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carbonates: precursors to
hydropersulfides potently attenuate oxidative
stress†

Vinayak S. Khodade,‡a Sahil C. Aggarwal,‡a Blaze M. Pharoah,a Nazareno Paoloccibc

and John P. Toscano *a

The recent discovery of the prevalence of hydropersulfides (RSSH) species in biological systems suggests

their potential roles in cell regulatory processes. However, the reactive and transient nature of RSSH

makes their study difficult, and dependent on the use of donor molecules. Herein, we report alkylsulfenyl

thiocarbonates as a new class of RSSH precursors that efficiently release RSSH under physiologically

relevant conditions. RSSH release kinetics from these precursors are tunable through electronic

modification of the thiocarbonate carbonyl group's electrophilicity. In addition, these precursors also

react with thiols to release RSSH with a minor amount of carbonyl sulfide (COS). Importantly, RSSH

generation by these precursors protects against oxidative stress in H9c2 cardiac myoblasts. Furthermore,

we demonstrate the ability of these precursors to increase intracellular RSSH levels.
Introduction

Recently, hydrogen sulde (H2S) has been reported to exert
several favorable physiological effects including vasorelaxation,
inhibition of myocardial ischemia-reperfusion injury, and
slowing the development of atherosclerosis.1–3 Many of the
biological effects of H2S have been attributed to the formation
of hydropersulde (RSSH) species.4–6 Indeed, recent studies
have demonstrated that RSSH species such as cysteine hydro-
persulde (Cys-SSH) and glutathione hydropersulde (GSSH)
are endogenously produced at signicant levels in various
organisms, including mammals.7,8 Furthermore, cysteine resi-
dues in a variety of proteins and enzymes have been reported to
be modied to the corresponding hydropersuldes.9,10 The
chemical properties and abundance of these species suggest
that RSSH play important roles in various physiological
processes.11 CysSSH can be generated via the enzymes cys-
tathionine g-lyase (CSE) and cystathionine b-synthase (CBS),
both of which utilize cystine (CysSSCys) as a substrate.7,12 In
addition, recently it has been reported that CysSSH can be
synthesized by cysteinyl-tRNA synthetases (CARSs) utilizing
CysSH as a substrate.13 The reaction of H2S with oxidized thiols
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such as disuldes (RSSR) and sulfenic acids (RSOH) can also
generate RSSH.14 Despite these ndings, the physiological
functions of RSSH remain poorly understood.

RSSH species possess unique chemical properties that are
not found in other biologically relevant sulfur species. For
instance, RSSH are signicantly more nucleophilic than their
thiol (RSH) counterparts, likely due to the alpha effect.14–16

Additionally, RSSH have been proposed to behave as potent
antioxidants andmay play an important role in maintaining the
cellular redox balance.17 The high nucleophilicity of RSSH can
result in the efficient scavenging of reactive electrophiles.
Recently, Fukuto and co-workers have reported that increased
levels of intracellular RSSH exhibit enhanced resistance to
electrophilic stress in HEK293T cells.18 Furthermore, Akaike
and co-workers demonstrated that CSE overexpression leads to
increased intracellular levels of RSSH species in A549 cells,
which confers resistance toward hydrogen peroxide (H2O2)-
mediated oxidative stress.7

Interestingly, unlike RSH, RSSH in the protonated state are
electrophilic and can react with nucleophiles, including RSH.
The electrophilic properties of RSSH may result in nucleophilic
attack by protein thiols (PSH) giving rise to generation of
protein hydropersuldes (PSSH). In fact, this transformation
has been proposed to protect protein thiols from irreversible
modication during oxidative and/or electrophilic insult.11

Consistent with this hypothesis, Greiner and co-workers
demonstrated that the phosphatase and tensin homolog
(PTEN) is protected from irreversible H2O2-mediated inhibition
when the protein is in the PSSH form.19 Accumulating evidence
suggests that the electrophilic nature of RSSH serves to regulate
redox signaling and contribute to various cellular functions.20
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d1sc01550h&domain=pdf&date_stamp=2021-06-12
http://orcid.org/0000-0002-4277-3533
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc01550h
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC012023


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

4:
37

:2
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
For example, RSSH can activate the transcription factor, nuclear
factor erythroid 2-related factor 2 (Nrf2) by reacting with the
thiol group on Kelch-like ECH-associated protein 1 (KEAP1),
which leads to cellular protection by expressing antioxidant
response element (ARE)-dependent genes.21

Thus, the chemical properties of RSSH are distinct and far
more diverse than thiols. However, due to the dichotomy of
their nucleophilic and electrophilic character, RSSH are
intrinsically unstable and subject to rapid disproportionation
reactions to produce multiple species including polysuldes,
H2S, and sulfur (S8). The metastable nature of RSSH remains
a bottleneck in developing RSSH-based therapeutics.

