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Abstract. The activation of oxidative stress is a primary cause 
of chondrocyte apoptosis in osteoarthritis (OA). The 78‑kDa 
glucose‑regulated protein (GRP78)/mammalian target of 
rapamycin (mTOR) signaling pathway has been demonstrated to 
be linked with the endoplasmic reticulum (ER) and autophagy. 
Hydrogen sulfide (H2S) has been reported to exert antioxidant 
effects. The present study investigated oxidative stress levels 
via 2',7'‑dichlorofluorescin diacetate and MitoSOX staining, 
apoptosis rates via flow cytometry and the expression levels of 
ER stress‑related proteins in GYY4137 (donor of H2S)‑treated 
chondrocytes (CHs). CHs were isolated from the bilateral hip 
joints of male rats to examine mitochondrial permeability 
transition pore opening‑ and mTOR signaling pathway‑related 
proteins. The results demonstrated that tert‑Butyl hydroper‑
oxide (TBHP) increased CH apoptosis, and treatment with 
GYY4137 ameliorated TBHP‑mediated the generation of ROS 
and CH apoptosis. Moreover, TBHP‑treated CHs displayed 
elevated ER stress sensor expression levels and apoptotic rates; 
however, the TBHP‑induced protein expression levels were 
decreased following GYY4137 treatment. In the present study, 
treatment with either GYY4137 or transfection with GRP78 

siRNA both suppressed the activation of p‑P70S6k and 
p‑mTOR. H2S played an important role in regulating ER stress 
in TBHP‑stimulated CHs. GYY4137 promoted autophagy, 
which was accompanied by the inhibition of ER stress. On 
the whole, the present study demonstrates that TBHP‑induced 
oxidative stress stimulates ER interactions and CH apoptosis, 
which are suppressed by exogenous H2S via modulating the 
GRP78/mTOR signaling pathway.

Introduction

Osteoarthritis (OA) is a progressive disease, characterized by 
cartilage erosion, osteophyte formation, chronic low‑grade 
inflammation of the synovium and abnormal bone remodeling. 
Due to advances being made in analgesia and in arthroplasty, 
the survival rate of patients with OA has improved, and their 
quality of life has significantly improved. OA is not tradition‑
ally regarded as an inflammatory disease, although a number 
of studies have confirmed that oxidative stress affects the 
pathogenesis of OA (1). Oxidative stress is closely associated 
with vascular inflammation as reactive oxygen species (ROS) 
overproduction creates a pro‑inflammatory microenviron‑
ment and elevates inflammatory cytokine levels. The release 
of inflammatory cytokines into the synovial fluid stimulates 
the production of pro‑inflammatory cytokines, which could 
contribute to the pathology of OA (2,3).

Chondrocytes (CHs), the only cell type present in carti‑
lage, are responsible for the development of cartilage (4,5). 
CHs produce and maintain the extracellular matrix, which 
normally has a low turnover rate. The widespread use of 
non‑steroidal anti‑inflammatory drugs is accompanied by 
an increase in gastrointestinal reactions, which affects the 
survival of patients. To overcome bioavailability and stability 
issues, intra‑articular injections with small molecules are 
rapidly cleared from the joint within hours via synovial vascu‑
lature and larger macromolecules within days via synovial 
lymphatics (5‑7). However, drugs for OA have limited success 
and display challenges with obtaining effective drug loading 
and release profiles persist (8,9). Therefore, attenuating the 
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deleterious effects of oxidative stress on CHs may serve as 
a strategy with which to repair cartilage tissue, In particular, 
their application to oxidative stress mechanisms requires 
further investigation.

