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Exogenous sodium hydrosulfide protects against high
glucose-induced injury and inflammation in human umbilical
vein endothelial cells by inhibiting necroptosis
via the p38 MAPK signaling pathway
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Abstract. In recent years hydrogen sulfide (H,S) has demon-
strated vasculoprotective effects against cell death, which
suggests its promising therapeutic potential for numerous
types of disease. Additionally, a protective effect of exogenous
H,S in HG-induced injuries in HUVECs was demonstrated,
suggesting a potential protective effect for diabetic vascular
complications. The present study aimed to investigate the
mechanism accounting for the cytoprotective role of exoge-
nous H,S against high glucose [HG (40 mM glucose)]-induced
injury and inflammation in human umbilical vein endothelial
cells (HUVECs). HUVECs were exposed to HG for 24 h to
establish an in vitro model of HG-induced cytotoxicity. The
cells were pretreated with sodium hydrosulfide (NaHS), a
donor of H,S, or inhibitors of necroptosis and p38 MAPK
prior to the exposure to HG. Cell viability, intracellular reac-
tive oxygen species (ROS), mitochondrial membrane potential
(MMP), IL-1p, IL-6, IL-8, TNF-a, phosphorylated-(p)38
and receptor-interacting protein 3 (RIP3) expression levels
were detected using the indicated methods, including Cell
Counting Kit 8, fluorescence detection, western blotting,
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immunofluorescence assay and ELISAs. The results demon-
strated that necroptosis and the p38 MAPK signaling
pathway mediated HG-induced injury and inflammation.
Notably, NaHS was discovered to significantly ameliorate
p38 MAPK/necroptosis-mediated injury and inflammation in
response to HG, as evidenced by an increase in cell viability,
a decrease in ROS generation and loss of MMP, as well as
the reduction in the secretion of proinflammatory cytokines.
In addition, the upregulated expression of RIP3 induced by
HG was repressed by treatment with SB203580, while the
HG-induced upregulation of p-p38 expression levels were
significantly downregulated following the treatment of Nec-1
and RIP3-siRNA. In conclusion, the findings of the present
study indicated that NaHS may protect HUVECs against
HG-induced injury and inflammation by inhibiting necroptosis
via the p38 MAPK signaling pathway, which may represent a
promising drug for the therapy of diabetic vascular complica-
tions.

Introduction

Diabetes mellitus, which is characterized by hyperglycemia,
affects >415 million people worldwide (1). The condition is a
significant economic burden and seriously affects the quality
of life of diabetic patients (2). Owing to hyperglycemia, the
dysfunction of the vascular endothelium may lead to vascular
lesions and cause further severe implications, such as retinop-
athy (3), diabetic nephropathy (4), cardiovascular disease (5,6)
and neuropathy (7). Previous studies have reported that
multiple factors, including mitochondrial dysfunction (8),
oxidative stress (9) and the activity of various signaling
molecules, such as sirtuin 1 (10) and p53 (11), were implicated
in the high glucose [HG (40 mM glucose)]-induced dysfunc-
tion of the vascular endothelium. Accumulating evidence has
suggested that p38 MAPK may be associated with diabetic
complications; for example, Song et al (12) discovered that
the p38 signaling pathway mediated renal injury in diabetic
nephropathy model mice. Furthermore, the activation of p38
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MAPK was identified in HK-2 cells stimulated with HG,
while the inhibition of p38 MAPK exerted a protective role
over cell function (13). Notably, inflammation has also been
considered as a crucial player in the development of diabetic
mellitus, especially in vascular disorders (14-16). In addi-
tion, accumulating studies have reported that p38 MAPK
contributed to the inflammatory process (17-19). However, to
the best of our knowledge, whether p38 MAPK contributes to
HG-induced injury and inflammation in human umbilical vein
endothelial cells (HUVECsS) remains poorly understood. Thus,
it is of great significance to further determine the mechanism
of hyperglycemia-induced injury and inflammation in order
to develop effective therapeutic options for diabetes mellitus.

Necroptosis, which is also known as programmed necrosis,
has been demonstrated to serve a role in homeostasis,
inflammation and immunity (20-22). Receptor-interacting
protein 3 (RIP3) is the key determinant in necroptosis pathway
transduction (23,24). Numerous previous studies have demon-
strated that necroptosis was involved in cytokine-induced cell
death (25-27). In addition, RIP3 knockout in vivo alleviated
severe inflammation induced by lipopolysaccharide (28). The
findings of our previous study also suggested that necroptosis
was responsible for HG-induced injury (29). Interestingly,
the p38 MAPK pathway has been identified to contribute to
necroptosis (30,31). For instance, Qin et al (31) reported that the
suppression of the p38 MAPK signaling pathway contributed
to the protective effects of sulforaphane in neuronal necrop-
tosis. In another in vitro study, p38 MAPK was discovered to
be activated in TNF-a-induced necroptosis (32). Accordingly,
the relationship between p38 MAPK and the necroptosis
pathway in HG-induced injury of HUVECsS should be further
investigated.

