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Diabetic kidney disease is known as a major cause of chronic kidney disease and end stage renal disease. Pol-
ysulfides, a class of chemical agents with a chain of sulfur atoms, are found to confer renal protective effects in
acute kidney injury. However, whether a polysulfide donor, sodium tetrasulfide (NayS4), confers protective ef-

Polysulfides . fects against diabetic nephropathy remains unclear. Our results showed that NayS4 treatment ameliorated renal
Hydrogen sulfide . . . c 4. - P . .
SIRT1 dysfunctional and histological damage in diabetic kidneys through inhibiting the overproduction of inflamma-

tion cytokine and reactive oxygen species (ROS), as well as attenuating renal fibrosis and renal cell apoptosis.
Additionally, the upregulated phosphorylation and acetylation levels of p65 nuclear factor kB (p65 NF-kB) and
signal transducer and activator of transcription 3 (STAT3) in diabetic nephropathy were abrogated by NayS4 in a
sirtuin-1 (SIRT1)-dependent manner. In renal tubular epithelial cells, NayS4 directly sulfhydrated SIRT1 at two
conserved CXXC domains (Cys371/374; Cys395/398), then induced dephosphorylation and deacetylation of its
targeted proteins including p65 NF-kB and STAT3, thereby reducing high glucose (HG)-caused oxidative stress,
cell apoptosis, inflammation response and epithelial-to-mesenchymal transition (EMT) progression. Most
importantly, inactivation of SIRT1 by a specific inhibitor EX-527, small interfering RNA (siRNA), a de-
sulfhydration reagent dithiothreitol (DTT), or mutation of Cys371/374 and Cys395/398 sites at SIRT1 abol-
ished the protective effects of NayS4 on diabetic kidney insulting. These results reveal that polysulfides may
attenuate diabetic renal lesions via inactivation of p65 NF-kB and STAT3 phosphorylation/acetylation through
sulfhydrating SIRT1.

1. Introduction Hydrogen sulfide (H»S) is recognized as a gaseous signaling mediator

that plays a critical role in the modulation of various cellular processes

Diabetic kidney disease is taken as a leading cause of chronic kidney
disease and end stage kidney disease [1], which is reflected by pro-
teinuria, mesangial matrix overproduction, renal hypertrophy, and
fibrosis [2]. Studies have shown that several factors are major contrib-
utors to the pathophysiology of diabetic nephropathy, including
inflammation, oxidative stress, overproduction of transforming growth
factor B-1 (TGF-p1) expression, and metabolic alterations [3,4]. In spite
of the advancing knowledge in diabetic renal pathologies over the years,
diabetic kidney disease remains a leading cause of people mortality and
morbidity [5]. As a result, there is an urgent demand to identify novel
drugs for the management of diabetic kidney disease especially
considering the increasing prevalence of diabetes and obesity.

under both physiological and pathophysiological conditions [6,7]. Sul-
fane sulfur, a sulfur atom with six valence electrons with no charge, is
capable of binding reversibly to other sulfur atoms to yield persulfides
(R-SSH) or polysulfides (R-S-Sn-S-R) [8]. HpS-related reactive sulfane
sulfur compounds are composed of persulfide (R-SSH), organic poly-
sulfides (R-Sn-SH or R-S-Sn-S-R, n > 2), inorganic hydrogen polysulfides
(HySn, n > 2) and protein-bound elemental sulfur (S8) [9-12]. Of those
sulfane sulfur compounds, polysulfides are produced endogenously by
oxidation of HyS, and they therefore can be served as a sink of HaS
[13-17]. Polysulfides are a class of chemicals containing variable
number of sulfur atoms [18]. Organic polysulfides have the common
formula of R-Sp-R, in which R may be an alkyl or aryl group [19]. In
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different types of polysulfides, inorganic sodium polysulfides (NaySn) is
commonly applied to examine the roles of polysulfides since it solely
provides S2~ in aqueous solution, thus allowing them to mimic endog-
enously produced polysulfides [19]. Similar to HjS, polysulfides can be
generated in mammal systems through either non-enzymatic pathways
or enzymatic pathways [20,21]. Importantly, many of biological effects
of HyS may in fact be attributed to the formation of polysulfides [22-24].

It has been demonstrated that polysulfides are potential regulators in
mammalian physiology, such as regulating the activity of ion channels,
serving as tumor suppressor, and modulating the activities of protein
kinases [10,15,16,25,26]. Koike and colleagues have found that NasS4, a
polysulfide donor, protects neuroblastoma SH-SY5Y cells from
t-buthylhydroperoxide-induced cytotoxicity, this effect may be ascribed
to the suppression of oxidative damage [27]. NaS4 treatment promotes
neuroblastoma cell differentiation by accelerating calcium influx [28].
In rat peritoneal mast cells, NayS4 acts as a stimulator for extracellular
and intracellular Ca (*1) release via a crosstalk between H,S and nitric
oxide (NO) [29]. The atmospheric electrophile 1,4-naphthoquinone (1,
4-NQ)-induced heat shock protein 90 (HSP90) expression and heat
shock factor 1 (HSF1) activation in A431 cells are blocked by pretreat-
ment with NayS; and NayS4, suggesting that polysulfides could diminish
the reactivity of 1,4-NQ by forming sulfur adducts [30]. Moreover,
exposure of primary mouse hepatocytes to Na,S4 significantly inhibits 1,
4-NQ-evoked cell death and S-arylation of cellular proteins, and the
protective effects of NasSs may be due to activation of the PTE-
N/Akt/CREB signaling pathway [31]. Cadmium, an environmental
electrophile, is involved in mediating cellular signaling and toxicity
through modifying protein nucleophiles. Incubation of primary mouse
hepatocytes to cadmium promotes HSP70 and metallothionein (MT)-1/1I
expressions and subsequent hepatic cytotoxicity, while these effects are
diminished in the presence of NayS4 [32]. NayS4 protects dopaminergic
neurons from 1-methyl-4-phenylpyridinium (MPP+)-induced cytotox-
icity, and the neuroprotective effects of NaySs are mediated by
enhancement of glutathione biosynthesis [33]. Polysulfide donors
(NasSs, NaySs, NasSy4) are more effective than HsS in the modulation of
K" channel N-type inactivation by sulfhydration of mammalian Kv
channels Kv1.4 and Kv3.4 [34]. The reactive sulfur species donor,
NayS4, induces the inhibition of Ca2+/calmodulin-dependent protein
kinase II (CaMKII) through its Cys6 polysulfidation in RAW264.7 murine
macrophage cells [35]. Very recently, polysulfide salts (NazSy, NasSs,
NayS4) are found to inhibit glucose-stimulated insulin secretion in
pancreatic p-cells through activating the ATP-sensitive potassium
(KATP) channels [36]. These extensive studies have confirmed that
Na,S4 functions as sulfur-containing molecular species that might
regulate various cellular events.