Increased ROS generation and unfolded protein responses 
(UPRs) in the CH microenvironment can activate endo‑
plasmic reticulum (ER) stress, and mitochondrial injury is 
associated with rat CH apoptosis (10‑12). ER stress in CHs 
plays an important role in the pathogenesis of OA. Studies 
have revealed that cells respond to ER stress by activating 
the UPR, a signaling network consisting of three primary 
molecular sensors, including eukaryotic translation initiation 
factor 2 α kinase 3, activating transcription factor‑6 (ATF6) 
and inositol‑requiring enzyme 1α (13‑15). Under physiological 
conditions, these proteins are associated with Bip or ER chap‑
erone protein glucose‑regulated protein 78 (GRP78) and are 
engaged in inactivation. Previous research has revealed that 
the transcriptional activity of GRP78 is significantly elevated 
up to 10‑25 fold during suffering from the stress response (16). 
There are 3 classical branches of the signaling pathway: PERK, 
ATF6 and IRE do not operate independently. They constitute 
an intricate signaling network and crosstalk dynamics decide 
cell fate with respect to survival or death following ER stress. 
All 3 pathways transduce information to repair the ER status 
and restore protein‑folding capacity in ROS‑exposed CHs. C 
EBP‑homologous protein (CHOP) gadd153 (or simply CHOP) 
is a transcription factor which is the most important in regu‑
lating the ER stress‑dependent apoptosis. In CHs in cartilage, 
ER stress can increase the expression of CHOP (16); thus, 
inhibiting ER stress may serve as a novel therapeutic approach 
for OA.

Hydrogen sulfide (H2S) has been proposed as a potential 
regulator of inflammation and is a novel signaling molecule with 
potent cytoprotective actions. Moreover, H2S is an endogenously 
produced gasotransmitter that has been reported to be involved 
in the inhibition of oxidative stress (17). The physiological and 
pathophysiological regulation of H2S in cellular function has 
received increasing attention. Compared with patients with 
rheumatoid arthritis, the concentrations of H2S in synovial fluid 
aspirates and plasma samples have been shown to be 2‑fold higher 
in paired patients with non‑inflammatory arthritis (18). GYY4137 
has been well‑known as a novel H2S donor with its multiple 
bio‑ activities (19‑21). The present study examined the effects 
of exogenous H2S on tert‑Butyl hydroperoxide (TBHP)‑induced 
ER stress mitochondria‑associated apoptotic signaling pathways 
in CHs, as well as the underlying mechanisms.

Materials and methods

Animals. A total of 40 male SD rats (weighing, 250‑280 g; age, 
8 weeks) were obtained from the experimental animal center 
of Harbin Medical University, and kept at the Key Laboratory 
Of Molecular Imaging (Harbin, China). Rats were acclimated 
for 7 days prior to the surgeries and were provided with unre‑
stricted access to food and water at room temperature (22‑26˚C) 
at 10‑30% humidity. Animals were performed according to 
guidelines approved by the Institutional Experimental Animal 
Care and Ethics Committee of Harbin Medical University 
(Harbin, China) and with approval from the Harbin Medical 
University Ethics Review Board.

Cell isolation and culture. All animal care and experimental 
protocols complied with the Guide for the Care and Use of 
Laboratory Animals of Harbin Medical University (Harbin, 
China). Rats were anesthetized with chloral hydrate (3.5%, 
350 mg/kg, i.p.). The bilateral hip joints of male rats were 
isolated immediately and washed thoroughly with normal 
saline and then immediately processed for biochemical and 
morphological analyses. Each bilateral hip joint was subjected 
to the following analyses: Cell viability, western blot analysis 
for ER stress pathway‑associated protein indexes, ROS 
activity, fluorescence staining and flow cytometric analyses. 
Primary CHs were isolated from the bilateral hip joints 
of the male rats using 0.25% trypsin for digestion lasting 
approximately 1 h at 37˚C and incubated with collagenase II 
(1.5 mg/ml) in DMEM at 37˚C and 5% CO2 for 6 h. The CH 
suspensions were then centrifuged at 250 x g 4˚C for 5 min 
and cultured at 37˚C and 5% CO2 in DMEM complete culture 
medium (10% FBS, 100 µg/ml streptomycin and 100 U/ml 
penicillin). To avoid the loss of phenotype, rat CHs were not 
used for >2 passages in the in vitro experiments. At the end 
of the experimental procedure, the animals were sacrificed 
by an i.p. injection of an overdose of sodium pentobarbital 
(100 mg/kg).