Hydrogen sulfide (H,S), the third gas transmitter along
with nitric oxide and carbon monoxide, has attracted
significant attention for its potential protective endothelial
effect (33). Previous studies have revealed that H,S promoted
anti-inflammatory and vasculoprotective effects in various
types of disease model, such as ischemia/reperfusion injury and
atherosclerosis (34-36). Administration of sodium hydrosulfide
(NaHS), a H,S donor, was subsequently revealed to prevent
the inflammatory response, which was evidenced through the
decrease in the secretory levels of TNF-a, IL-6 and monocyte
chemoattractant protein-1, in hyperhomocysteinemia rats (37).
Notably, recent research has reported that the inhibition of p38
MAPK mediated by exogenous H,S was conducive to amelio-
rating HG-induced damage in myocardial cells (38). However,
whether p38 MAPK is associated with the protective effect of
H,S against HG-induced injury in HUVECs remains unclear.
Therefore, the present study exposed HUVECs to 40 mM
HG to establish an in vitro model of HG-induced injury and
further investigated the role of p38 MAPK and necroptosis in
NaHS protection in HUVECs.

Materials and methods

Bioinformatics analysis. A microarray dataset (GSE43950)
containing five healthy subjects and five patients with
diabetes with microvascular diseases was obtained from the
Gene Expression Omnibus database (http:/www.ncbi.nlm.
nih.gov/geo). Principal component analysis (PCA) of the

expression levels of genes in 10 samples, including five healthy
subjects and five patients with diabetes with microvascular
diseases, was conducted using R package (version 3.6.3;
https://cran.r-project.org/bin/windows/base/old/3.6.3/). Gene
setenrichment analysis (GSEA) of all genes was also performed
using R package. P<0.05 was considered as significance cut-off
levels.

Materials and reagents. NaHS, necrostatin-1 (Nec-1; RIP3
inhibitor), SB203580 (p38 MAPK inhibitor), 2',7'-dichloro-
fluorescein diacetate (DCFH-DA) and rhodamine 123
(Rh123) were purchased from Sigma-Aldrich; Merck
KGaA. Glucose injection was purchased from Hunan
Kelun Pharmaceutical Co., Ltd. Small interfering RNA
(siRNA) targeting RIP3 and negative control (NC) siRNA
were purchased from Guangzhou RiboBio Co., Ltd. The
anti-RIP3 primary antibody (cat. no. ab56164) was purchased
from Abcam. Anti-p38 (cat. no. 9212S) and anti-phosphor-
ylated (p)-p38 (cat. no. 4511S) were obtained from Cell
Signaling Technology, Inc. Anti-GAPDH primary antibody
(cat. no. 10494-1-AP) and HRP-conjugated secondary anti-
body (cat. no. SAO0001-2) were purchased from ProteinTech
Group, Inc. FITC-labelled anti-rabbit secondary antibody was
purchased from Invitrogen (cat. no. F-2765; Thermo Fisher
Scientific, Inc.). Cell Counting Kit-8 (CCK-8) reagent was
obtained from Dojindo Molecular Technologies, Inc. FBS and
DMEM were obtained from Gibco; Thermo Fisher Scientific,
Inc. The BCA protein assay kit was obtained from Kangchen
BioTech Co., Ltd. IL-1p (cat. no. CSB-E08053h), IL-6
(cat. no. CSB-E04638h), IL-8 (cat. no. CSB-E04641h) and
TNF-a (cat. no. CSB-E04740h) ELISA kits were purchased
from Cusabio Technology LLC. ECL solution was purchased
from Nanjing KeyGen Biotech Co. Ltd. RIPA lysis buffer
was purchased from Beyotime Institute of Biotechnology.
HUVECs were supplied by Guangzhou Jiniou Biotechnology
Co., Ltd.

