediated pathway, Am J Physiol Heart
Circ Physiol 293 (2007) H2693-701.

[38] I. Andreadou, E.K. lliodromitis, C. Szabo, A. Papapetropoulos, Hydrogen sulfide and PKG in
ischemia-reperfusion injury: sources, signaling, accelerators and brakes, Basic Res Cardiol
110 (2015) 510.

[39] G. Meng, Y. Ma, L. Xie, A. Ferro, Y. Ji, Emerging role of hydrogen sulfide in hypertension and
related cardiovascular diseases, Br J Pharmacol 172 (2015) 5501-11.

[40] B. Srilatha, P. Muthulakshmi, P.G. Adaikan, P.K. Moore, Endogenous hydrogen sulfide
insufficiency as a predictor of sexual dysfunction in aging rats, Aging Male 15 (2012) 153-8.

[41] S. Das, D.K. Das, Resveratrol: a therapeutic promise for cardiovascular diseases, Recent Pat
Cardiovasc Drug Discov 2 (2007) 133-8.

[42] S.R. Bhatt, M.F. Lokhandwala, A.A. Banday, Resveratrol prevents endothelial nitric oxide
synthase uncoupling and attenuates development of hypertension in spontaneously
hypertensive rats, Eur J Pharmacol 667 (2011) 258-64.

[43] N. Murat, P. Korhan, O. Kizer, S. Evcim, A. Kefi, O. Demir, S. Gidener, N. Atabey, A.A. Esen,
Resveratrol Protects  and Restores  Endothelium-Dependent  Relaxation in
Hypercholesterolemic Rabbit Corpus Cavernosum, J Sex Med 13 (2016) 12-21.

[44] C. Babacanoglu, N. Yildirim, G. Sadi, M.B. Pektas, F. Akar, Resveratrol prevents high-fructose
corn syrup-induced vascular insulin resistance and dysfunction in rats, Food Chem Toxicol 60
(2013) 160-7.

[45] M. Frombaum, S. Le Clanche, D. Bonnefont-Rousselot, D. Borderie, Antioxidant effects of
resveratrol and other stilbene derivatives on oxidative stress and *NO bioavailability:
Potential benefits to cardiovascular diseases, Biochimie 94 (2012) 269-76.

[46] J.W. Rush, J. Quadrilatero, A.S. Levy, R.J. Ford, Chronic resveratrol enhances endothelium-
dependent relaxation but does not alter eNOS levels in aorta of spontaneously hypertensive
rats, Exp Biol Med (Maywood) 232 (2007) 814-22.

[47] 2.Y. Deng, M.M. Hu, Y.F. Xin, C. Gang, Resveratrol alleviates vascular inflammatory injury by
inhibiting inflammasome activation in rats with hypercholesterolemia and vitamin D2
treatment, Inflamm Res 64 (2015) 321-32.

[48] D. Wu, Q. Hu, X. Liu, L. Pan, Q. Xiong, Y.Z. Zhu, Hydrogen sulfide protects against apoptosis
under oxidative stress through SIRT1 pathway in H9c2 cardiomyocytes, Nitric Oxide 46
(2015) 204-12.

18



[49] E. D'Araio, N. Shaw, A. Millward, A. Demaine, M. Whiteman, A. Hodgkinson, Hydrogen sulfide
induces heme oxygenase-1 in human kidney cells, Acta Diabetol 51 (2014) 155-7.

[50] Z. Ungvari, Z. Bagi, A. Feher, F.A. Recchia, W.E. Sonntag, K. Pearson, R. de Cabo, A. Csiszar,
Resveratrol confers endothelial protection via activation of the antioxidant transcription factor
Nrf2, Am J Physiol Heart Circ Physiol 299 (2010) H18-24.

19



Acknowledgement:

The authors would like to thank the financial support by Turkish Scientific Research Council
TUBITAK for the grant #114s448 and #109s453 as project involved in COST action BM1005
(European Network on Gasotransmitters) as well as Turkish Academia of Science, Young investigator
award program; TUBA-Gebip (to G. Y. A.). The authors also thank the COST action CA15135 (Multi-
target paradigm for innovative ligand identification in the drug discovery process MuTaLig) for the
support. Some equipment in FABAL pharmaceutical research laboratory of Ege University Faculty of
Pharmacy has been used in this study. Finally, we wish to express our gratitude to Sir Doug Ellis and
Dr Tim Watts of Pertems Medical for their continuous support for the Aston Medical Research

Institute at Aston Medical School.

Conflict of Interest

On behalf of all authors, the corresponding author states that there is no conflict of interest

20



—=2  Activation
L-cysteine

= =| Inhibition
, @
/

Resveratrol

' \ Hydrogen sulfide
HO.
i Resveratrol
Relaxation

Graphical abstract

21





