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Purpose: Dysfunction of endothelial cells plays a key role in the pathogenesis of diabetic

atherosclerosis. High glucose (HG) has been found as a key factor in the progression of

diabetic complications, including atherosclerosis. PI3K/Akt/eNOS signaling pathway has

been shown to involve in HG-induced vascular injuries. Hydrogen sulfide (H2S) has been

found to exhibit protective effects on HG-induced vascular injuries. Moreover, H2S activates

PI3K/Akt/eNOS pathway in endothelial cells. Thus, the present study aimed to determine if

H2S exerts protective effects against HG-induced injuries of human umbilical vein endothe-

lial cells (HUVECs) via activating PI3K/Akt/eNOS signaling.

Materials and Methods: The endothelial protective effects of H2S were evaluated and

compared to the controlled groups. Cell viability, cell migration and tube formation were

determined by in vitro functional assays; protein levels were evaluated by Western blot assay

and ELISA; cell apoptosis was determined by Hoechst 33258 nuclear staining; Reactive

oxygen species (ROS) production was evaluated by the ROS detection kit.

Results: HG treatment significantly inhibited PI3K/Akt/eNOS signaling in HUVECs, which

was partially reversed by the H2S treatment. HG treatment inhibited cell viability of HUVECs,

which were markedly prevented by H2S or PI3K agonist Y-P 740. HG treatment also induced

HUVEC cell apoptosis by increasing the protein levels of cleaved caspase 3, Bax and Bcl-2,

which were significantly attenuated by H2S or 740 Y-P. ROS production and gp91phox protein

level were increased byHG treatment in HUVECs and this effect can be blocked by the treatment

with H2S or Y-P 740. Moreover, HG treatment increased the protein levels of pro-inflammatory

cytokines, caspase-1 and phosphorylated JNK, which was significantly attenuated by H2S or

Y-P 740. Importantly, the cytoprotective effect of H2S against HG-induced injury was inhibited

by LY294002 (an inhibitor of PI3K/Akt/eNOS signaling pathway).

Conclusion: The present study demonstrated that exogenous H2S protects endothelial cells

against HG-induced injuries by activating PI3K/Akt/eNOS pathway. Based on the above

findings, we proposed that reduced endogenous H2S levels and the subsequent PI3K/Akt/

eNOS signaling impairment may be the important pathophysiological mechanism underlying

hyperglycemia-induced vascular injuries.
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Introduction
Diabetes-associated vascular complications are regarded as a big threat to the health

of human beings on account of its increased morbidity and mortality1 and are
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caused by exposure to chronic high glucose (HG).2,3

Increasing evidence has demonstrated that endoplasmic

reticulum (ER) stress,4–6 apoptosis,6–8 oxidative

stress4,6-8 and inflammation6,9,10 are essential players in

controlling the progression of diabetes-associated athero-

sclerosis. Diabetes-induced atherosclerosis is associated

with endothelial dysfunction, referred as reduced endothe-

lium-dependent vascular relaxation.11 Although glucose

control represents the basics of diabetes therapy, there is

limited improvement in ameliorating cardiovascular com-

plications of diabetic patients.12,13 Therefore, it is urgent to

develop effective therapies that control the course of dia-

betes-induced atherosclerosis. Recently, there is accumu-

lating evidence showing that activation of PI3K/Akt/eNOS

signaling orchestrates protective actions against endothe-

lial dysfunction and apoptosis.14,15 As a pro-apoptotic

factor, Bax can be passivated by Akt, thus inhibiting cell

apoptosis and facilitating cell proliferative ability by miti-

gating its inhibitory action on Bcl-2.16,17 Hyperglycemia

has been well documented to potentiate intracellular reac-

tive oxygen species (ROS) generation, which is considered

as another contributor to the dysfunction of endothelial

cells.18 ROS accumulation leads to the impairment of

antioxidant system and DNA synthesis which results in

enhanced inflammatory response.19,20 Evidence from

in vitro studies indicated that the PI3K/Akt/eNOS signal-

ing contributes to ROS-associated endothelial injuries,

including inflammation.21,22 However, the mechanisms

remain unclarified especially concerning the effect of

PI3K/Akt/eNOS signaling on endothelial cell injuries

under high serum glucose level.