Cell culture and treatments. For each treatment, HUVECs
were cultured in DMEM supplemented with 10% FBS at 37°C
in a humidified atmosphere and 5% CO,. To determine the
protective effects of H,S on HG-induced injury, cells were
pretreated with 400 uM NaHS (a well-known H,S donor)
for 30 min prior to 40 mM HG for 24 h at 37°C. In order to
determine the role of p38 MAPK/RIP3-mediated necroptosis
pathways in HG-induced injury and inflammation, HUVECs
were either pretreated with 3 uM SB203580 (an inhibitor of
p38 MAPK) for 1 h prior to HG treatment or 100 #M Nec-1
(an inhibitor of necroptosis) or transfection with RIP3-siRNA
for 24 h prior to HG treatment.

Cell transfection. HUVECs were cultured in 12-well-plates
at a density of 1x10° cells/ml and transfected at 70% conflu-
ence with 100 nM RIP3-siRNA (5'-CCAUGGCUUGUCUGG
AUAA-3") or 100 nM NC (5'-CUAACUAUCUCGAACGCA
A-3") using Lipofectamine® 2000 reagent (Invitrogen; Thermo
Fisher Scientific, Inc.). Briefly, each freeze-dried powder
siRNA was dissolved in nuclease-free water to a final concen-
tration of 20 uM. Then, 5 ul siRNA and 5 pl Lipofectamine
reagent were added to 500 ul OptiMEM (Invitrogen; Thermo
Fisher Scientific, Inc.) to form a Lipofectamine 2000/siRNA
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mixture. The mixture was maintained at room temperature for
30 min to form complexes, and then the mixture was added to
12-well-plates with 500 1 OptiMEM and incubated at 37°C in
a 5% CO, incubator. The medium was replaced after 24 h with
DMEM with 10% FBS, which contained neither siRNA nor
the transfection reagent.

Cell viability assay. HUVECs were cultured in 96-well plates
at a density of 1x10* cells/ml. Following incubation at 37°C
for 24 h, cells received different treatments as described in
‘cell culture and treatment’ section and then washed with
PBS. Subsequently, according to the manufacturer's protocol,
10 ul CCK-8 solution was added to each well and incubated
at 37°C for 2 h. The absorbance was measured at 450 nm
with a microplate reader (Multiskan MK3 Microplate reader;
Thermo Fisher Scientific, Inc.). The mean optical density (OD)
of 3 wells in the indicated groups was used to calculate the
cell viability according to the following formula: Percentage
of cell viability (%)=(0D cyment group’OD ») x100. The
experiment was repeated 5 times.

control grou

Measurement of intracellular reactive oxygen species (ROS)
generation. Intracellular ROS generation was measured
by determining the oxidation of DCFH-DA to fluorescent
dichlorofluorescein (DCF). Briefly, HUVECsS at a density of
1x10° cells/ml were cultured at 37°C in DMEM with 10% FBS
on 6-well plates for 24 h. Following treatment as described
above, cells were collected for determination of ROS genera-
tion. The cells were washed three times with PBS. Then,
10 uM DCFH-DA solution in serum-free DMEM was added
to the slides and incubated at 37°C for 30 min. The cells
were washed 5 times with PBS and DCF fluorescence was
measured over the entire field of vision using a fluorescence
microscope at x40 magnification connected to an imaging
system (BX50-FLA; Olympus Corporation). The mean fluo-
rescence intensity (MFI) from five random fields, which is
used an index for ROS production, was analyzed using ImageJ
(1.471 software; National Institutes of Health). The experiment
was repeated 5 times.

Examination of mitochondrial membrane potential (MMP).
The MMP was analyzed using a fluorescent dye named Rh123.
The depolarization of the MMP results in a loss of MMP and
a decrease in green fluorescence (39). Briefly, HUVECs at
a density of 1x10° cells/ml were cultured at 37°C in DMEM
with 10% FBS on 6-well plates for 24 h. Following treatment
as described above, cells were collected for examination
of MMP. The cells were washed three times with PBS. The
cells were subsequently incubated with 1 pM Rh123 at 37°C
for 30 min in an incubator and then washed briefly with PBS
5 times. Fluorescence was then measured over the entire field
of vision using a fluorescence microscope at x40 magnification
connected to an imaging system (BX50-FLA). The MFI of
Rh123 from 5 randomly selected fields of view was analyzed
using ImageJ software, and the MFI indicated the levels of
MMP. The lower MFI, the higher loss of MMP. The experi-
ment was repeated 5 times.