In recent years, HyS is a promising candidate for the management of
diabetic renal disease via by attenuating oxidative stress and inflam-
mation, inhibiting renin-angiotensin system activity and mesangial cell
proliferation [4]. Mounting evidence suggests that HoS might represent
an alternative therapeutic approach for diabetic nephropathy [37].
Given that polysulfides and persulfide-induced activation of signaling
pathways might mediate many biological effects of HyS in mammalian
systems, including renal system, it is not unexpected that polysulfide
donors might also play an important role in renal protection under
pathophysiological states. Recently, we have demonstrated that NasS4
holds protective effects against cisplatin-elicited renal toxicity [19,38].
Our group has also demonstrated that NayS4s ameliorates
cisplatin-induced nephrotoxicity via repressing intracellular oxidative
stress, a critical event involved in diabetic nephropathy [38]. However,
the exact roles of polysulfides in diabetic nephropathy and the mecha-
nisms involved are largely unknown. Thus, we explored the potential
effects of polysulfides on diabetic nephropathy at both animal and cell
levels, the involved downstream signaling pathways were also
investigated.
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2. Material and methods
2.1. Reagents

A polysulfide donor NayS4 was purchased from Dojindo Molecular
Technologies Dojindo (Kumamoto, Japan). Cell Counting Kit-8 (CCK-8)
and lactate dehydrogenase (LDH) release assay kits were procured from
Beyotime Institute of Biotechnology (Shanghai, China). p-glucose, D-
mannitol, dithiothreitol (DTT), streptozotocin (STZ) and EX527 were
bought from Sigma-Aldrich (St. Louis, MO, USA). Click-iT™ Plus ter-
minal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assay kits and Click-iT™ Plus EdU (5-ethynyl-2’-deoxyuridine) Alexa
Fluor™ 488 imaging kits were procured from Invitrogen (Carlsbad, CA,
USA). Antibodies against p22P'°%, p47P"°% TGF-p, a-SMA, E-cadherin,
Bax, Bcl-2, cleaved-PARP, GAPDH, B-actin, F4/80, and the secondary
antibodies were purchased from Santa Cruz Biotechnology Inc (CA.
USA). The non-specific control small interfering RNA (siRNA), and
SIRT1 siRNA were purchased from Santa Cruz Biotechnology Inc (CA.
USA). Antibodies against sirtuin 1 (SIRT1), phosphorylated and total
p65 nuclear factor kB (p65 NF-kB), acetylated p65 NF-kB, and ace-
tyllysine were purchased from Cell Signaling Technology (Beverly, MA,
USA). Antibodies against phosphorylated and total signal transducer
and activator of transcription 3 (STAT3), cleaved-caspase-3, NOX2, and
pan-Cadherin were bought from Abcam (Cambridge, MA. USA). The
specific primers were synthesized and provided by Integrated DNA
Technologies Pte. Ltd. (Singapore).

2.2. Induction of diabetes in mice

All animal experiments were approved by Institutional Animals Care
and Use Committee at National of University of Singapore. All experi-
mental procedures in animals were also in compliance with the guidance
of the Care and Use of Laboratory Animal published by the US National
Institutes of Health (NIH publication, 8th edition, 2011). Male C57BL/6
mice (InVivos, Singapore) aged at 8-10 weeks were used to produce
diabetes by a single injection of STZ (i.p., 100 mg/kg) as we previously
described [39-41]. All animals were caged in the SPF condition with
free access to stand laboratory chow and tap water on a 12 h/12 h
light/dark cycles. One week after injection of STZ, the mice with a
fasting blood glucose level in the mouse tail vein blood more than 12
mM were considered to be diabetic [41]. After injection of STZ for 8
weeks, the mice in NayS4 + Diabetes group and NayS4 group were
injected with NayS4 (500 pg/kg/day) for the coming 4 weeks. The body
weight in each mouse was weighted at the end of experiments before
sacrificed.

2.3. Histology, immunohistochemistry and immunofluorescence

For histological assessment of renal function, the renal tissues from
mice were fixed in 4% formaldehyde for 48 h. The kidney sections (5
pm) were dewaxed, hydrated, and then stained with periodic acid-Schiff
(PAS) staining. The stained renal sections were visualized using a light
microscope (Leica, Microsystems, Germany). The renal histological
changes were assessed at least 6 randomly selected fields on the basis of
tubular dilation and atrophy, brush border loss, cast formation, and the
proportion of tubules in the external medulla field in accordance with
previous studies [42]. The renal fibrosis was assessed in renal sections by
Sirius red staining (Abcam, Cambridge, MA. USA). For renal immuno-
histochemistry, the kidney sections (5 pm) were probed with a primary
antibody against F4/80 (a macrophage maker) overnight at 4 °C, and the
sections were then subject to horseradish peroxidase-coupled secondary
antibodies for 1 h at room temperature. 3,3'-diaminobenzidine (DAB)
was employed to yield a brown reaction for immunohistochemical
development. The immunohistochemical images were photographed
under a light microscope (Leica, Microsystems, Germany). The renal
sections for immunofluorescent staining were used to examine
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nitrotyrosine expressions. In brief, after blocking with 5% serum for 30
min, the renal sections were probed with the anti-nitrotyrosine antibody
overnight at 4 °C followed by treatment of goat anti-mouse Alexa Fluor
488 antibody for 1 h at 37 °C. The immunofluorescence graphs were
collected by using a fluorescence microscope (Leica, Heidelberg,
Germany).

2.4. Analysis of renal function

The blood was collected to separate serum samples at the end of
experiments. The serum levels of blood urea nitrogen (BUN) and
creatinine were quantified to evaluate renal function using commercial
kits in compliance with the manufacturer’s instructions (Jiancheng
Bioengineering Institute, Nanjing, China) [43]. After reaction with the
related agents, the absorbance for serum BUN was analyzed at 640 nm
by a microplate reader. The optical density was read at 546 nm for serum
creatinine measurement using a Varioskan Flash microplate reader
(Waltham, MA. USA).

2.5. Apoptosis assay in renal tissues

The renal cell apoptosis was measured by TUNEL assay as we pre-
viously reported [38]. Briefly, the sectioned kidneys were stained with
fluorescein-linked TUNEL, and Hoechst staining was used to identify the
cell nuclei. The TUNEL-positive renal cells were photographed using a
fluorescence microscope (Leica, Heidelberg, Germany).