One approach employed to address the intrinsic instability
of RSSH relies on donor molecules capable of releasing RSSH in
situ. To date, various donors have been developed in which the
terminal sulydryl group is masked with a suitable protecting
group. In the presence of specic stimuli such as cellular
thiols,22 reactive oxygen species (ROS),23–25 pH,26–29 light,30 or
esterase,31,32 these donors release RSSH. Notably, many of these
precursors exhibit cytoprotective and cardioprotective effects,
suggesting their potential application as reactive sulfur species-
based therapeutics. Although several RSSH donor molecules
have been developed, a signicant limitation of current
precursors is the lack of controllable RSSH release rates. In
addition, some RSSH donors produce electrophilic byproducts
that can complicate biological studies. Accessing RSSH donors
with varying release kinetics under physiological conditions is
necessary to evaluate the impact on potential therapeutic
applications.

Alkylsulfenyl thiocarbonates (RSSC(O)OR) are an interesting
class of sulfur compounds that have received relatively limited
attention. In the presence of thiols, these compounds produce
carbonyl sulde (COS), likely via thiol attack at the internal
sulfur atom (marked with an asterisk, Scheme 1a) of the
disulde to produce an unsymmetrical disulde and
Scheme 1 RSSH and COS generation from alkylsulfenyl
thiocarbonates.

© 2021 The Author(s). Published by the Royal Society of Chemistry
a thiocarbonate intermediate, which spontaneously decom-
poses to release COS.33,34 In the presence of a strong base like
potassium tert-butoxide, RSSC(O)OR can react to form dialkyl
trisuldes, presumably via the intermediacy of RSSH (Scheme
1b).35,36 However, to the best of our knowledge, hydrolysis of
these compounds under physiologically relevant conditions to
release RSSH has not been reported. We envisioned enhancing
the electrophilicity of the thiocarbonate carbonyl carbon in
compound 1 by varying the electronic properties of the R2 group
to promote hydrolysis under physiological conditions (Scheme
1c). Additionally, modication of the R2 group in compound 1
should allow the rate of hydrolysis to be tuned, thereby varying
the RSSH release kinetics. We also anticipated increasing the
steric hindrance at the internal sulfur atom of the precursor
would be important to minimize its reaction with thiol, which
precludes RSSH generation. Notably, sterically hindered RSSH
are also expected to be superior substrates for trans-persul-
dation reactions due to the preference of nucleophilic attack of
thiols on the terminal sulfur atom.

Results and discussion
Synthesis of alkylsulfenyl thiocarbonates

To test our hypothesis, we synthesized precursors 1a–f via
treatment of N-acetyl-penicillamine methyl ester (2) with
chlorocarbonylsulfenyl chloride to obtain intermediate 3, which
was then immediately treated with various para-substituted
phenols 4a–f (Scheme 2; see ESI† for synthetic and analytical
details).

RSSH generation studies

With these precursors in hand, we rst examined RSSH gener-
ation from 1a by trapping with b-(4-hydroxyphenyl)ethyl
iodoacetamide (HPE-IAM) under physiological conditions.
UPLC-MS analysis following incubation of 1a with 10 equiv. of
HPE-IAM in pH 7.4 ammonium bicarbonate buffer shows RSS-
HPE-AM 5 formation (Scheme 3, eqn (1), and Fig. 1a), con-
rming RSSH generation. A small amount of dialkyl trisulde 6
formation is also observed (Fig. 1a), suggesting that precursor
1a is a competitive trap for the initially released RSSH (Scheme
3, eqn (2)). To minimize the reaction of released RSSH with
precursor 1a, we examined RSSH generation in the presence of
the more electrophilic trap, S-methyl methanethiosulfonate
Scheme 2 Synthesis of alkylsulfenyl thiocarbonates 1a–f with overall
yields.
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Scheme 3 RSSH generation from precursor 1a.

