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A B S T R A C T   

The cellular effects of hydrogen sulfide (H2S) signaling may be partially mediated by the formation of alkyl 
persulfides from thiols, such as glutathione and protein cysteine residues. Persulfides are potent nucleophiles and 
reductants and therefore potentially an important endogenous antioxidant or protein post-translational modi-
fication. To directly study the cellular effects of persulfides, cysteine trisulfide (Cys-S3) has been proposed as an in 
situ persulfide donor, as it reacts with cellular thiols to generate cysteine persulfide (Cys-S-S¡). Numerous 
pathways sense and respond to electrophilic cellular stressors to inhibit cellular proliferation and induce 
apoptosis, however the effect of Cys-S3 on the cellular stress response has not been addressed. Here we show that 
Cys-S3 inhibited cellular metabolism and proliferation and rapidly induced cellular- and ER-stress mechanisms, 
which were coupled to widespread protein-thiol oxidation. Cys-S3 reacted with Na2S to generate cysteine per-
sulfide, which protected human cell lines from ER-stress. However this method of producing cysteine persulfide 
contains excess sulfide, which interferes with the direct analysis of persulfide donation. We conclude that 
cysteine trisulfide is a thiol oxidant that induces cellular stress and decreased proliferation.   

1. Introduction 

Endogenous and pharmacologically derived H2S have shown bene-
ficial effects in multiple disease models [1–3]; however its cellular 
signaling mechanisms are not well understood. A potential mechanism 
of H2S signaling is the formation of persulfides from oxidized cellular 
thiol species, such as disulfides, sulfenic acids, nitrosothiols, and poly-
sulfides (reaction 1) [4,5]. 

HS− +R − S − X⇌R − S − S− + HX (X= − OH, − (S)nR/H, − NO)

reaction 1 

For example, H2S reacts with cystine or glutathione disulfide to form 
cysteine or glutathione persulfide [1,6]. Additionally, cysteine persul-
fide is enzymatically generated by cysteinyl-tRNA synthetase [7–9]. Due 
to the alpha effect [10], persulfides are more nucleophilic than thiols [6, 
11,12] and have shown cellular protective effects and antioxidant 
function [12–14]. Persulfides can transfer the terminal sulfur to other 
thiols in a trans-sulfuration reaction [8,15,16]. The trans-sulfuration of 

protein cysteine residues may alter enzyme activities [17,18] or confer a 
gain of function, such as the cyanide metabolizing function of 
persulfide-modified thiosulfate sulfurtransferase [19]. Therefore the 
chemical biology of H2S is interconnected with persulfide formation and 
reactivity. 

There are limited methods to directly investigate cellular persulfides 
due to the highly reactive nature and complex equilibria between per-
sulfides and related thiol species [7,13,20,21]. Protein persulfides have 
been made from reacting 5,5’-dithio-bis-(2-nitrobenzoic acid) with 
cysteine and then H2S [1,22]. Thiol-sepharose persulfide has also been 
used to explore persulfide reactivity [12]. However these tools are not 
suitable for in vitro cellular or in vivo experimentation. Cys-S3 has been 
utilized as a cellular persulfide donor by reacting with intracellular 
thiols (reaction 2) [13,23,24]. 

Cys − S − S − S − Cys + R − S− ⇌Cys − S − S− + Cys − S − S − R
reaction 2 

While these studies have focused on the effects of persulfide 
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formation [13,24], the oxidation of cellular thiols by Cys-S3 has not been 
examined. Cells respond to electrophilic stress by cysteine-mediated 
sensing molecules such as p38, KEAP1 and PDIs [25–27]. While Cys-S3 
has been shown to protect cells from further electrophilic insult [13,24], 
the cellular effect of the electrophile Cys-S3 on cellular and endoplasmic 
reticulum (ER) stress has not been investigated. Here we show that 
despite forming cysteine persulfide, Cys-S3 also results in global protein 
thiol oxidation, the induction of cellular and ER-stress responses and 
inhibited cell proliferation. However, pre-reacting Cys-S3 with excess 
sulfide at high pH yielded a stable solution of cysteine persulfide, which 
did not induce cell stress or protein oxidation. Furthermore, Cys-SS¡

produced from Cys-S3 and sulfide prevented thapsigargin-induced 
ER-stress, however the presence of excess sulfide limits the interpreta-
tion of persulfide effects on electrophile-induced ER-stress. Therefore we 
conclude that Cys-S3 induces a toxic cellular response with concomitant 
persulfide generation. 