2.6. Cell culture and transfection

HK-2 cells (a human kidney tubular epithelial cell line) were cultured
in DMEM/F-12 medium in supplementation with 10% FBS, penicillin
(100 U/ml), and streptomycin (100 pg/ml) in a humidified 5% CO3 at
37 °C. After the cells achieved 80% confluence, the cells were passaged
at a ratio of 1:3. HK-2 cells were incubated with normal p-glucose me-
dium (NG, 5.5 mM) or high p-glucose medium (HG, 30 mM) for 48 h,
respectively. NapSy4, EX-527 and DTT were pre-added individually to the
culture medium at indicated concentrations before HG treatment. To
study the involvement of SIRT1 in the NayS4-mediated protective effect
against diabetic nephropathy in vitro, HK-2 cells in the exponential phase
of growth were plated in six-well plates at 2 x 10° cells/plate and
cultured for 24 h. After that, transfection of scramble control and SIRT1
siRNA (50 nM) in HK-2 cells were carried out by using lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA) in accordance with the manu-
facturer’s instructions. The inhibition efficiency of siRNA was confirmed
by Western blotting.

2.7. Cell viability and apoptosis

CCK-8 was applied to examine HK-2 cell viability. In short, after
treatment, CCK-8 solution (10 pl) was added into the culture medium
(100 pl) at the required wells at 37 °C for 2 h. After that, the optical
density of each sample was analyzed at 450 nm using a microplate
reader (Varioskan Flash, Thermo Electron Corporation, Waltham, MA.
USA). Cell viability was expressed by calculating the ration of average
optical density of treatment group/control group. In addition, after
being treated, EAU incorporation assay was applied to determine the cell
proliferation in keeping with the manufacturer’s instructions. The EdU-
positive cells were obtained with the aid of a fluorescence microscope
(DMi 8; Leica, Microsystems, Germany). For determination of HK-2 cell
apoptosis, TUNEL assay was utilized to obtain TUNEL-positive cells, and
the cell apoptosis was simultaneously evaluated by a flow cytometry
(Cytoflex LX, Beckman, Indianapolis, IN, USA) using Annexin V-FITC/PI
apoptosis detection kits (Invitrogen, Carlsbad, CA, USA). LDH release
assay was conducted by using LDH assay kits in line with the manu-
facturer’s suggestions, and the optical density was measured at the
absorbance of 450 nm using a microplate reader (Varioskan Flash,
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Waltham, Thermo Electron Corporation, MA. USA).

2.8. Quantitative real-time PCR

The mRNA expression levels of TGF-B1, connective tissue growth
factor (CTGF), vascular cellular adhesion molecule-1 (VCAM-1), tumor
necrosis factor-a (TNF-a), interleukin-1p (IL-1B), cyclooxygenase-2
(COX-2), a-smooth muscle actin (a-SMA), E-cadherin, collagen I, and
collagen III were determined by real-time PCR with the specific primers
(Table S1 and Table S2) under ABI Real-Time PCR System (Applied
Biosystems) as we previously depicted [41].

2.9. S-sulfhydration assay

S-sulfhydration of SIRT1 was measured by a tag-switch method [44,
45]. In short, cells treated with NasS4 were dissolved in HEN buffer (250
mM HEPES, 50 mM NaCl, 1 mM EDTA, 0.1 mM neocuproine, 1%
NP-40). Cell lysates were incubated with a water-soluble methylsulfonyl
benzothiazole (MSBT-A, 50 mM) at 37 °C for 1 h. After salt removal, the
mixture was added into anti-SIRT1 antibody (2 pg) supplemented with
protein A/G beads overnight. The beads were then suspended in
biotin-linked cyanoacetate (20 mM) at 37 °C for 1 h under gentle
shaking conditions. After centrifugation, biotinylated proteins were
eluted by loading buffer (30 pL), and the samples were further detected
by Western blotting. S-sulfhydrated SIRT1 expression was determined
by using anti-biotin antibody, and the SIRT1 protein expressions were
evaluated with anti-SIRT1 antibody.

2.10. Measurement of oxidative stress markers

The superoxide anion production in renal tissue sections and
collected cells was detected by dihydroethidium (DHE, 10 uM) or 2,7-
dichlorofluorescein diacetate (DCFH-DA, 10 pM) staining in a dark
environment for 30 min at 37 °C. The color images were captured using
a fluorescence microscope (Leica, Heidelberg, Germany) and quantified
using Image-Pro Plus analysis software. In addition, the contents of
malondialdehyde (MDA), and activities of superoxide dismutase (SOD)
and glutathione (GSH-Px) were assessed by using the corresponding
commercial kits [46]. NAD(P)H oxidase activity was determined by
enhanced lucigenin-derived chemiluminescence as our previous report
[38].

2.11. Isolation of membrane proteins, western blotting and
immunoprecipitation

The whole cell proteins and the membrane proteins were isolated
using radio-immunoprecipitation assay (RIPA) buffer or a plasma
membrane and cytosol extraction kit (Beyotime Biotechnology,
Shanghai, China), respectively. The same amount of proteins in each
sample was loaded onto sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gels, and then transferred onto poly-
vinylidene fluoride (PVDF) membranes. The membranes were probed
with various primary antibodies overnight at 4 °C followed by incuba-
tion of horseradish peroxidase-coupled secondary antibodies. Western
blotting bands were observed using an enhanced chemiluminescence
(ECL) solution. The target protein expressions were normalized to the
protein level of house-keeping gene expressions from the same PVDF
membrane. For evaluation of SIRT1 acetylation, the immunoprecipita-
tion analysis was used. In brief, the cells or renal tissues were lysed in
RIPA buffer, the cell lysates were then centrifuged at 12 000xg for 15
min and the soluble fraction was obtained. Subsequently, the equal
amount of soluble fraction was incubated with anti-SIRT1 antibody and
then bounded with protein A/G agarose beads to yield immune com-
plexes. Eventually, bound proteins were eluted by boiling with loading
buffer and determined by Western blotting.
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2.12. Engyme-linked immunosorbent assay (ELISA)

The renal tissues were homogenized in RIPA lysis buffer and then
centrifuged at 12 000 rpm at 4 °C for 30 min. The supernatants were
obtained and the protein contents in each sample were quantified by
Bradford colorimetric protein assay kit (Rockford, IL. USA). The con-
centrations of TNF-a, IL-1f, and VCAM-1 were in renal tissue samples
were determined by commercial ELISA kits (BOSTER, Wuhan, China) in
keeping with the manufacturer’s protocols. At the end of experiments,
the color reactions were measured at 450 nm using a microplate reader
(Varioskan Flash, Thermo Electron Corporation, Waltham, MA. USA).
The results were relative to the protein contents and expressed as pg/mg
in each sample.
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2.13. Statistical analyses

In the present study, the results were calculated as mean + SEM.
Statistical analyses were performed by using SPSS 19.0 statistical soft-
ware (Chicago, IL, USA). Differences were analyzed by t-test between
two groups and analysis of variance (ANOVA) followed by the Bonfer-
roni post hoc test was used for multiple group comparisons. The stan-
dard was considered statistically significant at P < 0.05.