Fig. 1 UPLC-MS traces showing RSSH generation from 1a (100 mM) in
the presence of (a) HPE-IAM (1 mM), and (b) MMTS (1 mM) in ammo-
nium bicarbonate buffer (pH 7.4, 50mM) containing themetal chelator
diethylenetriaminepentaacetic acid (DTPA) (100 mM) at 37 �C. Asterisk
indicates the presence of an impurity in the commercial HPE-IAM
sample.

Fig. 2 (a) HPLC traces showing hydrolysis of 1a (100 mM) in the
presence of MMTS (1 mM) in PBS (pH 7.4, 100 mM) containing the
metal chelator DTPA (100 mM) at 37 �C. An aliquot of the reaction
mixture was withdrawn at the specified time and quenched with 0.1%
formic acid. The decay of 1a was monitored at 240 nm and formation
of phenol 4a at 275 nm. (b) Kinetics of 1a decomposition and phenol 4a
formation. Data represent the average of three experiments. The curve
is the calculated best fit to a single-exponential function.

Table 1 Half-lives for precursors 1a–f and phenol 4a–f yields

Precursor X t1/2 (min)a ArOH 4a–f yield (%)

1a 4-H 129 � 2 4a 92 � 2
1b 4-CH3 137 � 4 4b 93 � 4
1c 4-OMe 147 � 2 4c 92 � 1
1d 4-F 96 � 3 4d 96 � 6
1e 4-CF3 56 � 3b 4e 97 � 1
1f 4-CN 28 � 1 4f 97 � 2

a RSSH precursors (100 mM) were incubated in the presence of MMTS (1
mM) in pH 7.4 PBS containing DTPA at 37 �C. b Reduced aqueous
solubility required this experiment to be carried out in PBS with 50%
acetonitrile. Reported data represent averages � SD (n ¼ 3).
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(MMTS). MMTS has been reported as an alkylating reagent for
identication of small molecule and protein hydro-
persuldes.31,37 Incubation of 1a with 10 equiv. of MMTS shows
RSS-S-Me 7 formation with no evidence of dialkyl trisulde 6
(Fig. 1b and S4†), supporting that MMTS is a more efficient trap
than HPE-IAM.

Aer conrming RSSH generation from 1a, we analyzed the
kinetics of RSSH release from alkylsulfenyl thiocarbonates in
the presence of MMTS by high-performance liquid chromatog-
raphy (HPLC). Due to the lack of a chromophore in MMTS
adduct 7, we monitored the decay of the RSSH precursor and
formation of the corresponding phenol byproduct. First-order
rate constants were obtained by plotting the precursor decay
and phenol byproduct formation as a function of time. HPLC
analysis of 1a incubation with 10 equiv. of MMTS in phosphate
buffered saline (PBS, pH 7.4, 100 mM) shows disappearance of
1a (k¼ 5.39� 10�3 min�1; t1/2 ¼ 129� 2 min) with concomitant
formation of phenol (k¼ 5.33� 10�3 min�1; t1/2 ¼ 130� 1 min)
(Fig. 2). The observation of similar rate constants for both 1a
decay and phenol (4a) formation indicates a rapid reaction of
relased RSSH with MMTS, and that these observed rate
constants indicate the RSSH release rate. Importantly, 92% of
the byproduct phenol 4a is observed. In addition, we also
examined the effect of pH on the kinetics of RSSH release. As
8254 | Chem. Sci., 2021, 12, 8252–8259
expected, the rate of 1a hydrolysis is enhanced at pH 8.0 (t1/2 ¼
37 � 3 min) and is slowed signicantly at pH 6.0 (t1/2 ¼ 1599 �
48 min), supporting the proposed base catalyzed hydrolysis to
release RSSH.