2. Materials and methods 

2.1. Chemicals and reagents 

Cysteine trisulfide was generously synthesized and provided by Prof 
Jon M. Fukuto (Sonoma State University) and was >90% pure by 1H 
NMR and ESI-MS and the major impurity was cystine [13]. Cysteine 
trisulfide stock solutions were made in 10 mM HCl unless otherwise 
specified and used immediately. 4,4′-dipyridyl disulfide, cystine, 
dithiothreitol, sodium sulfide (Na2S), sodium hydrosulfide (NaSH), 
oxidized glutathione and Thapsigargin were obtained from 
Sigma-Aldrich. Phosphate buffered saline, distilled water and bio-
tinylated glutathione ethyl ester (BioGEE) was obtained from Invitrogen 
and bond-breaker TCEP solution and monobromobimane was from 
ThermoFisher. 

2.2. Cell culture and proliferation 

HEK293, RAMOS and Jurkat human cell lines were obtained from 
ATCC. Cells were cultured in RPMI supplemented with 10% fetal calf 
serum and pen/strep. Cells were passaged and cultured at 37◦C 5% CO2 
atmosphere. Cell viability and counting was performed on Countess II 
automated cell counter (Invitrogen). RAMOS and Jurkat cells were 
cultured between 0.2 and 2.0e6 cells/ml. HEK cells were passaged 2–3 
times per week with warm trypsin (Invitrogen). Cell proliferation was 
measured by electrical impedance using an xCelligence RTCA DP 
analyzer (Agilent) with E-plate 16 glass plates. HEK293 cells were har-
vested and counted and further diluted into E-plate 16 wells in 100 μL 
media. Cys-S3 or Cys-SS¡ was added (1:100 dilution) to wells and plates 
were loaded into the analyzer in a humidified, 5% CO2 incubator at 
37◦C. Cell index measurements were recorded every 15 min and 
normalized to wells containing media without cells. 

2.3. GSH oxidation 

Cys-S3 (10 mM) and GSH (50 mM) stock solutions were made in 10 
mM NaOH. Cys-S3 was added to equal volume 10 mM NaOH or 50 mM 
GSH and incubated for 10 min at room temperature. UV–visible ab-
sorption data were obtained on a Picodrop 200 spectrophotomer with a 
standard quartz microcuvette blanked with 10 mM NaOH. Data shown 
are representative of 4 independent reactions. First derivative of delta 
absorbance values were calculated with Graphpad Prism 9 software. 

2.4. PKGIα expression and purification 

FreeStyle 293-F cells (Invitrogen) were transfected with pcDNA3- 
hPKGIα-His-V5 (3 μg/ml) and polyethylenimine (9 μg/ml) and cultured 
in serum-free Gibco FreeStyle 293 Expression Media (Thermo Fisher) 
supplemented with 2.2 mM valporic acid 24 h after transfection and 

cultured for 6 days. Cleared cell lysate (25 mM sodium phosphate, 100 
mM NaCl and cOmplete™ mini, EDTA-free protease inhibitor, pH 7) was 
incubated with Ni-NTA slurry at 4 ◦C for 3 h, added to a gravity puri-
fication column and washed using 20 vol washing buffer containing 25 
mM sodium phosphate, 1 mM NaCl, 40 mM imidazole, pH 7, followed by 
5 vol 25 mM sodium phosphate, 300 mM NaCl, 40 mM imidazole, pH 7. 
Subsequent elutions were collected in 2 ml fractions using a buffer 
containing 25 mM sodium phosphate, 300 mM NaCl, 500 mM imidazole, 
pH 7. Pooled fractions were dialysed using Slide-A-Lyzer™ cassettes (10 
kDa cut off) (ThermoFisher) against 25 mM sodium phosphate, 50 mM 
NaCl, pH 7 and loaded on a HiTrap Q HP anion exchange chromatog-
raphy column (GE Life Science) and washed with 10 vol of low salt 
buffer containing 25 mM sodium phosphate, 50 mM NaCl, pH 7. Protein 
was eluted using a stepwise increase in NaCl concentration (100–500 
mM). Protein containing fractions were pooled and dialysed using Slide- 
A-Lyzer™ cassettes (10 kDa cut off) (ThermoFisher) against 25 mM 
sodium phosphate, 300 mM NaCl and pH 7 and stored at − 80 ◦C. 

2.5. Purified PKGIα oxidation 

Purified PKGIα (1 μM) in Tris buffer (50 mM, pH 7.5) was treated 
with TCEP (250 μM) for 1 h at 37◦C and excess TCEP was removed with a 
Zeba desalting spin column. TCEP-reduced PKGIα was then incubated 
with Cys-S3 (100 μM) for 30 min 37◦C and PKGIα was purified with a 
Zeba desalting spin column. Cys-S3 oxidized PKGIα was then incubated 
with DTT for 60 min 37◦C. Reaction aliquots were mixed with equal 
volumes of 2X SDS sample buffer containing 50 mM maleimide and 
heated to 85◦C for 10 min with agitation. 