3. Results
3.1. NazS; attenuates HG-induced apoptosis in HK-2 cells
It has already been demonstrated that HG stimulation could decrease

cell viability and trigger cell death in human renal tubular epithelial
cells [47,48]. Moreover, we previously reported that a polysulfide donor

——= Veh
=== Na,S,

TSI
S 09

O =

> C

=8 06 =
o“—

2503

=€ 00

“T PP NG HG

HG+Na254

NaZS4 — Na,S, —
HG — — + + HG — — + +
o —
o5 4 5 3.6
88 % S E ¥
0_83 g 27
ST t 0B 18 T
n o o
8}_21 <& gg
2 ST
o = >
T 0 2 0.0
o2 NG HG NG HG
w
g _ 60
L8 as *
=9
(723
85 >0 T
g'_g 1.5
5% 0.0
= NG HG

HG+Na,S,
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NayS4 mitigated cisplatin-caused renal tubular cell apoptosis [38].
However, the roles of NayS4 in HG-induced cell apoptosis in HK-2 cells
remain largely unknown. Therefore, we evaluated the direct effects of
NaySs4 on HG-evoked renal tubular cell injury by performing in vitro
experiments in HK-2 cells. To study the effect of osmolality, D-mannitol
was used as a hyperosmolar control in the present study (5.5 mM
p-glucose + 24.5 mM D-mannitol) [49,50]. In consistence with the
previous reports [49-54], cell viability was significantly reduced by HG
(30 mM) incubation, but not by hyperosmolar D-mannitol treatment,
when compared with control cells. These data suggest that HK-2 cell
injury was considered as an effect from glucotoxicity, rather than from
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hyperglycemia-induced hyperosmolarity (Fig. S1).

Then, the concentration-dependent effects of NaySs were also
observed in HK-2 cells. NayS, treatment had no obvious effect on the cell
proliferation of HK-2 cells at the concentrations from 3 pM to 100 pM in
comparison with the control cells. However, NayS4 decreased the cell
viability by around 15% and 50% at the doses of 200 pM and 300 pM,
respectively (Fig. S2). These results suggested that the safe dose of NagS4
with no cellular toxicity on HK-2 cells was within 100 pM. To further
explore the actions of NayS4 on HG-triggered HK-2 cell apoptosis, we
evaluated the apoptotic response in HG-incubated HK-2 cells in the
presence or absence of NaySs4. As expected, pretreatment with NasSs
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dose-dependently restored the decreased cell viability induced by HG,
whereas NayS4 treatment (30 pM) almost completely abolished HG-
caused cell viability decline (Fig. 1A). This was further reflected by
LDH release assay as shown in Fig. 1B. Therefore, NaS4 was selected as
a concentration of 30 pM for subsequent in vitro studies. The cell
viability was also evaluated by EdU staining. HG incubation signifi-
cantly reduced the EdU-positive HK-2 cells (Fig. 1C). Conversely, NaS4
obviously enhanced cell viability compared with the cells treated with
HG (Fig. 1C). The data indicated that NasS4 could lessen HG-induced
suppressive effects on HK-2 cell proliferation (Fig. 1C). As illustrated
in Fig. 1D-G, the pro-apoptotic protein expression levels of Bax, cleaved
caspase-3 and cleaved-PARP were strikingly increased, whereas the anti-
apoptotic protein level of Bcl-2 was markedly downregulated after HG
stimulation. However, NayS,4 treatment largely prevented HG-caused
upregulations of pro-apoptotic protein expression levels of Bax,
cleaved caspase-3 and cleaved-PARP, while reversed HG-induced Bcl-2
downregulation (Fig. 1D-G). TUNEL assay also demonstrated that NaySy
treatment remarkably suppressed HG-induced HK-2 cell apoptosis as
NayS4 pre-treated cells had a fewer proportion of apoptotic cells when
compared to HG alone treated cells (Fig. 1H). Finally, the antagonistic
effects of NagSs on HG-triggered HK-2 cell apoptosis were also
confirmed by flow cytometry analysis (Fig. S3). Taken together, these
results indicated that NayS4 protected HK-2 cells from cell apoptosis
under HG circumstances.

3.2. NaySy attenuates HG-induced inflammation response and oxidative
damage in HK-2 cells

Aberrant inflammation response and oxidative injury are driving
forces for the pathologies of diabetic kidney disease [55]. Next, we
determined whether Na,S4 could ameliorate HG-evoked oxidative stress
and inflammation response in HK-2 cells. The protein levels of inflam-
matory factor markers, including TNF-a, IL-18, VCAM-1 and COX-2,
were remarkably enhanced when HK-2 cells were challenged by HG,
effects that were strikingly blocked by NaySs (Fig. 2A). The
anti-inflammatory effects of NayS4 on HG-stimulated HK-2 cells were
also ascertained by measurement of mRNA levels of TNF-a, IL-1f,
VCAM-1 and COX-2 using RT-PCR (Fig. 2B).

It is widely accepted that the pathophysiology of diabetic nephrop-
athy may be closely associated with dysregulated oxidative stress [56].
Importantly, the enhanced oxidative stress is predominantly regulated
by various NADPH oxidases (NOX) isoforms, including p22Phox q77phox
and NOX2 in diabetic nephropathy [57]. The membrane translocation of
p47°8%% js a fundamental event for the formation of reactive oxygen
species (ROS) in both diabetic kidney disease and acute kidney injury
[58,59]. In comparison with NG-treated cells, the protein expression
levels of p22Ph%% p47Ph°% and NOX2 were augmented in HK-2 cells upon
exposure to HG, and this effect was counteracted by preconditioning
with NagSs (Fig. 2C-E). Besides, the upregulated p47P"°* protein
expression in the plasma membrane caused by HG was obviously
reduced when the cells were pretreated with NayS4 (Fig. 2F). Upon
exposure to HG, the massive production of intracellular ROS was sub-
stantially abrogated by preconditioning with NayS4 in HK-2 cells
(Fig. 2G). Altogether, these results suggest that the protective effects of
NayS4 against diabetic kidney disease are at least partially mediated by
inhibition of inflammation and ROS overproduction.