Hydrogen sulfide (H2S) belongs to a type of gas with

distinct smell of rotten eggs. However, there is now an abun-

dance of literature indicating that H2S is an endogenous gaso-

transmitter with multiple functions in the cardiovascular

systems.23–26 It has been reported that atherosclerosis accel-

eration is associated with decreased endogenous production of

H2S.
27 Inhibition of cystathionine γ-lyase (CSE), a synthase of

endogenous H2S, promotes endothelial cell dysfunction

induced by hyperglycemia,28 and reduced H2S levels in the

streptozotocin-induced diabetic rats may be linked with vas-

cular inflammation.25 In diabetic mice, however, treatment

with chronic H2S can restore nitro oxide efficacy and decrease

oxidative stress in the mouse aorta, thus improving endothelial

function.29An in vitro study reported thatH2S up-regulated the

production of NO from eNOS via anAkt-dependentmanner in

endothelial cells.30 H2Smay therefore orchestrate key function

in diabetes-associated atherosclerosis and H2S-mediated

actions may be via activating PI3K/Akt/eNOS signaling. In

the present study, we aimed to determine if H2S can exert

protective effects against HG-induced injuries of human umbi-

lical vein endothelial cells (HUVECs) via activating PI3K/Akt/

eNOS signaling.

Materials and Methods
Chemicals and Reagents
Sodium hydrosulfide (NaHS; a donor of H2S) was purchased

from Gibco-BRL (Grand Island, NY, USA). Fetal bovine

serum (FBS), 2′, 7′-dichlorofluorescein diacetate (DCFH-

DA), 740 Y-P (a PI3K agonist), LY294002 (a reversible

PI3K inhibitor), sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (SDS-PAGE), M200 medium, D-glucose,

Hoechst 33258 and mannitol were supplied by Sigma-

Aldrich (St Louis, MO, USA). Cell counter kit-8 (CCK-8)

was purchased from Dojindo Lab (Kumamoto, Japan). Anti-

GAPDH (#8884), anti-ATF6 (#65880), anti-CHOP (#2895),

anti-BiP (#3177), anti-phospho (p)-PI3K (#4228), anti-p-Akt

(#4060), anti-p-eNOS (#9570), anti-total (t)-PI3K (#4249),

anti-t-Akt (#4685), anti-t-eNOS (#9586), anti-Bax (#5023),

anti-Bcl2 (#2827), anti-cleaved caspase 3 (#9661), anti-

cleaved caspase 1 (#4199), anti-p-JNK(#4668), anti-t-JNK

(#9252) and anti-gp91phox (#80897) antibodies were from

Cell Signaling Technology (Boston, MA, USA). Enhanced

chemiluminescence (ECL) solution was purchased from

KeyGen Biotech (Nanjing, China). Interleukin (IL)-1β
(#ab46052), IL-6 (#ab46027) and tumor necrosis factor

(TNF)-α (#ab10054) ELISA kits were provided by Abcam

(Cambridge, UK). Horseradish peroxidase (HRP)-

conjugated secondary antibody and BCA protein assay kit

were obtained from KangChen Bio-tech, Inc (Shanghai,

China).

Cell Culture
HUVECs were purchased from Sigma-Aldrich (#SCCE001;

St. Louis, USA) and were routinely cultured inM200medium

containing 2% FBS at 37°C with 5% CO2/95% air. To eval-

uate the effects of HG on HUVECs, cells were incubated with

medium containing either 5 mM glucose (physiological glu-

cose concentration) or 33 mM glucose (HG concentration) for

24 hrs. In some experimental designs, HUVECs in the speci-

fied groups were pretreated with 400 μM NaHS for 30 min

before HG-treatment. To determine the role of PI3K̸Akt/

eNOS signaling pathway in cytoprotection of H2S, HUVECs

in the specified groups were either pretreated with 20 μM 740

Y-P or co-treated with 10 μM LY294002 and NaHS for
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a duration of 30 min prior to treatment with HG. To analyze

the osmotic stress effect of HG on cells, mannitol (33 mM)

was used as an isotonic group in which some HUVECs were

treated for 24 hrs in osmotic pressure similar to those in the

HG group.

Western Blot Analysis
After the indicated treatments, HUVECs were harvested for

Western blot analysis according to previous studies.31 Briefly,

the proteins were extracted using RIPA buffer. Protein concen-

trations were determined by the BCA protein assay kit. Equal

amounts of proteins were resolved on the 10% SDS-PAGE gel

followed by transferring to the PVDFmembranes.After block-

ing with 1.5% skimmed milk at room temperature for 1 hr, the

membranes were incubated with the primary antibodies speci-

fic to anti-GAPDH (1:1000 dilution), anti-ATF6 (1:1000

dilution), anti-CHOP (1:1000 dilution), anti-BiP (1:1000 dilu-

tion), anti-p-PI3K (1:1000 dilution), anti-p-Akt (1:1000 dilu-

tion), anti-p-eNOS (1:1000 dilution), anti-t-PI3K (1:1000

dilution), anti-t-Akt (1:1000 dilution), anti-t-eNOS (1:1000

dilution), anti-Bax (1:1000 dilution), anti-Bcl2 (1:1000 dilu-

tion), anti-cleaved caspase 3 (1:1000 dilution), anti-cleaved

caspase 1 (1:1000 dilution), anti-p-JNK (1:1000 dilution),

anti-t-JNK (1:1000 dilution) or anti-gp91phox antibody

(1:1000 dilution) overnight at 4°C. After that, the membranes

were further probed by the HRP-conjugated secondary anti-

bodies. TheWestern blot bands were visualized by ECL detec-

tion kit. Experiments were repeated three times.