Reagents. GYY4137 (SML0100; chemical structure shown 
in Fig.  1A), tert‑Butyl hydroperoxide solution (416665), 
N‑acetylcysteine (NAC, A9165), chloroquine (CQ, C6628) 
were obtained from Sigma‑Aldrich; Merck KGaA. 
DMEM/F12 (SH30023.01), FBS and type II collagenases were 
purchased from HyClone; Cytiva. 2,7‑Dichlorofluorescein 
diacetate (DCFH‑DA) was purchased from Beyotime Institute 
of Biotechnology. Lipofectamine 2000, calcium green‑5N 
and ER‑tracker were both obtained from Invitrogen; Thermo 
Fisher Scientific, Inc. Primary antibodies [GRP78, #3177; 
ATF6, #65880; CHOP, #2895; phospho‑p70S6 kinase, #9208; 
p70S6 kinase, #2708; mammalian target of rapamycin 
(mTOR), #2983; phospho‑mTOR, #5536; SQSTM1/p62, 
#23214; LC3A/B, #4108] were provided by Cell Signaling 
Technology, Inc. and secondary antibodies (#SA00001‑1 and 
#SA00001‑2) were purchased from ProteinTech Group, Inc., 
respectively.

Cell viability assay. Cell counting kit‑8 (CCK‑8) assay was 
performed for the assessment of the cytotoxicity of GYY4137 
(100 µM, 0‑24 h) and TBHP (0‑50 µM, 0‑24 h) on CHs. A 
total of 10 µl CCK‑8 solution was added to each 96‑well plates 
(5x103 cells per well) and co‑incubated at 37˚C for 4 h. The 
absorbance was measured at 450 nm using a microplate reader 
(InfiniteM200, Tecan Group, Ltd.).

Calculation of half maximal effective concentration (EC50). 
GraphPad Prism 7.0 software was used for the calculation of 
the EC50 of GYY4137 in vitro. The fitted dose‑effect curve 
and EC50 value were generated and with automatic output 
following the inputting rate data of GYY4137 on chondrocytes 
and the setting of parameters on GraphPad Prism 7.0.

MTT assay. CHs (5x103 cells/well) were cultured in 96‑well 
plates and exposed to 0.4 mg/ml MTT diluted in complete 
DMEM for 4 h at 37˚C. Cells were washed with PBS and 
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allowed to air‑dry overnight. Formazan crystals were resus‑
pended in DMSO and absorbance was measured at 560 nm 
with background at  670  nm on a Cytation 5 plate reader 
(BioTek Instruments, Inc.).

Observation of intracellular ROS content. The microscopic 
observation of intracellular ROS and mitochondrial ROS 
was performed by the oxidative conversion of cell perme‑
able DCFH‑DA to fluorescent 2', 7'‑dichlorofluorescein 
(DCF) and MitoSOX (M36008, Invitrogen; Thermo Fisher 
Scientific, Inc.). CHs were divided into the control, TBHP, 
TBHP + GYY4137 and TBHP + NAC group, then stained 
with 10 µM DCFH‑DA solution or 5 µM MitoSOX at 37˚C for 
20 min in the dark. The mean fluorescence intensity (MFI) of 
DCF and MitoSOX from 4 random fields was observed using 
an imaging system (BX50‑FLA; Olympus Corporation) and 
analyzed using ImagePro Plus software (version 6.0, Media 
Cybernetics).

Measurement of superoxide dismutase (SOD) and catalase 
(CAT) activities. The Total Superoxide Dismutase Assay 
kit with NBT (Beyotime Institute of Biotechnology) and a 
Catalase Assay kit (Beyotime Institute of Biotechnology) were 
used to examine the activities of SOD and CAT as previously 
described (14). The activity results are expressed as U/mg 
protein.

Cell apoptosis analysis by flow cytometry. At least 104‑106 cells 
were analyzed by flow cytometry with the Annexin V/PI kit 
(BD Biosciences) using a Beckman Coulter MoFlo XDP. 
Briefly, the medium was removed and cells were treated with 
serum‑reduced medium (0.5% FBS) with GYY4137 (100 µM) 
or NAC (5 µM) for 24 h. Cells were suspended in 300 µl 

binding buffer, and then stained with Annexin‑FITC and 
propidium Iodide (PI). Positive controls for cell apoptosis or 
necrosis were indicated by staining with only Annexin‑FITC 
or PI (Beckman Coulter, Inc.). Cell apoptosis was counted 
using summit V5.2.0.7477 software.