3.3. NaySy attenuates HG-induced HK-2 cell fibrosis

The fibrosis in the kidneys is a common pathway in the pathogenesis
of diabetic kidney disease, and TGF-p1 may be a central player in the
processes of kidney fibrosis via promoting extracellular matrix (ECM)
expansion under diabetic conditions [60,61]. A myriad of evidence
demonstrates a role of epithelial-to-mesenchymal transition (EMT) in
the development and progression of diabetic renal fibrosis [62]. The
process of EMT is accompanied by downregulations of epithelial
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indicators, such as E-cadherin, and upregulations of mesenchymal
phenotype markers, such as a-SMA [63,64]. In light of NagS4-mediated
beneficial effects in HG-challenged HK-2 cells as mentioned above, we
wanted to determine whether NayS4 altered HG-induced EMT develop-
ment and TGF-f1 signaling activation in HK-2 cells. Compared with
control cells, more TGF-B1 and a-SMA protein expression levels, but less
E-cadherin protein expressions, were detected in HG-incubated HK-2
cells (Fig. 3A-C). However, pretreatment with NayS4 substantially
reversed these abnormalities under HG conditions (Fig. 3A-C). In sim-
ilarity, the abnormal mRNA levels of TGF-p1, a-SMA and E-cadherin in
HG-challenged HK-2 cells were noticeably corrected by NaySs
(Fig. 3D-F). Immunofluorescence results further confirmed that NaySy4
treatment diminished HG-induced EMT process in HK-2 cells, as man-
ifested by lower a-SMA immuno-positive signals and higher E-cadherin
immuno-positive signals (Fig. 3G). The data clearly demonstrated that
NayS4 might ameliorate diabetic renal fibrosis by inhibiting EMT
progression.

3.4. Induction of SIRT1 mediates the protective roles of NaySy4 in HK-2
cells

In the kidneys, the most widely studied SIRT is SIRT1, which exerts
renal cytoprotective effects via suppressing cell apoptosis, inflamma-
tion, oxidative stress and fibrosis [65,66]. Activation of SIRT1 benefits
renal damage and delays renal fibrogenesis in diabetes, indicating that
SIRT1 may serve as a therapeutic target for diabetic kidney disease [67].
More importantly, induction of SIRT1 by HyS confers a protective role
against diabetic kidney disease through inhibiting oxidative stress [68].
Thus, it is worth investigating whether upregulation of SIRT1 is
responsible for the therapeutic effects of NaS,4 in the context of dia-
betes. A time-course study showed that Na,S; treatment obviously
stimulated SIRT1 protein expressions in HK-2 cells (Fig. 4A). By
contrast, the protein expressions of SIRT1 were remarkably decreased
when HK-2 cells were challenged by HG at different time points
(Fig. 4B). Accordingly, the downregulated SIRT1 protein levels in
HG-exposed HK-2 cells were restored to near or even higher than
baseline by NayS, treatment, as demonstrated by Western blot (Fig. 4C).
These above results indicated that SIRT1 might mediate the protective
actions of NayS4 on HG-induced injury in HK-2 cells.

SIRT1 is reported to protect against diabetic kidney disease via
deacetylating its targeted proteins, such as STAT3 and p65 NF-kB, two
critical genes engaged in diabetic nephropathy [69,70]. Conditional
gene deletion of SIRT1 in podocytes contributes more kidney injury in
diabetic mice, and this effect may be dependent on the higher acetyla-
tion levels of p65 NF-kB and STAT3 [70]. Excepting from the elevated
p65 NF-kB and STAT3 acetylation levels in diabetic kidneys [70], the
enhanced phosphorylation levels of p65 NF-xB and STAT3 are also
observed in diabetic kidney damage [71,72]. Interestingly, the phos-
phorylated p65 NF-kB and STATS3 levels are also strictly regulated by
SIRT1 [73,74]. To confirm the possible involvement of the SIRT1
signaling pathways, we investigated the effects of NasS4 on the phos-
phorylation and acetylation levels of p65 NF-kB and STAT3. The levels
of p65 NF-kB phosphorylation and acetylation were constitutively
higher in HK-2 cells challenged by HG, and this effect was dampened by
application of NagS4 (Fig. 4D-E). In parallel to this, NasS4 pretreatment
alleviated HG-induced upregulations of STAT3 phosphorylation and
acetylation in HK-2 cells (Fig. 4F-G). Collectively, the molecular
mechanism by which NayS4 exhibits renoprotective effects appears to
involve SIRT1-mediated inhibition of p65 NF-kB/STAT3 phosphoryla-
tion and acetylation.

3.5. Blockade of SIRT1 abolishes the beneficial effects of NasS4
To further verify the implication of the SIRT1 signaling cascade in

NayS4-mediated effects in HK-2 cells, the SIRT1 inhibitor EX527 was
used. Treatment with EX527, a known specific SIRT1 inhibitor, reversed
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the actions of NayS4 on the phosphorylation and acetylation levels of
p65 NF-kB in HG-stimulated HK-2 cells (Fig. S4A-B). In the presence of
EX527, the suppressive effects of NayS4 on STAT3 phosphorylation and
acetylation levels were also diminished in the context of HG (Fig. S4C-
D). Of note, the antagonistic effects of NayS4 on HG-caused HK-2 cell
apoptosis, inflammation response, oxidative injury, and fibrosis were
blocked by EX527-mediated SIRT1 inhibition, as reflected by measure-
ment of cleaved-PARP, COX-2, p47ph°" and TGF-p1 protein expressions
(Fig. S4E). As shown in Fig. S5 and Fig. S6, NayS4 caused a marked
decrease of cell apoptosis and oxidative damage in HG-incubated HK-2
cells, with such effects being partially abolished by the addition of
EX527. Although EX-527 is a potent and selective SIRT1 inhibitor, it also
inhibits SIRT2/3 to a lesser extent [75-78]. Since SIRT3 plays a central
role in mitochondrial bioenergetics and antioxidant functions induced
by sulfide/polysulfides [79-82], it is necessary to differentiate the effect
of NayS4 was from SIRT1 or from SIRT3. Consistent with the results with
EX-527, reduction of SIRT1 with SIRT1 siRNA prevented the renal ef-
fects of NagS4 on HK-2 cells (Fig. S7). The present results indicated that

NayS,4 may specifically act on SIRT1 to circumvent HG-provoked injury
in HK-2 cells.