Cell Viability Determination
HUVECs viability was determined by the CCK-8 assay kit.

After the indicated treatments, the HUVECs were washed

with phosphate-buffered saline (PBS), and 10 µL CCK-8

solution was added to each well for 2-hr incubation at room

temperature. Optical density (OD) value determination at

450 nm wavelength was performed to measure HUVECs

viability. Experiments were repeated three times.

Hoechst 33258 Nuclear Staining for

Assessing Apoptosis
Apoptotic cells’ most significant change is chromosome

condensation. Hoechst 33258 can bind to the DNA mole-

cule as fluorescent probe. The intake of the Hoechst 33258

is increased in apoptotic cells and the apoptotic cells show

strong blue fluorescence. After above-indicated treatments,

HUVECs were fixed with 4% paraformaldehyde in 0.1

M PBS (pH 7.4) for 10 min at 4°C. Then, the slides

were washed five times with PBS. After staining with

5 mg/mL Hoechst 33258 dye for 10 min, the apoptotic

HUVECs were examined using a fluorescent microscope.

Experiments were repeated three times.

Determination of Intracellular ROS

Generation
ROS generation was confirmed by the oxidative conversion of

cell-permeable substrate DCFH-DA, which converts to the

detectable fluorescent product 2′,7′-dichlorodihydrofluores-

cein (DCF) inside cells. After the above treatments, the slides

were washed two times with PBS followed by incubating 10

µMDCFH-DA solution at 37°C for 30min. DCF fluorescence

was measured using a fluorescence microscope to determine

intracellular ROS production. Experiments were repeated

three times.

Pro-Inflammatory Cytokines Levels

Evaluated by ELISA
The HUVECs medium was collected after indicated treat-

ments. IL-1β, IL-6 and TNF-α were evaluated by ELISA

kits by following the manufacturer’s instructions. Briefly,

protein samples were diluted and cytokine standards were

added to the ELISA plates. The corresponding antibodies

were added to the samples and incubated for 1 hr at room

temperature. Followed by incubating with streptavidin-

horseradish peroxidase-conjugated secondary antibodies

at room temperature for 20 min. The protein levels of the

cytokines were determined by measuring optical density

values at 450 nm. Experiments were repeated three times.

Tube Formation Assay
In vitro capillary-like structure formation of HUVECs was

evaluated using growth factor reduced Matrigel (BD

Biosciences). Briefly, Matrigel was added to 96-well plates

and incubated at 37°C for 30 min. The cells were seeded

on Matrigel and cultured for 8 hrs. Tube formation was

quantified using an inverted microscope (Olympus BX51).

Experiments were repeated three times.

Transwell Migration Assay
Transwell migration assays were performed using

a Transwell system (Corning Costar, Tewksbury, MA,

USA) with 8 µM polycarbonate filter inserts in 24-well

plates. Briefly, HUVECs were suspended in the upper cham-

ber filled with M200 medium, and the lower chamber was

placed in a 24-well culture dish containing full medium.
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After incubation at 37°C for 24 hrs, cells were fixed with 4%

paraformaldehyde and stained by crystal violet. Themigrated

cells were counted by independent investigators who were

blinded to the treatment groups. Experiments were repeated

three times.

Statistical Analysis
All data are shown as mean ± standard error of mean.

Differences among groups were analyzed by one-way analysis

of variance (ANOVA) followed by Bonferroni’s post-hoc test

using SPSS 13.0 (SPSS, Chicago, IL, USA) software.

Statistical significance was considered when p < 0.05.

Results
NaHS Alleviates HG-Induced Inactivation

of PI3K/AKT/eNOS Pathway in HUVECs
HUVECs were subjected to pretreatment by 400 μM NaHS

for 30 min before exposure to HG for 24 hrs. As shown in

Figure 1, exposure of cells to HG dramatically reduced

p-PI3K, p-Akt and p-eNOS expression levels. On the other

hand, the decreased expression of these proteins was

enhanced by the pretreatment with NaHS. Neither NaHS

nor mannitol alone affected p-PI3K, p-Akt or p-eNOS

expression, excluding the influence of the potency of NaHS

and osmotic stress on PI3K/AKT/eNOS pathway activity.