2.6. Western blotting 

Cells were treated with Cys-S3, NaSH or Cys-SS¡ in RPMI growth 
media for the indicated times at 37◦C, washed with PBS and lysed with 
2X SDS sample buffer containing 5% 2-mercaptoethanol or 2X SDS 
sample buffer containing 50 mM maleimide was used for non-reducing 
immunoblots. Lysates were heated to 85◦C with 1500-rpm agitation for 
10 min. Lysates and molecular weight marker were then separated on 
4–20% gradient polyacrylamide tris-glycine gels with constant voltage. 
Gels were transferred to PVDF membranes using Trans-Blot Turbo 
Transfer System (Bio-Rad) and blocked with 5% BSA in PBS containing 
0.1% Tween 20. Membranes were then incubated with primary antibody 
overnight at 4◦C, washed and incubated with secondary for 1 h at room 
temperature. HRP was detected by briefly incubating membranes in ECL 
solution and exposure to x-ray film or iBright FL1500 imaging system. 
Fluorescent-tagged secondary antibodies were detected using an iBright 
FL1500 imaging system. Density of bands were determined by Gel-Pro 
software and normalized to controls. Antibody source and final di-
lutions used in this study are listed in Supplemental Table 1. 

2.7. Protein S-glutathiolyation 

Cells were suspended in RPMI growth media containing vehicle (10 
mM HCl) or Cys-S3 and incubated for 30 min at 37◦C. Cells were 
collected, washed with PBS and incubated in RPMI growth media con-
taining BioGEE and incubated 30 min at 37◦C. Cells were collected and 
washed with PBS and then lysed with 2X SDS sample buffer containing 
50 mM maleimide. Biotinylated proteins were then detected as above 
with streptavidin-HRP (1:10,000 dilution, 1 h at room temperature). 

2.8. Cell viability and toxicity measurements 

Cell viability was determined by MTS reduction using the CellTiter 
96® AQueous One Solution Cell Proliferation Assay as recommended by 
manufacturer’s instructions with RPMI +10% FBS as a blank reading. 
Cell toxicity was determined by trypan blue staining. Cells were washed 
with PBS and incubated at a 1:1 ratio with 4% trypan blue solution 
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(InVitrogen) for 5 min. Trypan-positive and trypan-negative cell pop-
ulations were determined on a Countess™ II Automated Cell Counter 
(InVitrogen). 

2.9. Cellular glutathione measurements 

Cellular reduced/oxidized glutathione measurements were per-
formed using the GSH-Glo™ Glutathione Assay (Promega, #V6911) as 
instructed. Briefly, cells were lysed in the presence of glutathione-S- 
transferase (GST) and luciferin-NT substrate to form luciferin, which 
was detected by luciferase-generated luminescence to determine 
reduced glutathione. The samples are then incubated with TCEP (1 mM) 
for 30 min at 37◦C and assayed as above. Luminescence was measured 
on a CLARIOstar plate reader (2 s integration per well). 

2.10. Media thiol measurements 

Reduced thiol concentration in media was determined by mBBr 
fluorescence and compared to a cysteine standard curve. mBBr stock 
solution (10 mM in DMSO) was diluted to 0.1 mM into 200 μL RPMI +
10% FBS or cysteine standards and incubated for 10 min at 37◦C. 
Relative fluorescence units were then recorded on a CLARIOstar plate 
reader (ex. 394/em. 490 nm) and media without mBBr was used as a 
blank control. Media thiol content was calculated from a cysteine 
standard curve from 6 independent measurements. 

2.11. Persulifde spectroscopy and kinetics 

Sodium sulfide and cysteine trisulfide stock solutions were made in 
10 mM NaOH and used immediately. A quartz microcuvette was 
blanked with 10 mM NaOH. Cys-S3 was added to the cuvette with equal 
volume of NaSH and UV–visible spectra recorded with a Picodrop 
spectrophotometer. Reaction of 4,4′-dipyridyl disulfide with sodium 
sulfide, Cys-S3 or Cys-SS¡ was measured on a CLARIOstar plate reader. 
The formation of 4-pyridinethiol was monitored after the injection of 
4,4′-dipyridyl disulfide dissolved in ethanol. Linear and nonlinear 
regression analyses, initial rates and goodness of fit were calculated by 
Graphpad Prism 9. 

2.12. Cellular microscopy and lactate measurements 

Cells were cultured for 4 days in the presence of vehicle (10 mM 
HCl), Cys-S3 or Cys-SS¡ in 6-well plates. Plates were mounted onto 
EVOS M7000 imaging system (ThermoFisher Scientific) and bright field 
images were recorded at 20X magnification. Used media and control 
media (incubated without cells) were then removed from wells, passed 
through 0.22 μm filters and stored at − 80◦C until NMR analysis. Filtered 
conditioned media were analyzed for lactate by 1H NMR as previously 
described [28]. 