3.6. Sulfhydrated SIRT1 contributes to the protective role of NazS4 in HK-
2 cells

Sulfhydration, termed as the addition of one sulfhydryl to the
cysteine residue of target proteins and the subsequent generation of a
persulfide group, is an important post-translational modification by HaS
or polysulfides in eukaryotic cells [83]. Actually, it is recently estab-
lished that HjS elicits SIRT1 sulfhydration at its two conserved zinc
finger domains (C371/374; C395/398), along with increased its zinc ion
binding activity to stabilize the alpha-helix structure, thereby reducing
atherosclerotic plaque formation [84]. Subsequently, we examined
whether polysulfides altered SIRT1 sulfhydration in HK-2 cells. We
found that there was a stronger sulfhydration of SIRT1 in HK-2 cells after
NayS4 incubation (Fig. S8A). The upregulated sulfhydrated SIRT1 by
NayS4 was reduced by DTT (a de-sulfhydration reagent) (Fig. S8B). DTT
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pretreatment removed protein sulfhydration of SIRT1 and significantly
attenuated the capability of NayS4 to normalize HG-induced p65
NF-xB/STAT3 phosphorylation and acetylation in HK-2 cells
(Fig. S9A-D). Notably, continuous treatment with DTT blocked the in-
hibition of HK-2 cell apoptosis, inflammation, oxidative stress, and
fibrosis by NaySy4, as assessed by protein expressions of cleaved-PARP,
COX-2, p47phox and TGF-B1 (Fig. S9E). TUNEL assay (Fig. S10) and
DHE staining (Fig. S11), further confirmed that addition of DTT
neutralized the inhibitory effects of NayS4 on HG-facilitated HK-2 cell
apoptosis and ROS production. The data implied that SIRT1 sulfhydra-
tion lowered acetylated and phosphorylated p65/STAT3, thereby
contributing to the renoprotective effects of NaySy.

To identify the sulfhydrated cysteine residue sites, SIRT1 mutated at
domain 1 (M1: C371S and C374S), domain 2 (M2: C395S and C398S), or
both domains (M3: C371S, C374S, C395S, and C398S) or wild type (WT)
were transfected into HK-2 cells; the sulfhydrated SIRT1 by NayS4 was

all blocked by the three mutation plasmids (Fig. S8C). Importantly,
SIRT1 mutation notably attenuated the suppressive effect of NayS4 on
HG-amplified p65 NF-kB/STAT3 phosphorylation and acetylation in
HK-2 cells (Fig. 5A-D). Moreover, after SIRT1 mutation transfection,
NayS4 failed to attenuate HG-induced apoptosis, inflammation, oxida-
tive stress, and fibrosis (Fig. 5E). Similar to DTT, NayS4 treatment is
limited to restrain HG-triggered cell apoptosis (Fig. S12) and ROS gen-
eration (Fig. S13) when HK-2 cells were transfected with plasmids with
SIRT1 mutation. Intriguingly, M3 is likely to completely eliminate the
protective effects of NasSs on HG-induced HK-2 cell damage when
compared with M1 and M2. These findings indicated that sulfhydration
of C371S, C374S, C395S, and C398S at SIRT1 is critical for NayS4 to curb
hyperglycemia-induced injury in HK-2 cells.
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3.7. Na2Sy alleviates renal dysfunction and fibrosis in diabetic mice

Additionally, we moved on to assess the therapeutic effects of NasS4
on diabetes-induced renal damage in mice. Compared with control mice,
the body weight was obviously declined (Fig. 6A), while the fasting
blood glucose level was obviously elevated in diabetic mice (Fig. 6B).
However, the fasting blood glucose level and body weight in diabetic
mice were not influenced by treatment with NayS4 (Fig. 6A-B). Similar
with the previous reports [85,86], the serum levels of BUN and creati-
nine were dramatically higher in diabetic mice than those in normal
mice (Fig. 6C-D). However, chronic treatment of NayS4 mitigated these
renal dysfunction parameters in diabetic mice (Fig. 6C-D). Morpho-
logical analysis from PAS staining results demonstrated that the
glomerular volume was larger in diabetic mice when compared with
control mice, which was obviously attenuated by supplementation of
NayS,4 (Fig. 6E-F). Sirius red staining demonstrated that the enlarged
renal fibrosis in diabetic mice was attenuated by NasSs (Fig. 6G).
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Consistently, the mRNA expressions of collagen I, collagen III and CTGF
were higher in diabetic kidneys, but there was no significant renal
fibrosis in diabetic mice treated with NayS4 (Fig. 6H). In accordance
with cell experiments, the diabetic kidneys exhibited lower E-cadherin
mRNA expression and higher a-SMA mRNA expression, this effect was
rectified by NayS4 (Fig. 6I-J). Consistent with in vitro results, adminis-
tration of NayS4 prevented the upregulated TGF-f1 and a-SMA levels
and the downregulated E-cadherin protein expressions in diabetic kid-
ney tissues (Fig. 6K-M). These findings indicated that NayS4-mediated
renal protective effects involve its suppressive effect on the process of
EMT.

3.8. NayS; alleviates renal inflammation and oxidative stress in diabetic
mice

In agreement with the cell culture results, hyperglycemia led to
strong inflammatory responses in the kidneys as manifested by the
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massive protein productions of TNF-a, IL-1p, VCAM-1 and COX-2,
whereas these effects were suppressed by chronic injection NaySs4
(Fig. 7A). In parallel to Western blotting results, the diabetic kidneys
exhibited the enhanced mRNA levels of these inflammatory factors.
Accordingly, NayS4 effectively reversed such abnormalities (Fig. 7B).
The anti-inflammatory effects of NasS4 on diabetic kidneys were further
proved by ELISA results (Fig. 7C). Furthermore, NayS4 treatment obvi-
ously prevented the accumulation of macrophages (F4/80-positive cells)

10

in the kidney tissues from diabetic mice (Fig. 7D), suggesting an anti-
inflammatory role of NaySy4 in diabetic nephropathy.

In accordance with in vitro results, the kidneys from diabetic mice
had higher p22P"%%, NOX2, p47°"* and membrane p47°"* protein
levels compared to healthy kidneys (Fig. 8A-D). NaySs treatment
markedly inhibited the abnormal changes in these proteins from dia-
betic kidney tissues (Fig. 8A-D). We found increased renal MDA content
and NADPH oxidase activity, but decreased renal activities of SOD and
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GSH-Px in diabetic mice, whereas these aberrant changes were again
normalized by treatment with NayS4 (Fig. 8E-H). Moreover, the results
from DHE staining, DCFH-DA staining, and nitrotyrosine immunofluo-
rescence in the kidney tissues showed the decreased renal oxidative
stress in diabetic mice when treated with NaySy4 (Fig. 8I-M). These above
results hinted that NayS4 alleviated inflammatory response and reduced
ROS production in diabetic mouse kidneys.