PI3K/AKT/eNOS Signaling Activation

Involves the Cytoprotective Effects of H2S

Against the HG-Induced HUVEC Injuries
In order to examine whether H2S exerts protective effects

on HUVECs against HG-induced cytotoxicity via the acti-

vation of PI3K/AKT/eNOS pathway, HUVECs were pre-

treated with either NaHS or 740 Y-P prior to HG exposure.

Pretreatment with NaHS blunted the HG-induced cyto-

toxic effect and increased the HUVEC viability, which

was similar to pretreatment with 740 Y-P. In addition,

Figure 1 H2S mitigates HG-induced inactivation of PI3K/AKT/eNOS pathway in HUVECs. HUVECs were treated with 33 mM glucose (HG concentration), or pretreated

with 400 μM NaHS before HG treatment, or treated with 400 μM NaHS alone or treated with 33 mM mannitol alone. The expression levels of p-PI3K, p-Akt and p-eNOS

were detected by Western blotting analysis. (A) Variations in the expression levels of p-PI3K, p-Akt and p-eNOS in the indicated groups. (B–D) Densitometry analysis of the

results displayed in (A). Experiments were repeated three times. Data are presented as the mean ± standard error of the mean. **p < 0.01 compared with the control group;
##p < 0.01 compared with the HG-treated group. Con, control group; HG, high glucose (33 mM); MAN, mannitol.
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HG treatment also suppressed the tube formation and cell

migration of HUVECs, which was attenuated by the treat-

ment with NaHS (See Supplemental Figure S1). However,

the inhibition of PI3K/AKT/eNOS pathway by LY294002

markedly attenuated the protective effects of NaHS against

HG-induced cytotoxicity, resulting in a decrease in

HUVEC viability. Respectively, NaHS, 740 Y-P or

LY294002 did not significantly alter HUVEC viability

(Figure 2). These data suggest that PI3K/AKT/eNOS sig-

naling mediates the protective effects of H2S on HUVECs

against cytotoxicity induced by HG. Mannitol had no

effect on the HUVEC viability, which excluded the effect

of osmotic stress on HUVEC viability.

PI3K/AKT/eNOS Signaling Activation

Involves the Protective Effects of H2S

Against HG-Induced ER Stress in HUVECs
Continuous HG-treatment triggered the ER stress response in

HUVECs. As shown in Figure 3, ATF6, CHOP and BiP

expression levels were markedly increased in HUVECs with

continuous HG-treatment. Importantly, pretreatment of

HUVECs with either NaHS or 740 Y-P prior to HG treatment

reduced the expression levels of these proteins, indicating

a protective role of H2S against HG-induced ER stress in

HUVECs. Moreover, LY294002 remarkably reversed the pro-

tective effect of H2S against HG-induced ER stress, resulting

in the promotion of the aforementioned markers of ER stress

response. Respectively, NaHS, 740 Y-P or LY294002 did not

apparently alter the expression of ATF6, CHOP or BiP. These

findings indicated that PI3K/AKT/eNOS signaling activation

was involved in protective effects of H2S on HUVECs against

ER stress induced by HG. Mannitol alone did not increase the

expression of these markers, which excluded the participation

of osmotic stress in the ER stress response.

PI3K/AKT/eNOS Signaling Activation

Involves in the Cytoprotection of H2S

Against HG-Induced Apoptosis in

HUVECs
In the present study, DNA fragmentation staining with

Hoechst 33258 was used to determine HUVEC apoptosis

after different treatments. Apoptosis was calculated in con-

formity to the method used in a previous study.32 Figure 4

showed that treatment of HUVECs with HG for 24 hrs sig-

nificantly increased apoptosis. However, the increase can be

clearly reversed by pretreatment with either NaHS or 740

Y-P. Interestingly, LY294002 remarkably weakened the pro-

tective effects of H2S against HG-induced HUVEC apoptosis.

We further evaluated the expression of active (cleaved)

caspase 3, Bax and Bcl-2 in HUVECs by Western blotting.

As shown in Figure 4, the exposure of HUVECs to HG for

24 hrs induced a noteworthy decline in the expression of

Bcl-2 but promoted the expression of Bax and cleaved

caspase 3. Whereas pretreatment with either NaHS or

740 Y-P can reverse the variation in the expression of

these apoptotic regulatory protein after HG-stimulation.