2.13. Thapsigargin-mediated ER-stress 

Cys-SS¡ was synthesized as above, diluted into RPMI media and 
added to cell pellets. Thapsigargin was then diluted into the cell sus-
pension (1 μM final concentration) and incubated for 30 min at 37◦C. 
Cell pellets were formed (3 min, 250×g) and 2x SDS sample buffer 
containing either 5% 2-ME or 100 mM maleimide was added and 
analyzed as described above. 

2.14. Statistical analyses 

All statistical comparisons and corresponding p values were calcu-
lated by either two-tailed unpaired t-test or one-way ANOVA with 
Dunnet’s post-hoc test by Graphpad Prism 9. Calculated p-values less 
than 0.05 were determined to be statistically significant and indicated 
on graphs. Linear or pseudo-first order curve fitting and goodness of fit 

(r2) were calculated by Graphpad Prism 9 and indicated in figure 
legends. 

3. Results 

3.1. Cysteine trisulfide oxidizes protein thiols 

In situ persulfide generation from Cys-S3 requires a nucleophile to 
break a trisulfide S–S bond (reaction 2). To verify that Cys-S3 reacts with 
cellular thiols to form cysteine persulfide, glutathione (GSH) was reac-
ted with Cys-S3. The resulting product had an absorption peak at 340 nm 
(Fig. 1A and Supplemental Fig. 1) and showed increased initial reaction 
rates with 4,4′-dipyridyl disulfide compared to GSH alone (Supple-
mental Fig. 2), consistent with persulfide formation [1,11,29]. Therefore 
cysteine trisulfide oxidizes thiols to form persulfides in our hands. To 
determine if Cys-S3 reacts with protein thiols, the oxidation of purified 
human cGMP-dependent protein kinase-1 (PKGIα) was examined [30]. 
PKGIα was isolated as the air-oxidized dimer, which was reduced by 
TCEP to the monomeric form (Fig. 1B). PKGIα monomer was then 
reacted with Cys-S3, which resulted in oxidation to the dimer species. 
The Cys-S3-treated dimer was further reduced back to the monomeric 
state by DTT, indicating that Cys-S3 induced a reversible oxidation of 
PKGIα cysteine-42. To determine if Cys-S3 caused PKGIα oxidation in 
cells, HEK293 and RAMOS cells were treated with Cys-S3 for 30 min and 
lysates were analyzed by non-reducing immunoblotting. Cys-S3 caused a 
concentration-dependent increase in PKGIα oxidized dimer compared to 
vehicle controls (Fig. 1C and Supplemental Fig. 3). Similarly, Cys-S3 also 
caused a concentration-dependent oxidation of PTEN. PTEN dimer was 
formed with 10 μM Cys-S3 and decreased as Cys-S3 concentrations 
increased, while the intra-molecular di/trisulfide bond, which migrates 
lower on PAGE gels [31], was present at 10 μM Cys-S3 and peaked at 
100 μM (Fig. 1D). At 1 mM Cys-S3, PTEN predominately appears as high 
molecular weight aggregates. These results suggest that Cys-S3 oxidized 
PTEN, first forming the dimer, then the intra-molecular di/trisulfide and 
finally forming protein aggregates. Oxidation of PTEN is associated with 
the inhibition of phosphatase activity and is therefore predicted to in-
crease Akt phosphorylation and activity. However, Cys-S3 did not result 
in the activation of Akt despite PTEN oxidation (Supplemental Fig. 4). 
Cys-S3 also resulted in a KEAP1 molecular weight complex consistent 
with dimerization at 10 and 100 μM and aggregation at 1 mM in RAMOS 
cells (Fig. 1E), further indicating that Cys-S3 acts as a thiol oxidant in 
cells. Additionally, Cys-S3 induced cellular protein oxidation was 
observed after only 10 min and protein oxidation persisted after 1 h 
(Supplemental Fig. 5), indicating that Cys-S3 rapidly oxidizes protein 
thiols and that the oxidation is not readily resolved. 

The presence of thiol species in serum-replete media may cause an 
extracellular reaction with Cys-S3, which may alter the cellular effects 
observed. However, thiols are readily oxidized to disulfides by transition 
metal ions (e.g., Fe3+) in synthetic media and we determined that <600 
nM of reactive thiols are present in cell culture media containing 10% 
fetal bovine serum (Supplemental Fig. 6A). Furthermore, Cys-S3-medi-
ated oxidation of PKG and PTEN were identical in cells treated in serum- 
containing RPMI or PBS (Supplemental Fig. 6B). Therefore we conclude 
that Cys-S3 does not appreciably react with thiols in the media and the 
effects observed in cells are due to trisulfide reactivity. 