We then compared RSSH release kinetics for precursors
containing a variety of para-substituted phenols. We hoped to
decrease the rate of RSSH release through the introduction of
electron-donating groups. Indeed, we observe a small decrease
in the RSSH release rate from 1b, equipped with a 4-Me
substituent (137 � 4 min) (Table 1). Similarly, precursor 1c,
equipped with a 4-OMe substituent, shows a half-life 147 �
2 min, suggesting a minor effect of electron donating groups on
RSSH release rate. As also expected, we nd that electron
withdrawing groups enhance the rate of RSSH release. For
example, 4-F substituted precursor 1d releases RSSH with a half-
life of 96� 3 min. Similarly, 4-CF3 substituted precursor 1e, and
4-CN substituted precursor 1f generate RSSH with a half-life of
56� 3 min and 28� 1 min, respectively. Importantly, UPLC-MS
analysis of 1a–f following incubation with MMTS shows adduct
7 formation as the exclusive product (Fig. S5–S9†), and HPLC
analysis conrms phenol byproduct 4a–f formation in excellent
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 RSSH generation from O-benzyl substituted RSSH
precursor 8.
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yields (Table 1). Hammett analysis of the kinetic data of RSSH
release from precursors 1a–f indicates a r value of 0.71
(Fig. S47†), consistent with a mild substituents effect on the
hydrolysis of these precursors. Taken together, these results
indicate that the RSSH release kinetics of alkylsulfenyl thio-
carbonates can be tuned through electronic modulation of the
thiocarbonate carbonyl carbon in precursor 1.

To further explore the substrate scope, we synthesized O-
benzyl substituted RSSH precursor 8 (Scheme 4). Here, we
observe signicantly slower RSSH release (t1/2¼ 2235� 94min),
indicating slow hydrolysis which is likely due to reduced elec-
trophilicity of the thiocarbonate carbonyl carbon (O-benzyl
substituent in 8 vs. O-phenyl in precursors 1a–f).
RSSH generation in the presence of thiol

Next, we examined the ability of alkylsulfenyl thiocarbonate 1a
to release RSSH in the presence of thiols. We anticipated that if
thiol attacks at the carbonyl carbon of the thiocarbonatemoiety,
Scheme 5 Proposed mechanism of RSSH and COS generation from
1a in the presence of thiol.

© 2021 The Author(s). Published by the Royal Society of Chemistry
we should observe RSSH and/or RSSH-derived polysuldes,
along with S-alkyl-thiocarbonate 9a (Scheme 5, eqn (1)). Alter-
natively, thiol can attack at the internal sulfur atom of the
disulde to produce unsymmetrical disulde 10 and thiocar-
bonate intermediate 11a, which can rapidly decompose to
release COS and phenol (Scheme 5, eqn (2) and (4)). If formed,
COS will be hydrolyzed to H2S in biological systems by the
ubiquitous enzyme carbonic anhydrase (CA).38

Initially, the decomposition of 1a was analyzed in the pres-
ence of 5 equiv. of N-acetylcysteine (NAC) in PBS (pH 7.4) by
HPLC. Rapid decomposition of 1a is observed in the presence of
NAC (t1/2 ¼ 0.64 � 0.11 min) (ESI,† Table 3), indicating a rapid
reaction between NAC and 1a. To investigate the mechanism,
we monitored this reaction by UPLC-MS. As shown in Fig. 3,
disappearance of the peak attributed to 1a is observed with
concomitant formation of symmetrical dialkyl polysuldes
(cyan highlight, R1SSnSR

1, n ¼ 1–4), presumably formed by the
decomposition of RSSH through disproportionation (Scheme 5,
eqn (5) and (6)). Additionally, a small amount of unsymmetrical
dialkyl polysulde (pink highlight, R1SSnSR