Western blotting. Following treatment, the HUVECs were
harvested via centrifugation for 5 min at 300 x g at 4°C and
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lysed with RIPA lysis buffer for 30 min at 4°C. Total protein
was quantified using a BCA protein assay kit and 30 ug
protein/lane was separated via 12% SDS-PAGE. The separated
proteins were transferred onto a PVDF membrane and blocked
with 5% free-fat milk for 90 min at room temperature. The
membranes were then incubated with the following primary
antibodies at 4°C overnight with gentle agitation: Anti-RIP3
(1:1,000), anti-p38 (1:1,000) and anti-p-p38 (1:1,000) or
anti-GAPDH (1:5,000). Following incubation with the primary
antibody, the membranes were washed with 0.1% TBS
Tween-20 and then incubated with the secondary antibody
(1:5,000) for 60 min at room temperature. The membranes
were washed with 0.1% TBS Tween-20 and protein bands
were visualized using ECL and exposure to X-ray films. To
semi-quantify protein expression levels, the X-ray films were
scanned and analyzed with ImageJ software. The experiment
was repeated 3 times.

Immunofluorescence assay. HUVECs at a density of
1x10° cells/ml were cultured at 37°C in DMEM with 10% FBS
on glass coverslips for 24 h. Cells were fixed with 4% para-
formaldehyde for 15 min at temperature, permeabilized with
PBS containing 0.2% Triton X-100 and blocked with 1% BSA
(Seebio; http://www.seebio.cn) for 20 min at room temperature.
The slides were subsequently incubated with the anti-p-p38
primary antibody (1:200) overnight at 4°C. Following the
primary antibody incubation, the glass coverslips were
washed with 0.1% PBS-Tween 20 (PBST) and incubated with
a FITC-labelled anti-rabbit secondary antibody (1:1,000) for
1 h at 37°C, then washed by PBST and stained with DAPI for
5 min at temperature. Stained cells were visualized using a
fluorescence microscope at x40 magnification (Axio Imager
Z1).

Measurement of the secretory levels of IL-18, IL-6, IL-8 and
TNF-a using ELISAs. HUVECs were cultured in 96-well
growth-medium plates at 37°C for 24 h. Then, after receiving
different treatments as described above, the secretory levels of
IL-1B, IL-6, IL-8 and TNF-a in the culture supernatant, which
were acquired via centrifuging at 500 x g for 5 min at 4°C,
were analyzed using their respective ELISA kits, according to
the manufacturers' protocols. The experiment was performed
5 times.

Statistical analysis. All data are presented as the mean + SEM.
Statistical differences between groups were determined using
a one-way ANOVA followed by a LSD post-hoc test for
3 groups and by a Tukey's post-hoc test for =3 groups using
SPSS 20.0 software (IBM Corp.). P<0.05 was considered to
indicate a statistically significant difference. Data in each
experiment were obtained from at least three independent
experimental repeats.

Results

NaHS attenuates HG (40 mM glucose)-induced upregulation
of RIP3 and p-p38 expression levels in HUVECs. As shown
in Fig. 1A, PCA of the GSE43950 dataset was performed. The
results revealed an obvious separation between healthy controls
and patients with diabetes with microvascular diseases. The
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Figure 1. Exogenous NaHS attenuates the HG-induced upregulation of the expression levels of RIP3 and p-p38 in HUVECs. (A) PCA of the GSE43950 dataset
obtained from the Gene Expression Omnibus database. Samples including DMMVC and control were separated into two cluster. (B) Gene Set Enrichment
Analysis for all genes in the GSE43950 dataset. Genes involved in the necroptosis pathway were enriched in diabetes with microvascular diseases. Expression
levels of (C) RIP3 and (D) p-p38/p38 ratio were analyzed and semi-quantified using western blotting. HUVECs were pretreated with or without 400 M NaHS
for 30 min prior to exposure to 40 mM HG. (E) Representative micrographs of immunofluorescence staining of HUVECs with an anti-p-p38 antibody (green)

and the fluorescent nuclear stain DAPI (blue) following the indicated treatments. Scale bar,

50 pm. Data are presented as the mean = SEM (n=3). "P<0.05,

“P<0.01 vs. control group; "P<0.05, “P<0.01, vs. HG group. RIP3, receptor-interacting protein 3; p-, phosphorylated; PCA, principal component analysis;
DMMVC, diabetes with microvascular disease; HUVECs, human umbilical vein endothelial cells; NaHS, sodium hydrosulfide; HG, high glucose.