Protein thiol oxidation in cells results in S-glutathionylation [32]. To 
further detect oxidized protein thiols in cells treated with Cys-S3, 
biotin-conjugated glutathione ethyl ester (BioGEE) was added to 
HEK293 cells after exposure to Cys-S3 or vehicle. Cys-S3 caused a 
marked increase in S-glutathionylated proteins compared to vehicle 
controls as detected by non-reducing blotting (Fig. 1F). Similarly, Cys-S3 
caused a significant decrease of the reduced/oxidized glutathione ratio 
compared to vehicle control treated HEK293 cells (Supplemental Fig. 7). 
These data indicate that Cys-S3 induced rapid and widespread protein 
thiol oxidation in human cell lines. 
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3.2. Cysteine trisulfide induces cellular and ER-stress 

Protein thiol oxidation is coupled to the cellular stress response [33]. 
To examine if Cys-S3 treatment induced cellular stress signaling, 
p38-MAPK and stress-activated protein kinase (SAPK) pathway activa-
tion was measured in HEK293 and RAMOS cells. Cys-S3 resulted in the 
phosphorylation of both p38 and SAPK (Fig. 2A and Supplemental 
Fig. 8), indicating that Cys-S3 induces cellular stress responses. To 
examine if Cys-S3 also induced ER stress, eIF2α phosphorylation was 
measured. Cys-S3 caused significant eIF2α phosphorylation in both cell 
lines (Fig. 2B), indicating that Cys-S3 induced both cellular- and 
ER-stress pathways. Additionally, Cys-S3 induced significant IRE1α 
phosphorylation and caspase-2 cleavage, similar to thapsigargin con-
trols, indicating that Cys-S3 induces pro-apoptotic ER-stress signaling 
(Supplemental Fig. 9). ER stress is associated with decreased protein 
synthesis and cellular proliferation and is induced by electrophilic stress 
[34]. To determine if Cys-S3 effects cellular proliferation, HEK293 cell 
growth was monitored via electrical impedance. Consistent with ER- and 
cellular-stress, Cys-S3 inhibited cellular proliferation (Fig. 2C) and 
lactate production (Fig. 2D). Similarly, Cys-S3 resulted in decreased 
cellular viability and increased cellular toxicity in both HEK293 and 
RAMOS cell lines (Supplemental Fig. 10). Furthermore, the morphology 
of Cys-S3-treated HEK293 cells was distinctly altered compared to 
vehicle-treated cells and resemble apoptotic cellular debris (Supple-
mental Fig. 11). Therefore, we conclude that Cys-S3 induces global 
protein thiol oxidation, cellular and ER stress-induced apoptosis, and 
inhibited cellular metabolism and proliferation. This indicates that 

persulfide generation does not limit the cellular effects of the electro-
philic stress that occurs concomitantly with persulfide formation. 

3.3. Cysteine trisulfide reacts with sulfide to form cysteine persulfide 

The electrophilic nature of Cys-S3 limits its use as a persulfide donor 
in human cell lines. However, prior reaction with extra-cellular or 
exogenous thiols is predicted to alleviate the ER- and cellular-stress 
induced by Cys-S3, as shown in reaction 2. However if the sacrificial 
nucleophile is sulfide, two equivalents of Cys-SS¡ are the only predicted 
product, as shown in reaction 3. The reverse reaction would be mini-
mized at high pH conditions and the only product is persulfide as 
opposed to reaction 2. 

Cys − S − S − S − Cys + H − S− ⇌2Cys − S − S− + H+ reaction 3 

Increasing concentrations of Na2S were added to 5 mM Cys-S3 in 10 
mM NaOH, which resulted in Cys-SS¡ formation (λmax = 340 nm) 
(Fig. 3A). The equilibrium dissociation constant (reaction 3) was 
calculated to be ~2.4 fold Cys-S3 for these reaction conditions (Fig. 3B). 
The rate of persulfide formation was examined at 10-fold sulfide 
(Fig. 3C) and the half-life of Cys-S3 under these conditions was 29 s and 
equilibrium was established after ~2–3 min (Fig. 3D). Cysteine persul-
fide formed from reaction 3 exhibited increased reactivity with 4,4′- 
dipyridyl disulfide compared to excess sodium sulfide, while Cys-S3 did 
not react with 4,4′-dipyridyl disulfide (Fig. 3E). Furthermore, 100 μM 
Cys-SS¡ showed increased initial rates of 4,4′-dipyridyl disulfide 
reduction compared to 500 μM Na2S (Fig. 3F). Similarly, glutathione 