Calcium retention assay. Calcium retention capacities of rat 
CH mitochondria were measured as previously described (16) 
with some modifications. Briefly, primary CHs were incubated 
with 0.25 M sucrose buffer for complex 1 without EGTA 
at 25˚C (room temperature). Extra‑mitochondrial calcium was 
visualized using a 500 nm excitation wavelength and emis‑
sion wavelengths of 530 nm with 1 µM calcium green ‑5N. 
Experiments were performed in the presence and absence of 
1.2 mM MgCl2 and 40 µM ADP, as well as 1 mM cyclosporine 
A (CsA), an inhibitor of the mitochondrial permeability transi‑
tion pore (MPTP). The probe reversibly binds to calcium ions. 
The inclusion of CsA allows for an increased Ca2+ retention 
capacity prior to induction of the mPTP and the subsequent 
release of Ca2+ from the mitochondria.

Caspase activity assays. Caspase‑3 activity was assessed 
using a colorimetric assay (ab39401, Abcam) according to 
the manufacturer's instructions. The activities of caspase‑3, 
caspase‑8 and caspase‑9 were determined using a Multiplex 
Activity Assay kit (ab219915, Abcam) according to the 
manufacturer's instructions with some modifications. The 
protocol in the following link was followed: https://www.
abcam.com/ps/products/219/ab219915/documents/Caspase‑3‑
Caspase‑8‑and‑Caspase‑9‑Multiplex‑Activity‑Assay‑protocol‑
book-v1d‑ab219915%20(website).pdf. The caspase‑3, ‑8 and ‑9 
substrates were at room temperature prior to the experiment. 
All controls and samples were assayed in triplicate. The cells 

Figure 1. GYY4137 (100 µM) reduces CH cell numbers without inducing apoptosis. (A) Chemical structure of GYY4137. (B) CH metabolic activity was 
analyzed by performing an MTT following treatment with GYY4137 dose range (EC50, 112.5±2.5 µM; n=4). (C) Quantification of CHs viability following 
treatment with different time with GYY4137 treatment. (D) Quantification of CHs viability following treatment with increasing concentrations of TBHP 
(E) Quantification of CHs viability following treatment with different time with 20 µM TBHP. (F) Quantification of CH viability following different dose 
of GYY4137 treatment following co‑incubation with or without TBHP 20 µM. Data are presented as the means ± SEM (n=3). (C‑F) *P<0.05 and **P<0.01 
vs. control. CH, chondrocyte; TBHP, tert‑Butyl hydroperoxide.
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were plated overnight in DMEM at 2x104/90 µl per well. Blank 
wells (DMEM without cells) contained 10 µl of compound 
buffer. To assay caspase‑3 activity in each well, assay loading 
solution was prepared by the addition of 50 µl of caspase‑3 
substrate to 10  ml of Assay Buffer. To assay tri‑caspase 
activity in the same well, a mixed assay solution was prepared 
by the addition of 50 µl of tri‑caspase substrate to 10 ml of 
assay buffer together. This was followed by the addition 
of 100 µl/well of solution directly into cell plates without 
removing DMEM at room temperature for 45 min. A micro‑
plate reader (InfiniteM200, Tecan Group Ltd.) was used to 
measure fluorescence at Ex/Em=535/620 nm (caspase‑3, red), 
Ex/Em=490/525 nm (caspase‑8, green), Ex/Em=370/450 nm 
(caspase‑8, blue).