2, n ¼ 0–3) is
observed, likely formed via NAC reaction with symmetrical
dialkyl polysuldes (Scheme 5, eqn (7)). As expected, a new peak
at 5.65 min corresponding to N-acetyl cysteine-thiocarbonate 9a
is also observed, conrming thiol attack at the perthiocarbonate
carbonyl carbon of 1a to release RSSH. Due to the unstable
nature of RSSH under these experimental conditions, we
measured the yield of the byproduct 9a as an indication of RSSH
yield. The observation of RSSH-derived polysuldes formation
as major products led us to anticipate the efficient formation of
byproduct 9a. However, incubation of 1a with 5 equiv. of N-
acetylcysteine methyl ester shows only 53% formation of 9a. The
lower observed yield of 9a is likely due to its further reaction
with RSSH under these conditions. This hypothesis is sup-
ported by UPLC-MS data, where we observe appearance of a new
Fig. 3 UPLC-MS chromatograms of RSSH generation from 1a (100
mM) in the presence of NAC (500 mM) in pH 7.4 ammonium bicar-
bonate (50 mM) containing the metal chelator DTPA (100 mM) at 37 �C.
Aliquots taken at various times were quenched with 1% formic acid,
and analyzed by UPLC-MS. RSSH-derived symmetrical dialkyl poly-
sulfide, labeled as S3 to S6 (R1SSnSR

1, n ¼ 1–4, cyan highlight), and
unsymmetrical dialkyl polysulfides labeled as 0S2 to 0S5 (R

1SSnSR
2, n ¼

0–3, pink highlight) formation is evident. A peak at 5.65 min attributed
to thiocarbonate 9a is also observed.
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Scheme 7 Proposed Mechanism of 1a reaction with amine.
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peak at 5.2 min withm/z¼ 427.0659 (Fig. 3 and S12†). This peak
is assigned to byproduct 12, potentially formed by RSSH reac-
tion with 9a as shown in Scheme 5, eqn (8). Furthermore,
disappearance of 12 is also observed, likely due to further
reaction with RSSH producing dialkyl trisulde and COS
(Scheme 5, eqn (9)).

COS generation from 1a was analyzed in the presence of NAC
by membrane inlet mass-spectrometry (MIMS), a technique
used for detection of dissolved hydrophobic gases in aqueous
solutions.39,40 For comparison, analogous experiments were
conducted with the primary alkyl RSSH precursor 13 (Scheme
6). Thiol is expected to react with 13 selectively at the disulde's
internal sulfur atom due to its steric accessibility to produce
unsymmetrical disulde and thiocarbonate intermediate 9c,
which subsequently decomposes to release COS (Scheme 6 and
Fig. S34†). Comparison of COS release from 1a in the presence
of NAC shows only approximately 20% COS production with
respect to that observed for precursor 13 (Fig. 4a). Under these
conditions, the observed COS signal is likely a result of both
NAC and initially released RSSH reaction with 1a to produce
thiocarbonate intermediate 11a (Scheme 5, eqn (2) and (3)).
Taken together, these results demonstrate that 1a predomi-
nantly produces RSSH, even in the presence of thiols. We also
examined COS release from precursors 1b–f in the presence of
NAC. As shown in Fig. 4a, similar COS generation is observed
for all precursors indicating electron donating/withdrawing
groups do not have a major effect on COS release rates. The
reactivity of these precursors toward GSH was also measured. As
expected, a slightly faster COS release is observed in the pres-
ence of GSH (pKa ¼ 8.83) compared with NAC (pKa ¼ 9.52)
(Fig. 4b), presumably due to a higher concentration of the
glutathione thiolate under these conditions.
Scheme 6 Proposed Mechanism of 13 reaction with thiol.

Fig. 4 COS MIMS signals atm/z 60 observed following the reaction of
control compound 9 (50 mM) and RSSH precursors 1a–f (50 mM) with
(a) NAC, and (b) GSH (0.25 mM, 5 equiv.) in PBS (pH 7.4, 10 mM) with
DTPA (100 mM) at 37 �C.

8256 | Chem. Sci., 2021, 12, 8252–8259
Reaction of O-benzyl substituted precursor 8 with NAC was
also examined. As expected, a rapid decomposition of 8 is
observed in the presence of thiol (t1/2 ¼ 4.0 � 0.7 min vs.
2235 min in the absence of NAC). With respect to 1a, 8
decomposes about six times slower in the presence of thiol.
Similarly, slower COS generation is observed from precursor 8
in the presence of thiol compared to 1a (Fig. S36†). We also
examined whether the reduced electrophilicity of the carbonyl
carbon of precursor 8 favors thiol attack at the disulde, which
would preclude RSSH generation. However, UPLC-MS analysis
shows R1SSnSR