In addition, LY294002 notably attenuated the protective

effects of H2S against HG-induced apoptosis, which was

demonstrated by increase in the expression of Bax and

cleaved caspase 3 along with the decrease in Bcl-2 expres-

sion. These results showed that the protective effect of H2

S against HG-mediated apoptosis might be related to the

activation of PI3K/AKT/eNOS pathway.

Either NaHS, 740 Y-P or LY294002 did not exert any

effect on endothelial apoptosis. Additionally, mannitol alone

did not affect endothelial apoptosis, which excluded the

participation of osmotic stress in the HUVEC apoptosis.

PI3K/AKT/eNOS Signaling Activation

Involves the Cytoprotection of H2S Against

HG-Induced ROS Production in HUVECs
As shown in Figure 5, continuous exposure to HG-induced

noticeable ROS generation in HUVECs compared to the

Figure 2 H2S protects against HG-induced decrease in viability of HUVECs by

activating PI3K/AKT/eNOS pathway. Cell viability was detected using by CCK-8

assay. HUVECs were treated with 33 mM glucose (HG concentration), or pre-

treated with 400 μM NaHS before HG treatment, or pretreated with 20 μM 740

Y-P before HG treatment, or co-treated with 10 μM LY294002 and 400 μM NaHS

prior to HG treatment, or treated with 400 μM NaHS alone, or treated with 20 μM
740 Y-P alone, or treated with 10 μM LY294002 alone or treated with 33 mM

mannitol alone. Experiments were repeated three times. Data are presented as the

mean ± standard error of the mean. **p < 0.01 compared with the control group;
##p < 0.01 compared with the group treated with HG; ▲▲p < 0.01 compared with

the group pretreated with NaHS before HG treatment. Con, control group; HG,

high glucose (33 mM); YP, 740 Y-P; LY, LY294002; MAN, mannitol.
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negative control, and the increased production of ROS was

reduced by pretreatment with either NaHS or 740

Y-P. Moreover, LY294002 significantly attenuated the protec-

tive effects of H2S against HG-induced ROS generation in

HUVECs.

In order to confirm the protective influence of H2S against

HG-induced ROS production in HUVECs, we further tested

the activity of gp91phox, the main component of the NADPH

oxidase system as well as an important source of ROS

production.33 As demonstrated in Figure 5, continuous treat-

ment of HUVECs with HG significantly increased gp91phox

expression compared to the negative control. Pretreatment

with either NaHS or 740 Y-P, however, observably reversed

this adverse effect of HG. Additionally, LY294002 alleviated

NaHS-induced inactivation of gp91phox in HUVECs, under-

lying that PI3K/AKT/eNOS signaling activation might

involve in the protective effect of H2S against HG-

mediated oxidative stress.

Either NaHS, 740 Y-P, LY294002 or mannitol did not

exert any influence on oxidative stress in HUVECs. In

addition, mannitol alone did not affect the production of

ROS and the expression of gp91phox in HUVECs exclud-

ing the participation of osmotic stress.

Activation of PI3K/AKT/eNOS Pathway Is

Implicated in the Protective Effect

Exerted by H2S Against HG-Induced

Inflammation in HUVECs
The activation of caspase 1 and JNK, the sensitive markers

of the early inflammatory response, is associated with the

generation of pro-inflammatory cytokines. As demon-

strated in Figure 6, cleaved caspase 1 and JNK phosphor-

ylation were remarkably increased compared to the

negative control after treating HUVECs with HG for 24

hrs, and the increase could be restrained by pretreatment

with either NaHS or 740 Y-P. Besides, LY294002 signifi-

cantly attenuated the NaHS-induced inactivation of both

caspase 1 and JNK in HUVECs.

We further assessed the expression of several key

pro-inflammatory cytokines, including IL-1β, IL-6 and

TNF-α. As shown in Figure 6, the secretion of these

Figure 3 H2S alleviates HG-induced activation of ER stress response in HUVECs by activating PI3K/AKT/eNOS pathway. HUVECs were treated with 33 mM glucose (HG

concentration), or pretreated with 400 μM NaHS before HG treatment, or pretreated with 20 μM 740 Y-P before HG treatment, or co-treated with 10 μM LY294002 and

400 μM NaHS prior to HG treatment, or treated with 400 μM NaHS alone, or treated with 20 μM 740 Y-P alone, or treated with 10 μM LY294002 alone or treated with 33

mM mannitol alone. The expression levels of ER stress markers were detected by Western blotting analysis. (A) Variations in the expression levels of ATF6, CHOP and BiP

in the indicated groups. (B–D) Densitometry analysis of the results displayed in (A). Experiments were repeated three times. Data are presented as the mean ± standard

error of the mean. **p < 0.01 compared with the control group; ##p < 0.01 compared with the HG-treated group; ▲▲p < 0.01 compared with the group pretreated with