results of the GSEA in Fig. 1B identified that the necroptosis
pathway was enriched in samples with diabetes with micro-
vascular disease compared with healthy controls, implying the
significant role of the necroptosis pathway in diabetes with
vasculopathy. In addition, our previous study demonstrated
that necroptosis contributed to HG-induced injury (29). The

present results revealed that HUVECs treated with 40 mM
HG for 24 h significantly upregulated the expression levels
of RIP3 and p-p38/p38 compared with the control group, as
detected using western blotting (Fig. 1C and D). According
to our previous study, 400 uM NaHS was determined as the
effective therapeutic dose for treatment of HUVECs without
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Figure 2. Positive feedback loop between p38 MAPK and necroptosis pathways in HUVECs. (A) Expression levels of RIP3 were semi-quantified by western
blotting analysis. HUVECs were treated with 40 mM HG for 24 h with or without pretreatment with 3 uM SB203580 for 1 h. (B) Expression levels of
p-p38/p38 were analyzed using western blotting. HUVECs were treated with 40 mM HG for 24 h with or without pretreatment with 100 zM Nec-1 for 24 h.
(C) Transfection efficiency of RIP3-siRNA in HUVECs was determined using western blotting. (D) Expression levels of p-p38/p38 were determined using
western blotting with or without RIP3-siRNA transfection. Data are presented as the mean = SEM (n=3). "P<0.05 vs. control group; “P<0.05, P<0.01 vs. HG
group; *P<0.05 vs. RIP3-siRNA group. RIP3, receptor-interacting protein 3; p-, phosphorylated; HG, high glucose; Nec-1, necrostatin-1; HUVECs, human
umbilical vein endothelial cells; siRNA, small interfering RNA; NC, negative control.

promoting cell cytotoxicity (29). Thus, the present study also
used 400 M NaHS for cell treatment. To determine the effect
of NaHS on the HG-induced necroptosis and the activity
of p38, HUVECs were pretreated with 400 xM NaHS for
30 min prior to exposure to HG. The treatment of cells with
400 uM NaHS for 30 min before exposure to HG significantly
downregulated the upregulated expression levels of RIP3 and
p-p38/p38 induced by HG (Fig. 1C and D). However, the treat-
ment with 400 M NaHS alone did not affect the expression
levels of RIP3 and p-p38/p38 compared with the control group.
In addition, an immunofluorescence assay was performed with
HUVEC:s. Similarly, the results in Fig. 1E revealed that p-p38
expression levels were upregulated by HG treatment, which
were subsequently markedly reduced in HUVECs pretreated
with 400 uM NaHS. These findings suggested that NaHS
may inhibit HG-induced necroptosis and the activity of p38
in HUVECs.

Identification of a positive feedback loop between p38 MAPK
and necroptosis pathways in HUVECs. As shown in Fig. 2A,
the expression levels of RIP3 were significantly upregulated
following the treatment with 40 mM HG compared with the
control group. However, the upregulated expression levels
of RIP3 were suppressed by the treatment with SB203580
(Fig. 2A), the inhibitor of p38 MAPK pathway, which indi-
cated that HG may mediate necroptosis through activating the
p38 MAPK signaling pathway. In addition, administration of
SB203580 alone had no effect on RIP3 expression.

In addition, the HG-induced upregulation of p-p38/p38
expression levels were significantly downregulated following
Nec-1 treatment, while treatment with Nec-1 alone had no
effect on p-p38 and p38 expression levels (Fig. 2B). The trans-
fection efficiency of RIP3-siRNA was subsequently verified;
the expression levels of RIP3 were downregulated by ~60%
in the RIP3-siRNA group compared with the control and

negative control groups (Fig. 2C). Furthermore, the expression
ratio of p-p38/p38 was analyzed while inhibiting necroptosis
via RIP3-siRNA. The transfection of RIP3-siRNA promoted
a significant downregulation in the p-p38/p38 expression ratio
compared with the HG group (Fig. 2D). Thus, these results
suggested the existence of a positive feedback loop between
the necroptotic and p38 MAPK signaling pathways, which
may serve an important role in HG-induced injury.

NaHS protects HUVECs against HG-induced cytotoxicity
by inhibiting necroptosis and p38 MAPK signaling pathway
activation. As shown in Fig. 3A, compared with the HG
group, the cell viability was significantly increased following
the pretreatment with NaHS, indicating that NaHS may
exert cytoprotective effects in HG-induced injury. Since it
was demonstrated that the expression levels of RIP3 and the
p-p38/p38 expression ratio were upregulated by HG, the role of
RIP3 and p38 in the HG-induced cytotoxicity was subsequently
investigated. Thus, HUVECs were subsequently treated
with SB203580 (Fig. 3A), Nec-1 (Fig. 3B) and RIP3-siRNA
(Fig. 3C). The results suggested that all of treatments/trans-
fections in HUVECS treated with HG significantly reversed
the HG-induced cytotoxicity, suggesting that both necroptosis
and p38 MAPK may be involved in HG-induced cytotoxicity.
When administered alone, NaHS, SB203580, Nec-1 and
RIP3-siRNA did not affect the viability of HUVECsS.