1 (n ¼ 1–4) and R1SSnSR
2 (n ¼ 0–3) formation

(Fig. S23†), indicating that 8 releases RSSH even in the presence
of thiol. Thus, the results presented here conrm that alkyl-
sulfenyl thiocarbonate thiolysis can be achieved under physio-
logical conditions to release RSSH.
RSSH generation in the presence of amine

We tested the ability 1a to release RSSH in the presence of
amines. We anticipated that if amine attacks at the carbonyl
carbon of the thiocarbonate moiety, we should observe RSSH
and/or RSSH-derived polysuldes, along with alkyl-carbamate
15 (Scheme 7, eqn (1)). Incubation of 1a with L-lysine (5
equiv.) shows disappearance of the peak attributed to 1a with
Fig. 5 UPLC-MS chromatograms of RSSH generation from 1a (100
mM) in the presence of lysine (500 mM) in pH 7.4 ammonium bicar-
bonate (50 mM) containing the metal chelator DTPA (100 mM) at 37 �C.
Aliquots taken at various times were quenchedwith 1% formic acid and
analyzed by UPLC-MS. RSSH-derived symmetrical dialkyl polysulfide,
labeled as S2 to S5 (R1SSnSR

1, n ¼ 0–3, cyan highlight), formation is
evident. The very minor peak at 4.17 min corresponds to carbamate 15.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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concomitant formation of symmetrical dialkyl polysuldes
(Fig. 5). However, only a very minor peak corresponding to ex-
pected byproduct 15 is observed, suggesting that RSSH release
from 1a is mainly via hydrolysis even in the presence of amine.
RSSH protection against oxidative stress

Oxidative stress has been implicated in the etiologies of many
cardiovascular diseases.41,42 Oxidative stress usually arises from
overproduction of reactive oxygen species (ROS). ROS consti-
tutes both oxygen free radicals, such as superoxide, hydroxyl
radicals, and peroxyl radicals, and non-radicals, such as
hydrogen peroxide, and hypochlorous acid. It has been
proposed that RSSH generation can be an endogenous cellular
protectant in response to oxidative stress.17 Furthermore, it
appears likely that the proposed mechanism of protection can
be augmented pharmacologically with the addition of RSSH
donor species.

To test this hypothesis, we evaluated RSSH-mediated cellular
protection against oxidative-stress. First, we examined the
cytotoxicity of 1a on H9c2 cardiac myoblasts using the Sytox
viability assay, which measures cell membrane integrity.43 Both
precursor 1a and its byproduct phenol show no toxicity toward
H9c2 cells up to 100 mM (Fig. S43†). We then measured the
cytoprotective effects of 1a against oxidative stress. As expected,
treatment of H9c2 cells with hydrogen peroxide (200 mM) results
in reduced cell viability (Fig. 6a), measured using the CCK-8
viability assay, which measures cellular reducing capacity.
Interestingly, pre-treating myoblasts with precursor 1a for 4 h
results in a dose-dependent decrease of H2O2-induced toxicity
(Fig. 6a). Remarkably, pre-treatment with only 5 mM 1a for 8 h
also shows protection against 200 mM of H2O2, demonstrating
the potency of these newly developed alkylsulfenyl thiocar-
bonate RSSH precursors against oxidative stress. Under similar
conditions, the phenol byproduct shows no protective effect
against H2O2-mediated toxicity, indicating that the protection is
due to RSSH. In addition, we have measured the protective
effects of thiol 2 in H9c2 cells. This thiol does indeed show
some protection against H2O2-mediated toxicity, but to a much
Fig. 6 Cell viability of H9c2 cardiac myoblasts pretreated with RSSH
precursor 1a at 0, 5, 10, 25, and 50 mM and the byproduct phenol 4a at
50 mM for 4 and 8 h followed by exposure to H2O2 (200 mM) for 2 h. (a)
Quantification of viability was carried out using Cell Counting Kit-8
(CCK-8). Results are expressed as the mean � SEM (n ¼ 5 for each
treatment group) with three independent experiments. (b) Quantifi-
cation of cytotoxicity was carried out using Sytox green nucleic acid
stain. Results are expressed as the mean � SEM (n ¼ 5 for each
treatment group) with five independent experiments.