Fig. 1. Cysteine trisulfide oxidizes cellular protein thiols. (A) Differential absorption spectrum of Cys-SS¡ formed from Cys-S3 (5 mM) and GSH (25 mM), with a 
local maximum of 340 nm. (B) Non-reducing immunoblot of purified, air oxidized V5-tagged human PKG (lane 1), air oxidized PKG + TCEP (lane 2), TCEP-reduced 
PKG + Cys-S3 (lane 3) and Cys-S3-oxidized PKG + DTT. Graph represents mean fraction of oxidized PKG (±sem; n = 4). (C) Non-reducing immunoblot of PKG and 
GAPDH from HEK293 cells treated with Cys-S3 for 30 min. Graph represents mean fraction of oxidized PKG (±sem; n = 6). Significance was calculated by one-way 
ANOVA with Dunnett’s post-hoc test. (D–E) Non-reducing immunoblot of PTEN (D) or KEAP1 (E) and GAPDH from RAMOS cells treated with Cys-S3 for 30 min. (F) 
Non-reducing immunoblot of S-glutathionylated proteins and GAPDH from HEK293 cells treated with or without Cys-S3 (100 μM) and BioGEE compared to untreated 
cells. Graph shows mean BioGEE intensity fold-change (±sem; n = 4) compared to control. Significance was calculated by two-tailed, unpaired t-test. 
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persulfide (GSS¡) formed from GSSG and sulfide (reaction 1) had 
increased nucleophilic reactivity with 4,4′-dipyridyl disulfide compared 
to sulfide alone (Supplemental Fig. 12). 

3.4. Cysteine persulfide does not induce ER-stress and protects against 
electrophilic stress 

Reacting Cys-S3 with excess sulfide is predicted to limit the electro-
philic effects of Cys-S3 on cells. Cys–SS– (formed from reaction 3) or 
NaSH alone did not result in PKG or PTEN oxidation and cellular 
glutathione levels did not significantly change compared to control, 
whereas Cys-S3 oxidized PKG and PTEN and significantly lowered 
reduced glutathione levels (Supplemental Fig. 13). To examine if Cys- 
SS¡ exerts ER-stress on human cells, Cys-SS¡was diluted into media and 
cells were incubated for 30 min. Compared to Cys-S3, Cys-SS¡ did not 

induce ER-stress as measured by eIF2α phosphorylation in either 
RAMOS or HEK293 cells (Fig. 4A). The addition of sulfide and Cys-S3 
directly to the cell culture media, instead of pre-forming the equilibrium 
described above, did not limit eIF2α phosphorylation, indicating that the 
equilibrium of Reaction 3 under these conditions is shifted to the left 
(Supplemental Fig. 14). Consistent with the lack of protein oxidation 
and ER-stress, the inhibition of cellular proliferation (Fig. 4B), reduced 
lactate production (Fig. 4C) and altered morphology (Supplemental 
Fig. 15) induced by Cys-S3 were not observed with Cys-SS¡ treatment. 
Interestingly, Cys–SS– did reduce cellular proliferation after 12 h 
compared to control and showed a modest but not statistically signifi-
cant reduction in GSH levels after 1 h, suggests that persulfide donation 
may result in decreased cellular viability, perhaps by its electrophilic 
nature [35]. The ability of cysteine persulfide to limit electrophilic stress 
was examined using thapsigargin, a potent electrophile and inducer of 

Fig. 2. Cysteine trisulfide induces cellular- and ER-stress, decreased metabolism and proliferation. Immunoblots of (A) phospho-SAPK and phospho-p38 or (B) 
phospho- and total eIF2α from Cys-S3 treated cells for 30 min. Graphs show mean fold-change from control (±sem; n = 3–6). Significance was calculated by one-way 
ANOVA with Dunnett’s post-hoc test. (C) Cellular proliferation measured by electrical impedance (cell index) of HEK293 cells cultured with vehicle or Cys-S3. 
Representative data shown. (D) HEK293 lactate production after 96 h incubation with vehicle or 100 μM Cys-S3 measured by 1H NMR. Data shown are mean (±sem; 
n = 6) and significance determined by unpaired t-test with Welch’s correction. 
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ER-stress. Cells were treated with either thapsigargin alone or with 
Cys-SS¡ and ER-stress was measured by phospho-eIF2a expression. 
Cys-SS¡ effectively limited thapsigargin-induced ER-stress in both cell 
lines (Fig. 4D), indicating that Cys-SS¡ can be further utilized as a 
cellular protectant. Therefore, we conclude that Cys-SS¡ formation form 
Cys-S3 and Na2S is a method to deliver persulfides to cells without 
inducing widespread protein oxidation, ER stress and growth inhibition. 