NaHS before HG treatment. Con, control group; HG, high glucose (33 mM); YP, 740 Y-P; LY, LY294002; MAN, mannitol.
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pro-inflammatory cytokines was markedly increased

after treatment of HUVECs with HG for 24 hrs com-

pared to the negative control group. The increase was

dramatically reversed by pretreatment with either NaHS

or 740 Y-P. Moreover, LY294002 alleviated NaHS-

induced decrease in IL-1β, IL-6 and TNF-α levels,

Figure 4 Activation of PI3K/AKT/eNOS pathway is related to the protective effect of H2S against HG-induced apoptosis in HUVECs. (A–I) After the indicated treatments,

HUVEC apoptosis was assessed by Hoechst 33258 staining followed by photofluorography. (A) Control group. (B) HUVECs were exposed to 33 mM glucose (HG

concentration) for 24 hrs. (C) HUVECs were pretreated with 400 μM NaHS before HG treatment. (D) HUVECs were pretreated with 20 μM 740 Y-P before HG

treatment. (E) HUVECs were co-treated with 10 μM LY294002 and 400 μM NaHS prior to HG treatment. (F) HUVECs were treated with 400 μM NaHS alone. (G)

HUVECs were treated with 20 μM 740 Y-P alone. (H) HUVECs were treated with 10 μM LY294002 alone. (I) HUVECs were treated with 33 mM mannitol alone. (J) The
apoptosis rate was analyzed by cell counting kit 8 assay and ImageJ 1.41o software. (K) Variations in the expression levels of active (cleaved) caspase 3, Bax and Bcl-2 in the

indicated groups. (L–N) Densitometric analysis of the results in (K). Experiments were repeated three times. Data are presented as the mean ± standard error of the mean.

**p < 0.01 compared with the control group; ##p < 0.01 compared with the HG-treated group; ▲▲p < 0.01 compared with the group pretreated with NaHS before HG

treatment. Con, control group; HG, high glucose (33 mM); YP, 740 Y-P; LY, LY294002; MAN, mannitol.
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indicating that H2S plays a protective role in the HG-

triggered inflammatory response via the activation of

PI3K/AKT/eNOS pathway in HUVECs.

Either NaHS, 740 Y-P or LY294002 did not exert any

influence on inflammation in HUVECs. Additionally, man-

nitol alone did not affect inflammatory response in

HUVECs excluding the participation of osmotic stress.

Discussion
Although it is well known that HG plays a key role in diabetic

endothelial dysfunction and atherosclerosis, the mechanisms

responsible for HG-induced endothelial damage remain to be

elucidated. The HG (33 mM)-induced HUVECs injury model

was employed to investigate the underlying mechanisms of

endothelial injury, and further investigated cytoprotection of

H2S. In the present study, HG treatment for 24 hrs caused

a significant reduction in the cell viability of HUVECs, which

was consistent with the results from Han et al,34 However,

several studies demonstrated that the inhibitory effects of HG

on HUVEC viability were observed after 48-hr35 and 72-hr

treatment.36–39 The inconsistency regarding the HG treatment

duration across different studies may be due to the different

culture conditions, different sources for obtaining HUVECs,

or different experimental protocols, which may require further

examination.

Endothelial cell apoptosis can be triggered by multiple

factors for atherosclerosis.40 One classical type of apopto-

sis is mediated by mitochondria. Cytochrome c is released

Figure 5 Activation of PI3K/AKT/eNOS pathway is implicated in the protective effect of H2S against HG-induced ROS generation in HUVECs. (A–I) Intracellular ROS levels

were observed with DCFH-DA staining followed by photofluorography. (A) Control group. (B) HUVECs were exposed to 33 mM glucose (HG concentration) for 24 hrs.

(C) HUVECs were pretreated with 400 μM NaHS before HG treatment. (D) HUVECs were pretreated with 20 μM 740 Y-P before HG treatment. (E) HUVECs were co-

treated with 10 μM LY294002 and 400 μM NaHS prior to HG treatment. (F) HUVECs were treated with 400 μM NaHS alone. (G) HUVECs were treated with 20 μM 740

Y-P alone. (H) HUVECs were treated with 10 μM LY294002 alone. (I) HUVECs were treated with 33 mM mannitol alone. (J) Quantitative analysis of the MFI of DCFH-DA in

(A–I) with ImageJ 1.41o software. (K) Variations in the expression level of gp91phox in the indicated groups. (L) Densitometric analysis of the results in (K). Experiments

were repeated three times. Data are presented as the mean ± standard error of the mean. **p < 0.01 compared with the control group; ##p < 0.01 compared with the HG-

treated group; ▲▲p < 0.01 compared with the group pretreated with NaHS before HG treatment. Con, control group; HG, high glucose (33 mM); YP, 740 Y-P; LY,

LY294002; MAN, mannitol.
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from mitochondria after the irritation of a series of pro-

apoptotic factors, including HG, ROS and ox-LDL.