3.9. NaySy relieves diabetes-induced renal cell apoptosis in mice

The diabetic renal tissues exhibited higher protein expression levels
of Bax, cleaved caspase-3 and cleaved-PARP, but lower Bcl-2 protein
level, whereas this imbalance in these proteins was prevented by
treatment with NayS4 (Fig. 9A). The involvement of anti-apoptotic ef-
fects of NayS4 in diabetic kidneys was also examined by TUNEL assay. It
can be seen that the enhanced TUNEL-positive cells in diabetic kidney
tissues were significantly eradicated by application of NayS4 (Fig. 9B).
These results suggested that NayS; prevented renal cell apoptosis
induced by diabetes or hyperglycemia.

11

3.10. NayS4 upregulates SIRT1 to affect p65 NF-xkB/STAT3
phosphorylation and acetylation in diabetic nephropathy

After injection of STZ for 12 weeks, our data showed that the
diabetes-induced upregulations of p65 NF-kB/STAT3 phosphorylation
and acetylation in the kidneys were also attenuated by NaySy treatment,
which was consistent with the cell experiments (Fig. 10A-D). Western
blotting results showed that the SIRT1 expression was obviously
downregulated in diabetic mice-derived renal tissues, and this decline
was largely prevented by NayS, treatment, which itself also facilitated
the expression of SIRT1 (Fig. 10E).

4. Discussion

In the present study, biochemical and histopathological studies
indicated that exogenous administration of NayS4 could efficiently
attenuate diabetic renal injury via attenuating renal cell apoptosis and
inflammation, antagonizing renal oxidative stress and fibrosis in mice.
Mechanistically, our findings showed that NayS4 directly sulfhydrated
and upregulated SIRT1 protein expression, thereby reversing diabetic
renal dysfunction via inactivating the phosphorylation and acetylation
of p65 NF-kB/STAT3 (Fig. S14). These results suggested that poly-
sulfides may serve as promising candidates to prevent or treat diabetic
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nephropathy.

Diabetic nephropathy is manifested by the presence of urine albumin
excretion, glomerular lesions, mesangial expansion, renal and glomer-
ular hypertrophy, and loss of glomerular filtration rate [87,88]. In this
study, the therapeutic effects of NayS4 in diabetic nephropathy were
evaluated in diabetic mice. We here showed that NayS4 could improve
diabetic renal dysfunction by potently decreasing the levels of creatinine
and BUN even with affecting neither blood glucose level nor body
weight. Histological examination by PAS staining further corroborated
the therapeutic role of NayS4 in diabetic kidney disease. In the patho-
physiology of diabetic nephropathy, renal fibrosis is a definitive end
event, which is ascribed to overproduction of ECM proteins in the

12

tubular interstitial space [89]. Studies have established that TGF-p1 is a
crucial mediator in diabetic renal fibrosis [90]. Our present results
demonstrated that the protein and mRNA expressions of TGF-p1 were
markedly augmented in diabetic kidney tissues and HG-incubated HK-2
cells, and this effect was suppressed by NasSs4. Additionally, NaySy4
treatment retarded the progression of EMT and diabetic renal fibrosis, as
manifested by downregulated a-SMA and upregulated E-cadherin. These
results suggested that NaySy alleviated renal fibrosis in diabetic mice via
blockade of EMT process.

A plethora of evidence has demonstrated that both oxidative stress
and inflammation are responsible for the pathologies of diabetic ne-
phropathy [91]. In addition to this, the tubular cell apoptosis is also a
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classic hallmark of diabetic nephropathy, whereby apoptotic cell death
may be attributed to renal inflammation and oxidative stress [92]. We
found in the present study that NayS4 exhibited an anti-inflammatory
effect by reducing inflammatory factors release in both cells and kid-
neys under hyperglycemia conditions. Also, the anti-oxidative and
anti-apoptotic effects of NayS4 had been described in both diabetic renal
tissues and HG-treated HK-2 cells. These results provide the ample evi-
dence that NayS4 could retain the anti-inflammatory, anti-oxidative, and
anti-apoptotic characteristics in a diabetic setting, which might be
important protective mechanisms against diabetic nephropathy.
Together with above discussion, it is concluded that NayS4 may be taken
as a therapeutic agent for diabetic kidney disease by inhibiting renal cell
apoptosis and inflammation response, and delaying renal oxidative
stress and fibrosis.

The precise molecular mechanisms of pathogenesis in diabetic kid-
ney disease are not comprehensively elucidated. Compelling evidence
indicates that SIRT1 is a crucial dominator in the pathologies of diabetic
nephropathy as SIRT1 confers renal protection by inhibiting renal
inflammation, apoptosis, oxidative stress and fibrosis [93,94]. The
higher acetylation levels of p65 NF-kB and STAT3 are detected in dia-
betic kidneys, and this may be caused by downregulation of SIRT1
protein in diabetic kidney tissues [70]. Moreover, the phosphorylation
levels of p65 NF-kB and STAT3 are also markedly elevated in SIRT
knockout mice-derived kidney tissues after lipopolysaccharide (LPS)
challenge [95]. Sen et al. have provided ample evidence that H,S pro-
duces anti-apoptotic transcriptional activity through sulfhydration of
p65 NF-kB at cysteine-38 and the subsequent activation of its coactivator
ribosomal protein S3 (RPS3) [96]. These findings highlight the impor-
tant role of p65 NF-kB sulfhydration in HyS-mediated signaling trans-
duction. Importantly, HsS is a potential SIRT1 activator through SIRT1
sulfhydration, thus contributing to reduced atherosclerotic plaque for-
mation in mice [84]. The current evidence might yield a hypothesis that
NayS4 may play a protective role in diabetic nephropathy via inducing
the sulfidation and upregulation of SIRT1. Our data showed substantial
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sulfidation and upregulation of SIRT1 upon treatment with NasS4. After
that, sulfhydrated and upregulated SIRT1 caused deacetylation and
dephosphorylation of its target genes p65 NF-kB and STAT3; then low-
ered renal cell apoptosis, inflammation, oxidative damage and fibrosis in
vitro and in vivo. It is of utmost important to demonstrate whether
blockade or de-sulfhydration of SIRT1 abolished Na,S4-mediated effects.
As we predicted, administration of a specific SIRT1 inhibitor EX527 or a
de-sulfhydration reagent DTT removed the actions of NayS4 on the
acetylation and phosphorylation levels of p65 NF-kB and STAT3 as well
as eliminated its following protective effects against HG-induced cell
injury in HK-2 cells. Similar to EX527, deficiency of SIRT1 by its specific
siRNA also abolished the protective effects of NayS4 against HG-induced
cell injury in HK-2 cells.