4. Discussion 

The cellular biology of persulfides is of particular interest due to their 
involvement in H2S signaling [4,5,20,21,35]. Persulfides are more 
nucleophilic and reducing, and therefore more potent anti-oxidants, 
than corresponding thiols [1,12]. This chemical feature of persulfides 
has lead to considerable interest in the formation and cellular effects of 
persulfides, including protein persulfide post-translational modifica-
tions and glutathione persulfide (GSS¡) [11,17]. Due to their reactive 
nature, persulfides engage in multiple equlibiria with other 
sulfur-species, such as H2S, disulfides and polysulfides [21]. To more 
directly investigate persulfide biology, Cys-S3 has been used as an in situ 
persulfide donor [13,24]. While Cys-S3 reacts with cellular thiols to 
produce persulfide, the electrophilc nature of Cys-S3 appears to domi-
nate the cellular response. Our results indicate that Cys-S3 paradoxically 
results in the generation of a strong reductant and protein oxidation. 
Protein thiols react with Cys-S3 to form a mixed protein disulfide and 
cysteine persulfide (Fig. 5). As strong nucleophiles, persulfide can 
further react with disulfides to form a protein trisulfide and cysteine. 
Alternatively, Cys-S3 can directly react with protein thiols to form mixed 
protein trisulfides, although this is likely to be a relatively very slow 
process [13]. The end product of either pathway is an oxidized protein 
thiol (i.e., protein/cysteine mixed di- and trisulfides). These oxidized 
proteins species can further react with other reduced protein thiols to 

form protein aggregates linked by either intermolecular di- or trisulfide 
bonds. Therefore, Cys-S3 results in protein oxidation, even in the pres-
ence of the strong reductant, persulfide. 

The cellular response to protein oxidation and electrophilic stress is 
conserved throughout evolution and results in decreased proliferation 
and/or cytotoxicity due to necrosis or apoptosis [36–39]. Our study 
shows that cysteine trisulfide induced electrophilic stress and inhibited 
proliferation in human cell lines, similar to diallyl trisulfide and 
dibenzyl trisulfide [40–44]. Consistent with other reports, we show that 
Cys-S3 can react with cellular thiols to form cysteine persulfide, a potent 
nucleophile and anti-oxidant [11,20]. However, we show here that 
Cys-S3 also initiates cellular pathways that respond to electrophiles, 
namely p38, SAPK and eIF2α, which result in the inhibition of cellular 
metabolism and proliferation. We predict that many other cell signaling 
pathways may be altered due to trisulfide or persulfide donation. 
Therefore, we conclude that Cys-S3 administration to cells can deliver 
cysteine persulfide in situ, however this is concomitant with protein 
oxidation and cytotoxicity, consistent with other dialkyl and diaryl 
trisulfide compounds [43–45]. Our findings are counter to recent reports 
on the cellular protective effects of Cys-S3 at similar concentrations in 
E. coli and human cells [13,24], however differing experimental design 
and conditions may account for some of this discrepancy. 

While we observed significant thiol oxidation by Cys-S3, trisulfides 
can have different modes of reactivity. For example, trisulfides can react 
with electrophiles via a hydrolysis-assisted mechanism [46]. Further-
more, Cys-S3 could inhibit the mitochondrial electron transport chain, 
which may contribute to the cytotoxic nature of Cys-S3 similar to sodium 
tetrasulfide [47]. These alternate routes of reactivity further confound 
the use of Cys-S3 as an in vivo or in vitro persulfide donor. 

Interestingly, cystine (cysteine disulfide; Cys-S-S-Cys) is essential for 
in vitro cellular growth and is present in many common cell culture 
media at 200 μM. Cys-S3 is structurally similar, yet is toxic to cells at 100 