NaHS protects HUVECs against HG-induced ROS generation
by inhibiting necroptosis and p38 MAPK activation. The
treatment of HUVECs with 40 mM HG was discovered to
significantly increase ROS generation compared with the
control group (Fig. 4). Notably, the pretreatment with 400 xM
NaHS significantly decreased the production of ROS induced
by HG. Furthermore, both RIP3-siRNA transfection and
SB203580 treatment prior to HG treatment could significantly
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Figure 3. Role of necroptosis and p38 MAPK inhibition in the protective effects of H,S against HG-induced cytotoxicity in HUVECs. (A) HUVECs were
treated with 40 mM HG for 24 h with or without the pretreatment with 400 xM NaHS for 30 min or 3 xuM SB203580 (the inhibitor of p38) for 60 min and
the cell viability was analyzed using a CCK-8 assay. HUVECs were treated with 40 mM HG for 24 h with or without pretreatment with (B) 100 #M Nec-1 or
transfection with (C) RIP3-siRNA for 24 h and the cell viability was analyzed using a CCK-8 assay. Data are presented as the mean = SEM (n=5). “P<0.01
vs. control group; “P<0.05, "P<0.01 vs. HG group. NaHS, sodium hydrosulfide; HG, high glucose; HUVECSs, human umbilical vein endothelial cells; RIP3,
receptor-interacting protein 3; siRNA, small interfering RNA; Nec-1, necrostatin-1.

Control

HG+NaHS 50-um fHG+RIP3-siRNA 20-pm

HG+SB203580 50-um @ NaHS 50-um I RIP3-siRNA 50-um f§ SB203580 50-pm
501 A
40—
3
& 30— s
ks)
T 20 —— #
=
10— 4 "
#t =
0 T T T T T T & IO
o) [72] <C o
g e zz 2z g e z 3
s [ x I © o o]
3 Z 9 S z ? S
o b s} e m
I = w = w
xx (B e
+
o I
T

Figure 4. Role of necroptosis and p38 MAPK inhibition in the protective effects of NaHS against HG-induced ROS generation in HUVECs. After the HUVECs
were treated with the indicated treatments, intracellular ROS generation was measured using 2'7'-dichlorodihydrofluoresein diacetate staining followed by
fluorescence microscopy. Scale bar, 50 pm. Data are presented as the mean + SEM (n=5). “P<0.01 vs. control group; "P<0.01 vs. HG group. NaHS, sodium
hydrosulfide; HG, high glucose; HUVECs, human umbilical vein endothelial cells; RIP3, receptor-interacting protein 3; siRNA, small interfering RNA; ROS,

reactive oxygen species; MFI, mean fluorescence intensity.

attenuate the ROS generation compared with the HG group.
However, neither RIP3-siRNA, NaHS nor SB203580 treat-
ment alone influenced ROS generation compared with the
control group.

NaHS protects HUVECs against HG-induced loss of MMP
by inhibiting necroptosis and p38 MAPK activation. As

illustrated in Fig. 5, HG promoted a significant decrease in the
MMP compared with the control group, indicating that HG
may induce mitochondrial damage. However, the loss of MMP
was significantly reversed by the pretreatment with 400 xM
NaHS. Similarly, following the transfection with RIP3-siRNA
or pretreatment with SB203580, the HG-induced loss of MMP
also could be inhibited, which suggested that both necroptosis
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and p38 MAPK may contribute to HG-induced MMP loss. In
addition, administration of NaHS, RIP3-siRNA and SB203580
did not elicit a loss of MMP.