© 2021 The Author(s). Published by the Royal Society of Chemistry
lesser extent compared with 1a (Fig. S44†), indicating important
role of RSSH in cytoprotection against oxidative stress. The
cytoprotective effect of 1a was also independently measured
using the Sytox viability assay due to the potential background
reduction of CCK-8 by reactive sulfur species leading to arti-
factual viability measurements.44 As shown in Fig. 6b, 1a
consistently shows protective effects against H2O2-mediated
toxicity. The protective effects against oxidative stress warrant
future investigation as the potency of 1a suggests cytoprotective
properties beyond direct scavenging of free-radical products
derived from H2O2. Taken together, these results demonstrate
the potential therapeutic benet of RSSH donors in the context
of oxidative stress and suggest that precursors that increase
intracellular RSSH levels are potentially useful agents against
oxidative stress-induced diseases.
Intracellular RSSH release

We also tested for increased intracellular RSSH levels resulting
from incubation with 1a utilizing SSP4, a uorescent probe that
has been used to detect of intracellular sulfane sulfur.45,46 Sul-
fane sulfur refers to a sulfur atom with six valence electrons and
no charge. Biologically important sulfane sulfur compounds
include RSSH, polysuldes (RSnSH or RSSnSR, n $ 1), inorganic
polysuldes (HSSnH, n $ 1), and elemental sulfur (S8). Briey,
cells were incubated with SSP4 in the presence of cetrimonium
bromide (CTAB) for 20 min and then washed with serum-free
media before 1a is introduced. We did not observe a signi-
cant increase of the SSP4 uorescence signal following treat-
ment with 50 mM 1a due to the low amount of RSSH released at
this concentration falling below the detection limit of the probe
(Fig. 7). However, dose-dependent increases in uorescence
intensity are observed for 100 and 200 mM 1a over a period of
3 h. Since the SSP4 probe is known to react with a variety of
sulfane sulfur species, the uorescence signal observed upon
Fig. 7 Intracellular RSSH release in H9c2 cardiac myoblasts. H9c2
cells were pretreated with SSP4 (20 mM) and CTAB (500 mM) for 20min,
followed by incubation with RSSH precursor 1a at 0, 50, 100, 25, and
200 mM. Fluorescence intensity was measured at the indicated times
using a plate reader at the excitation and emission wavelengths of
482 nm and 515 nm, respectively. Results are normalized to the 0 mM
value at each time point and expressed as the mean � SEM (n ¼ 3 for
each treatment group) with three independent experiments.
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treatment of 1a is likely due to RSSH and/or other sulfane sulfur
species that might be present in the equilibrium with RSSH
(e.g., Scheme 5). We measured the sulfane sulfur in H9c2 cells
treated with N-acetyl O-methyl cysteine trisulde (N-Ac-OMe-
Cys-(S)3) using the SSP4 probe and nd that a higher uores-
cence signal for N-Ac-OMe-Cys-(S)3 compared with 1a
(Fig. S45†). However, sulfane sulfur detection under cell-free
conditions also shows a much higher uorescence signal
intensity for Na2S3 and N-Ac-OMe-Cys-(S)3 compared with 1a
(Fig. S46†). Based on these data we believe that 1a efficiently
generates RSSH intracellularly, but reduced reactivity of the 1a-
derived sterically hindered RSSH and/or dialkyl polysuldes
towards SSP4 probe likely contributes to the observed lower
uorescence intensity. Thus, we conclude that the cytopro-
tective effects of 1a are attributed to increasing sulfane sulfur
pools within the cultured cells.
Conclusions

This study reports a new strategy for efficient RSSH generation
based on the hydrolysis of alkylsulfenyl thiocarbonates under
physiologically relevant conditions. We demonstrate that RSSH
generation from these precursors can be tuned by modifying
the thiocarbonate carbonyl group's electrophilicity. These
alkylsulfenyl thiocarbonates also generate RSSH in the presence
of thiol. As a proof-of-principle of possible protective effects
associated with RSSH, we have demonstrated the potential
benet of these donors in the context of oxidative stress in H9c2
cardiac myoblasts. Furthermore, these precursors also increase
intracellular sulfane sulfur levels in H9c2 cells. We hope that
this series of RSSH precursors may be used as a research tool for
delineating RSSH cell signaling mechanisms.
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