Fig. 3. Cysteine persulfide formation from the reaction of cysteine trisulfide and sodium sulfide. (A) Absorption spectra of Cys-S3 (5 mM) alone or with Na2S (5–50 
mM). Spectra were recorded 5 min after the addition of Na2S. (inset: the absorbance spectrum of Cys-S3 subtracted from Na2S + Cys-S3 spectra revealing an ab-
sorption maximum at 340 nm). (B) Mean 340 nm absorbance (±sd; n = 3) of Cys-S3 (5 mM) reacted with Na2S (5–50 mM). Black line represents pseudo-first order 
regression analysis (r2 = 0.961) and KD calculated to be 2.4-fold Na2S:Cys-S3. (C) Absorption spectra of Cys-S3 (5 mM) alone or 20 or 120 s after the addition of Na2S 
(50 mM). (inset: the absorbance spectrum of Cys-S3 subtracted from Na2S + Cys-S3 spectra). (D) Mean absorbance values (±sem; n = 6) (black) and pseudo-first order 
regression analysis (grey) of Cys-S3 (5 mM) reacted with Na2S (50 mM). (E) Kinetic analysis of 4,4′-dipyridyl disulfide reduction by Cys-S3 (black), Na2S (red) and 
Cys–SS–. Data shown are mean absorbance (±sd (grey bars); n = 3). Curves represents pseudo-first order regression analyses with corresponding goodness of fit. (F) 
Initial rates calculated from the linear regression analysis of (E, Supplemental Fig. 6). Data shown are mean rates (− /+ sem; n = 6). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 4. Cysteine persulfide protects cells from electrophilc stress. (A) Immunoblot of phospho- and total eIF2a from cells treated with either Cys-S3 or Cys–SS– for 30 
min. Graphs show mean normalized fold-change from controls (±sem; n = 3–4). Significance was calculated by one-way ANOVA with Dunnett’s post-hoc test. (B) 
Cellular proliferation measured by electrical impedance (cell index) of HEK293 cells cultured with vehicle (black), Cys–SS– (red) or Cys-S3 (grey). (C) HEK293 lactate 
production after 96 h incubation with vehicle or Cys–SS– measured by 1H NMR. Data shown are mean (±sem; n = 6) and significance determined by unpaired t-test 
with Welch’s correction. (D) Immunoblot of phospho- and total eIF2α from cells treated with thapsigargin (1 μM) alone or with Cys–SS– (100 μM). Graphs show mean 
normalized fold-change from controls (±sem; n = 4). Significance was calculated by one-way ANOVA with Dunnett’s post-hoc test. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. Cysteine trisulfide results in protein thiol oxidation. Protein thiols react with cysteine trisulfide to form cysteine persulfde and a mixed protein-cysteine 
disulfide (A). Persulfide can then react with the disulfide to form cysteine and protein-cysteine trisulfide. Alternatively, protein thiols can react to directly form 
cysteine and protein-cysteine trisulfide (B), although this is predicted to be slow compared to (A). 
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μM. It is surprising that the addition of one S atom to cystine induces 
protein oxidation and cell stress and strongly indicates that trisulfides or 
persulfide formation has additional biological effects compared to 
disulfides. Persulfide/polysulfide generating enzymes, such as cysteinyl- 
tRNA synthetases, control mitochondrial energy production [8]; how-
ever additional intracellular signaling from these enzymes is expected 
and the electrophilic sensing pathways described here among others 
may be downstream effectors of these enzymes. The inhibition of cell 
growth observed here suggests that Cys-S3 could have potential as an 
anti-cancer therapy. A similar trisulfide derived from garlic, diallyl 
trisulfide, inhibits cell cycle progression and induces apoptosis in cancer 
cells [44,45,48]. Additionally, dibenzyl trisulfide limits neuroblastoma 
cell growth [43]. Here we show that cysteine trisulfide inhibits cell 
proliferation similar to other trisulfides, suggesting that cysteine 
trisulfide may have comparable anti-cancer effects. 

While ER-stress is often associated with increased reducing capacity, 
it is clear that electrophiles also induce ER stress [34], as prototypical 
ER-stress inducers such as thapsigargin and tunicamycin are classic 
Michael acceptors. An alternative mechanism for the promotion of 
ER-stress by Cys-S3 is the persulfidation of PTP1B, which would results 
in increased eIF2a phosphorylation and decreased protein synthesis 
[18], however we did not examine this possibility. In an attempt to 
eliminate the electrophilic stress induced by Cys-S3 while retaining 
persulfide donation, sodium sulfide was used to generate persulfide at 
high pH. Given that the reverse of Reaction 3 would be dependent on 
proton concentration, the reaction was done at high pH to favor the 
formation of persulfide anion and to limit the back reaction. While the 
combination of Cys-S3 and sulfide protected against 
thapsigargin-induced ER-stress, the exact species responsible for this is 
not clear due to the complex equilibria present [7,16,21]. 

A major limitation of our study is the presence of excess sulfide in the 
preparation of Cys-SS¡. H2S can alter the complex equilibria of thiol/ 
sulfide-related species and the results of this mixture can be difficult 
to interpret and therefore we do not recommend this method for the in 
situ generation of persulfides. Reacting Cys-S3 with other thiols such as 
glutathione would avoid the presence of excess sulfide, however this 
method would generate equimolar persulfide and disulfide. Therefore, it 
appears that persulfide formation from Cys-S3 has limitations from 
either protein oxidation and cellular stress or the presence of con-
founding thiol species. Despite the limitations of Cys-S3 described here, 
persulfides are still an interesting aspect of sulfur biochemistry to 
elucidate and the utility of other persulifde donors, such as alkylsulfenyl 
thiocarbonates [49], should be thoroughly investigated. In conclusion, 
cysteine trisulfide rapidly reacts with thiols to form cysteine persulfide, 
however in a cellular context, trisulfide-mediated thiol oxidation initi-
ates signaling pathways that dominate the observed cellular effect, 
despite the formation cysteine persulfide. 
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