NaHS protects HUVECs against HG-induced inflammation
by inhibiting necroptosis and p38 MAPK activation.
Inflammatory cytokine levels were identified to be increased
in patients with type 2 diabetes mellitus compared with
normal glucose-tolerant subjects (40). Consistent with these
findings, the present results demonstrated that the secretory
levels of IL-1p, IL-6, IL-8 and TNF-a were significantly
increased following the exposure to HG compared with
the control group (Fig. 6). However, the pretreatment with
400 M NaHS prior to the exposure to HG significantly
downregulated the secretory levels of IL-1f3, IL-6, IL-8 and
TNF-a compared with the HG group (Fig. 6A-D), suggesting
the anti-inflammatory effect of NaHS in HG-induced inflam-
mation. Similarly, the treatment with Nec-1 (Fig. 6E-H), the
transfection with RIP3-siRNA (Fig. 6I-L) and the treatment
with SB203580 (Fig. 6M-P) also ameliorated the increase
in HG-induced proinflammatory cytokine secretion, further
suggesting that necroptosis and the p38 MAPK signaling
pathway may mediate the HG-induced secretion of proin-
flammatory cytokines in HUVECs. When administered
alone, NaHS, Nec-1, RIP3-siRNA and SB203580 had
no effect on the secretory levels of the cytokines. Taken
together, these results indicated that NaHS may protect
HUVECs against HG-induced inflammation by inhibiting
necroptosis and p38 MAPK activation.

Discussion

To investigate the potential mechanism of NaHS cytoprotec-
tion, an in vitro HG-induced injury model was established
in HUVECs. The findings of the present study revealed that
40 mM HG induced severe injury, including cytotoxicity, ROS
generation, MMP loss, as well as inducing inflammation in
HUVEGCs. In addition, the activation of p38 and necroptosis
contributed to HG-induced injury. The protective effect of
NaHS in HUVECs was found to be associated with necroptosis
inhibition by repressing the activation of p38 and a positive
feedback loop was identified between necroptosis and the p38
MAPK signaling pathway.

H,S has long been considered as a poisonous gas, char-
acterized by a sharp odor of rotten eggs (41). Emerging
evidence has demonstrated that H,S exerted cardiopro-
tective and anti-atherosclerotic effects both in vivo and
in vitro (35,42 43). It was previously reported that the produc-
tion of H,S was reduced in diabetes patients and diabetic
model mice (44). In apolipoprotein E knockout mice, H,S
blocked the progression of atherosclerosis (45). Moreover, H,S
improved atherosclerotic lesions via suppressing ROS induc-
tion, indicating the vasculoprotective effects of H,S. In our
previous study, NaHS was found to protect HUVECs against
HG-induced injury (29). Consistent with the previous findings,
the present results revealed that the pretreatment with NaHS
reduced cytotoxicity, ROS generation and MMP dissipation
in HUVECs. Previous studies have shown that H,S exerted
anti-inflammatory effects in doxorubicin-treated cardiac cells
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or chemical hypoxia-treated HaCaT cells (46,47). The current
results identified that NaHS displayed strong anti-inflamma-
tory properties, as evidenced by the reduced secretory levels
of IL-1B, IL-6, IL-8 and TNF-o.

Necroptosis, also named programmed necrosis, was
identified as a new form of cell death (48). Previous evidence
has indicated that necroptosis was involved in the develop-
ment of atherosclerosis (49), retinopathy (50) and myocardial
damage (51). GSEA analysis of the GSE43950 dataset revealed
a significant enrichment in the necroptosis pathway during
diabetes with microvascular disease, suggesting the important
role of the necroptosis pathway in diabetes with vasculopathy.
Notably, in our previous study, it was discovered that necrop-
tosis contributed to the protective effect of NaHS (29). The
present study also demonstrated that HG induced injuries,
including cytotoxicity, ROS production and mitochondrial
injury, were subsequently ameliorated following the transfec-
tion with RIP3-siRNA or pretreatment with NaHS. Overall,
these findings supported the hypothesis that NaHS may
ameliorate HG-induced damage, including cytotoxicity, ROS
accumulation, MMP loss and inflammation, at least in part,
via inhibiting necroptosis. However, the specific mechanism
remains unclear.