Subsequently, Cytoplasmic c activates apoptosis initiator

caspase 9, which can hydrolyze and activate downstream

apoptosis executioner caspases to initiate apoptosis.41

Experiments in vivo and in vitro confirmed that HG-

treatment induces cell apoptosis and cleaved caspase 3

level in HUVECs,42 which is consistent with our findings.

ER stress regulated by blood glucose level may play

another important role in endothelial dysfunction and ulti-

mately contribute to the originating of vascular complica-

tions in diabetes mellitus.43 Once ER is subjected to external

stimulus, PERK/eIF2α pathway will be activated and then

mediate the attenuation of protein translation, which is

involved in the regulation of the pro-apoptotic factor,

CHOP. In addition, PERK/eIF2α pathway activation can

Figure 6 Activation of PI3K/AKT/eNOS pathway is involved in the protective effect of H2S against HG-induced inflammatory responses in HUVECs. HUVECs were treated

with 33 mM glucose (HG concentration), or pretreated with 400 μM NaHS before HG treatment, or pretreated with 20 μM 740 Y-P before HG treatment, or co-treated

with 10 μM LY294002 and 400 μM NaHS prior to HG treatment, or treated with 400 μM NaHS alone, or treated with 20 μM 740 Y-P alone, or treated with 10 μM
LY294002 alone or treated with 33 mM mannitol alone. After the indicated treatments, the release of (A) IL-1β, (B) IL-6 and (C) TNF-α was assessed by ELISA. (D)

Variations in the expression levels of p-JNK cleaved caspase 1 in the indicated groups. (E, F) Densitometry analysis of the results shown in (D). Experiments were repeated

three times. Data are presented as the mean ± standard error of the mean. **p < 0.01 compared with the control group; ##p < 0.01 compared with the HG-treated group;
▲▲p < 0.01 compared with the group pretreated with NaHS before HG treatment. Con, control group; HG, high glucose (33 mM); YP, 740 Y-P; LY, LY294002; MAN,

mannitol.
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prompt ATF6 to be active, which is the primary ER mem-

brane–associated protein and engages complex downstream

signaling pathways. As ER stress arises, BiP, the ER chaper-

one, dissociates from unfolded proteins within the ER and

becomes active.44,45 It is demonstrated that in type 2 diabetic

mice, ER stress was associated tightly with vascular

dysfunction.5 Consistently, we observed in our study that

the increase of ER stress markers in HUVECs was induced

by HG-stimulation

The protein-folding load increases during the ER stress

response and activates ROS generation, which initiates

oxidative stress.46 It may be the possible mechanism that

misfolded proteins bind protein chaperones which expend

ATP and trigger mitochondrial oxidative phosphorylation,

then producing ROS as a byproduct.47 ROS accumulation

may result in the damages to proteins and cytomembrane,

subsequently activating inflammatory signaling.22 Recent

studies have shown that ROS production in cardiac micro-

vascular endothelial cells was markedly increased after

HG incubation,48 and in streptozotocin-induced diabetic

mice, vascular inflammation occurs in association with

exposure to HG.49 Consistent with previous reports, the

increases of ROS level and inflammation factors in

HUVECs were observed after HG-incubation in the pre-

sent study.

It is worth noting that PI3K/Akt/eNOS signaling acti-

vation in HUVECs was suppressed by HG-treatment.

PI3K/Akt pathway may act as a positive regulator of

endothelial NO synthase in endothelial cells and play

a key role in the process of endothelial cell survival,

mobilization, migration and homing.8 Increasing

researches indicated that PI3K/Akt/eNOS signaling path-

way possesses a crucial role in the repair of endothelial

damage under HG condition.50,51 Once activated, phos-

phorylated PI3K/Akt can directly phosphorylate eNOS

followed by the generation of NO, which acts as an

endothelial cell survival factor.52 Yan et al found that the

impaired vascular regeneration was partially ascribed to

the deficiency of NO accounts in diabetic ischemic injury

animal model.53 In agreement with previous reports, the

agonist of PI3K/Akt/eNOS, 740 Y-P, obviously alleviated

the HG-induced damages in HUVECs including cytotoxi-

city, apoptosis, ER stress, oxidative stress and inflamma-

tion, which was observed in our study.