Importantly, mutation of Cys371, Cys374, Cys395, and Cys398 sites
of SIRT1 not only abolished NaySs-mediated deacetylation and
dephosphorylation of p65 NF-kB and STAT3, but also attenuated NayS4-
induced beneficial effects in HG-challenged HK-2 cells. We therefore
proposed that sulfhydration of SIRT1 may induce the deacetylation and
dephosphorylation of p65 NF-kB and STAT3, which may partially ac-
count for NayS4-mediated protective effects we observed. Overall, both
upregulation and sulfhydration of SIRT1 by NayS4 might provide reno-
protection in mouse models of diabetes through lowering the phos-
phorylation and acetylation levels of p65 NF-kB and STAT3. Although
we had confirmed that SIRT1 is involved in NayS4-mediated renal pro-
tection, the direct effects of polysulfides in the renal system still need to
be elucidated. S-sulfhydration might exert biological functions together
with other post-translational modifications like phosphorylation, S-
nitrosylation and tyrosine nitration [97]. As such, it warrants further
studies to investigate whether the protective effects of polysulfides were
also mediated by other post-translational modifications. Moreover,
further research is needed to investigate the precise molecular mecha-
nisms of NayS; using specific renal tubular epithelial cell SIRT1
knockout mice.

In conclusion, we reported that NayS4 could effectively ameliorate
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diabetes-induced renal damage through restoring the biochemical and
histological alterations. Moreover, our data also showed that NayS4
ameliorated diabetes-caused renal injury by sulfhydrating and upregu-
lating SIRT1 protein expression, followed by inhibition of p65 NF-xB/
STAT3 phosphorylation and acetylation. Apart from renal tubular
epithelial cells, the dysregulated renal mesangial cells and podocytes are
also major contributors in the pathologies of diabetic nephropathy [98].
Therefore, it will be interesting to know whether Na,S4 benefits diabetic
kidneys by affecting these renal cells in future studies. Based on the
current study, we proposed NaySy as an attractive drug for the treatment
of diabetic kidney disease. Notably, whether polysulfides could be
promising therapeutic candidates for diabetic nephropathy in clinical
trials might need further research.

4.1. Limitations

It is believed that H,S is implicated in a large number of physiolog-
ical functions indirectly via the generation of reactive sulfane sulfur
species [99,100]. For instance, S-sulfhydration of cysteine residues

(protein Cys-SSH) is one of the important mechanisms of HoS-mediated
numerous functions [97]. Moreover, H,S and reactive sulfane sulfur are
very likely to coexist in biological system since they are normally
interchangeable [101]. It has been demonstrated that sulfane sulfur
species is much more effective than HyS in protein S-sulfhydration, and
sulfane sulfur species may be responsible for at least some biological
activities of HyS [102]. Actually, sulfane sulfur species is endogenously
expressed in biological systems, and they contribute to HpS-mediated
protein S-sulfhydration reactions by targeting a number of different
proteins [103]. As such, when cells or animals are treated with sulfane
sulfur compounds, the observed net biological effects might represent
the outcomes of multiple affected pathways [104]. A better under-
standing of the complex biochemical properties of sulfane sulfur com-
pounds is an important prerequisite for future research on
H,S/polysulfide biology and pharmacology, which merits further study.
Given that polysulfides might be involved in a variety of biological ef-
fects through affecting a host of different proteins or multiple pathways,
we speculated that NasS4 would exert renal protection through other
unknown molecular targets and signaling pathways, especially the
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sulfhydrating modifications of other proteins of interest (not only
SIRT1). This will be investigated in our further studies. Additional
studies about the effects of polysulfides on biochemical/molecular re-
actions of target organs or cells are required to better understand how
sulfide metabolites lead to sophisticated chemical biology reactions
involved in renal health. The comparisons of the protective effects of
sulfide and polysulfides on cells or tissues remain unclear, which merits
further studies. Additionally, the distribution of sulfide pools, including
H,S and polysulfides in the kidneys under healthy or pathological con-
ditions deserves further research to ascertain their exact roles in renal
protection. Moreover, endogenous polysulfide formation and their
physiological and/or pathophysiological properties may also be recog-
nized as the future directions for the research of gasotransmitters.

Interestingly, the used dose of NayS, in the present study was 30 pM
(although this concentration is not cytotoxic), which might release
higher levels of sulfane sulfur to impact a number of biological events in
HK-2 cells. A study has found that NayS4 (25 pM) could be quickly taken
up by nerve cells after a few minutes of exposure, suggesting that NasS4
might produce HS™ or persulfides through reacting with the SH groups
of proteins or thiols in cells [27]. Moreover, intracellular levels of bound
sulfur are significantly decreased at 2 h when compared to those within
a few minutes [27]. Based on these results, the authors theorized that
polysulfides might be either oxidized or secreted from cells or are con-
verted into other forms [27]. In light of this, we speculated that
NayS4-derived sulfane sulfur (30 pM, not exceeding cytotoxicity) may be
metabolized by other unknown pathways in HK-2 cells. The complex
biochemical reactions caused by sulfane sulfur from different concen-
trations of NayS, are continuously being identified. The sulfide exchange
mechanisms that eliminate the excessive sulfane sulfur species should
exist in cells, and this hypothesis still awaits further research. Also, the
possible polysulfide catabolizing enzymes might be other factors that
decompose excessive sulfane sulfur, and this obviously requires further
investigation. In this study, a polysulfide donor, NayS4 was used in the in
vitro and in vivo studies. Unfortunately, the cellular or tissue polysulfide
levels were not examined due to the technique limitation. The mea-
surement of polysulfides in biological samples is extremely difficult due
to the abundance of other types of polysulfides, such as organic poly-
sulfides [19,21]. Therefore, it remains to be investigated whether the
protective effects of NapS4 are associated with the changes in polysulfide
levels in cells and renal tissues. In addition, polysulfides contain sulfane
sulfur that is present in various proteins. This may be a potential
intracellular HyS storage that releases HoS under reducing conditions
[36,105,106]. As a consequence, it is highly possible that NasS4, a
polysulfide donor, might liberate H,S that would be the protective
mediator in diabetic nephropathy. This needs to be demonstrated in the
future.
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