Cao et al (52) reported that the p38 MAPK pathway was
activated in HG-induced pancreatic cancer development.
In H9c2 cells, which were exposed to 35 mM glucose, p38
MAPK was found to mediate HG-induced damages, such
as apoptosis, ROS overgeneration and the loss of MMP (53).
Hence, the present study investigated the expression levels of
p38 MAPK in HUVEC:s treated with HG using western blot-
ting and immunofluorescence. Similar to the previous findings,
the results revealed a significant upregulation of p-p38 expres-
sion levels following the treatment with 40 mM HG, indicating
that the activation of p38 may be induced by HG exposure.
A previous study demonstrated that the p38 MAPK pathway
was responsible for the protective effect of H,S in HG-induced
injury in H9¢c2 cells (53). Therefore, the current study further
investigated whether the p38 MAPK pathway contributed
to the protective effect of NaHS in HUVECs. The results
showed that the upregulated p-p38 expression levels induced
by HG were reduced following the pretreatment with NaHS,
implying the regulatory effect of NaHS on p-p38 activation.
Hence, these findings further suggested that p38 MAPK
signaling pathway inhibition may contribute to NaHS protec-
tion in HG-induced injury. These results are consistent with
previous studies. For example, it was previously reported that
H,S exerted anti-inflammatory effects repressing p38 phos-
phorylation (54). These results suggested that the inhibition
of p38 MAPK may be the main mechanism of H,S protec-
tion. Another study demonstrated that p38 was implicated in
zVADfmk-mediated necroptosis (55). Thus, the role of p38 in
HG-induced necroptosis was subsequently investigated. The
upregulated expression levels of RIP3 induced by HG were
significantly reduced following the treatment with SB203580,
which indicated that p38 MAPK participated in HG-mediated
necroptosis. Taken together, these above results suggested that
NaHS may protect HUVECs against HG-induced necroptosis
by inhibiting the p38 MAPK pathway.

Further experiments were performed to clarify the role
of p38 in HG-induced injury in HUVECs. A previous study
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reported that following the application of a p38 pathway
inhibitor, HG-induced oxidative stress was attenuated in cere-
bral endothelial cells (18). Furthermore, another study also
demonstrated that the p38 inhibitor improved HG-induced
dysfunction of endothelial cells (56). Similar to these observa-
tions, the present results illustrated that HG-induced injury in
HUVECs was significantly inhibited following the treatment
with SB203580, as evidenced by decreased cytotoxicity, MMP
dissipation and ROS generation, as well as the severity of
inflammation. These results demonstrated that the inhibition
of the p38 MAPK signaling pathway attenuated the injury
induced by HG, including cytotoxicity, ROS production,
mitochondrial injury and inflammation damage in HUVECs,
indicating that the activation of p38 MAPK may be a potential
mechanism accounting for HG-induced injury.

In our previous study, it was revealed that NaHS mediated
a protective effect in HG-induced apoptosis and necroptosis in
HUVEC:s (29). Consistent with this previous study, the present
results suggested that NaHS exerted significant cytoprotection
in HUVECs, as evidenced by an increase in cell survival,
reduction in ROS production and loss of MMP. In addition,
RIP3-siRNA was used to further determine the role of necrop-
tosis pathway in HG-induced injuries in the present study.
Notably, both NaHS and RIP3-siRNA effectively suppressed
the inflammatory response induced by HG. Our previous study
reported the protective effect of NaHS (29), but the specific
signaling pathways via which it operates remained unknown.
Therefore, the present study was conducted to further investi-
gate the specific mechanism. The results demonstrated that the
p38 MAPK signaling pathway was implicated in protection of
NaHS. Furthermore, in the present study, a positive feedback
loop was identified between necroptosis and the p38 MAPK
signaling pathway. The inhibitor of p38 MAPK, SB203580,
significantly inhibited the HG-induced expression levels of
RIP3. Combined with the aforementioned findings that both
p38 MAPK and necroptosis contributed to cell dysfunction, the
present study indicated that necroptosis mediated HG-induced
injury by activating p38 MAPK. Interestingly, the HG-induced
upregulated expression levels of p-p38 were discovered to be
diminished by Nec-1 and RIP3-siRNA. This positive feedback
may play a crucial role in regulating HG-induced injury and
inflammation. For example, the positive feedback of necroptosis
and p38 MAPK may trigger the cascade amplification effect,
resulting in the aggravation of the inflammatory reaction and
tissue injury. Therefore, the present results provide two poten-
tial therapeutic targets for diabetic vascular complications.

However, there are some limitations to the present study.
Firstly, only in vitro investigations were performed; therefore,
further in vivo experiments using model mice, for example,
are required to validate the results. Secondly, a constitutively
activated p38 activator, such as hesperetin, should be used in
further experiments to further strengthen the conclusions.

In conclusion, the findings of the present study elucidated
the mechanism underlying the protective effect of NaHS against
HG-induced injury and inflammation. The results suggested
that NaHS H,S may protect HUVECs against HG-induced
injury by inhibiting necroptosis, which may be mediated
through the p38 MAPK signaling pathway. Furthermore, to
the best of our knowledge, this was the first study to iden-
tify the positive feedback loop between necroptosis and the
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p38 MAPK signaling pathway. These findings highlighted
the vasculoprotective effects of NaHS and may provide an
improved understanding for developing effective therapeutic
strategies for diabetic vascular complications.
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