Another novel finding is connected with PI3K/Akt/

eNOS signaling activation on the protective effects of H2

S against HG-induced HUVECs injuries. H2S is a newly

found gas transmitter, which is key in mediating vascular

inflammation, proliferation and cell death as well as

endothelial protection.54 It was reported that in diabetic

patients and streptozotocin-induced diabetic rats, vascular

inflammation may be partly associated with low levels of

H2S in the blood.25 Recently, Liu et al55 have demon-

strated that exogenous H2S significantly prevented cell

death, decreased the generation of apoptotic markers and

suppressed mitochondrial ROS production in rat aortic

endothelial cells under HG situation. Additionally, H2

S has been proved to be beneficial to accelerate the

wound healing in rats with diabetes by promoting angio-

genesis, which may be associated with the effect of anti-

inflammation.56 In a recent research, it was demonstrated

that exogenous H2S can effectively attenuate HG-induced

multiple injuries in endothelial cells.57 Consistent with

previous studies, we observed in the present research that

NaHS-treatment can distinctly reduce HG-induce cytotoxi-

city, apoptosis, oxidative stress and inflammation in

HUVECs. The present study is the first to demonstrate

that HG-triggered ER stress in HUVECs can be sup-

pressed by treatment with exogenous H2S. There is

a recent report showing that exogenous H2S can alleviate

cardiovascular injury by inhibiting ER stress in diabetic

rats, which is consistent with our observation.58 Moreover,

it was demonstrated in our study that exogenous H2S can

clearly activate the PI3K/Akt/eNOS signaling in HUVECs

which was weakened by HG-treatment. In a recent

research, Predmore et al revealed that endogenous H2

S can up-regulate NO generation via Akt-dependent phos-

phorylation of eNOS in endothelial cells.30 In CSE-KO

mice, it was observed that acute H2S therapy can restore

eNOS function and NO bioavailability, and then attenuate

myocardial ischemia/reperfusion injury. In eNOS phos-

pho-dead mutant mice, however, ischemia/reperfusion

injury cannot be alleviated by exogenous H2S.
59

Similarly, Cai et al found that NaHS-treatment increased

Akt phosphorylation, while the beneficial effects of NaHS

on endothelial wound healing and tube-like structure for-

mation were prevented by LY294002, the inhibitor of

PI3K̸Akt/eNOS signaling pathway.60 In agreement with

these studies, we noticed in the present research that the

protective effects of endogenous H2S against HG-induced

injuries on the endothelial cells were immensely blocked

by LY294002. Taking into consideration with our finding

that PI3K/Akt/eNOS pathway mediated HG-induced

HUVEC damages, the present study supports a novel

hypothesis that activation of PI3K/Akt/eNOS pathway

may be one of the key mechanisms underlying the
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protective effect of H2S against the HG-induced endothe-

lial injuries.

There are several concerns that should be addressed in

this study. The cell apoptosis of HUVECs was evaluated

by the Hoechst 33258 staining, and the results showed the

relatively high proportion of apoptotic cells, which is due

to the fact that the fluorescent signaling represents the

estimated apoptotic rates. Future studies may employ the

flow cytometry analysis to measure the cell apoptosis in

a more accurate manner. The PI3K/AKT/eNOS pathway

may be not the only pathway responsible for the protective

role of NaHS on glucotoxicity, and necroptosis signaling

has been shown to involve in the protective role of

NaHS.57 On the other hand, PI3K/AKT/eNOS pathway is

an important signaling pathway for ER stress, ROS pro-

duction, inflammation and apoptosis in endothelial

cells.61–64 LY294002 had no effects on the functions of

the HUVECs, which is consistent with previous findings.65

We are speculating that the PI3K/AKT/eNOS signaling is

activated by detrimental/protective stimulus, which can be

effectively inhibited by LY294002; while at normal con-

ditions, the PI3K/ATK/eNOS signaling may not be acti-

vated. The underlying mechanisms may require further

investigations in future studies.

To summarize, this study provides the novel evidence

that the PI3K/Akt/eNOS signaling impairment is corre-

lated with HG-induced multiple endothelial injuries.

Thus, inhibition of PI3K/Akt/eNOS signaling should be

considered as a key risk factor for atherosclerosis in dia-

betes. Importantly, the present study demonstrated that

exogenous H2S protects endothelial cells against HG-

induced injuries by activating PI3K/Akt/eNOS pathway.

Based on the above findings, we proposed that reduced

endogenous H2S levels and the subsequent PI3K/Akt/

eNOS signaling impairment may be the important patho-

physiological mechanism underlying hyperglycemia-

induced vascular injuries.
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