GRP78 short interfering RNA transfection. GRP78 siRNA 
and scrambled siRNA (negative control) were designed and 
synthesized by Invitrogen; Thermo Fisher Scientific, Inc. 
(https://www.invivogen.com/sirnawizard/scrambled.php). The 
siRNA sequences were as follow: GRP78 target siRNA, 5'‑GAA​
AGT​ATA​CCT​CCA​GTT​TTT‑3'; and scrambled siRNA, 5'‑GTT​
CTA​ACG​TCT​ATG​ACA​TTA‑3'. siRNA targeting rat GRP78 
was dissolved in siRNA suspension buffer and transfected 
into the CHs at a concentration of 150 nM; scrambled siRNA 
served as a negative control. All transient transfections were 
initially standardized to improve knockdown efficiency and 
subsequently performed with 150 nM GRP78 siRNAs using 
Lipofectamine 2000 as per the manufacturer's protocol after 
6 h; transfection mixtures were replaced with regular medium. 
At 48 h following transfection, the cells were incubated with 
DMEM with or without TBHP for processing assessment of 
mitochondrial network and protein expression.

Western blot analysis. Total proteins from primary chondro‑
cytes were extracted with RIPA buffer containing protease 
and phosphatase inhibitors (R0010, Beijing Solarbio Science 
& Technology Co., Ltd.) on ice. The concentration of proteins 
was measured by bicinchoninic acid (BCA) protein assay 
(Beyotime Institute of Biotechnology, Inc.). Equal amounts 
of protein (50 µg) were separated by 10 or 12.5% SDS‑PAGE 
(PG112/PG113, EpiZyme, inc.) and transferred onto 0.22 µM 
NC membranes (P‑N66485, Beijing Solarbio Science & 
Technology Co., Ltd.). The membranes were blocked with 
5% dried skimmed milk in Tris‑buffered saline with 0.05% 
Tween‑20 (TBS‑T) for 1 h at room temperature with sustained 
shaking. The membrane was washed with TBS‑T 3 times then 
probed with primary antibodies (1:1,000) by incubation at 4˚C 
overnight. The following day, membranes were incubated with 
horseradish peroxidase (HRP)‑conjugated secondary anti‑
bodies (1:5,000) for 2 h at room temperature. Immunoreactivity 
was visualized using ECL reagent (Wanlei Biotechnology) 
using ChemiDoc™ MP Imaging System (Tanon Science & 
Technology Co., Ltd.). The densities of the bands were quanti‑
fied using a Bio‑Rad Chemi EQ densitometer and Quantity 
One software (Tanon Science & Technology Co., Ltd.).

Staining procedures and microscopic analyses. For ER 
staining experiments, 0.5 µl of ER‑tracker green DMSO stock 
solution (1 mM) was added into 2 ml of pre‑warmed DMEM 
incubated at 37˚C, 5% CO2 at room temperature for 30 min 

and washed with PBS solution 3 times. For Hoechst 33342/PI 
(CA1120, Beijing Solarbio Science & Technology Co., Ltd.) 
dual‑staining, CHs were firstly stained with Hoechst 33342 
(10 µM) for 30 min at 37˚C and then stained with PI (10 µM) 
for 5 min. Cells were observed under fluorescence microscope 
(DMI4000B, Leica Microsystems, Inc.) after washing with 
PBS.

Statistical analysis. Data are presented as the means ± the 
standard error of the mean (SEM) from at least 3 indepen‑
dent experiment replicates. One‑way ANOVA followed by 
a Holm‑Sidak test for post‑hoc analysis using Graph Pad 
Prism 7. A value of P<0.05 was considered to indicate a statis‑
tically significant difference.

Results

Effect of various concentrations of H2S on CH viability 
with or without TBHP. The effect of GYY4137 on rat CHs 
viability was analyzed by performing an MTT assay. The EC50 
(calculated using GraphPad Prism7) of GYY4137 in the CHs 
at 24 h was 112.5±2.5 µM (Fig. 1B). Treatment with 100 µM 
GYY4137 did not lead to any significant cytotoxicity from 
0 to 24 h, as shown by CCK‑8 assay (Fig. 1C). Stimulation 
with TBHP at 20 µM was selected to mimic oxidative stress 
associated with OA in the CHs, as TBHP has been reported to 
be more stable and long‑lasting as an oxidative stress inducer 
compared with H2O2 (22). TBHP stimulation led to a signifi‑
cant decrease in cell viability in a time‑dependent manner 
at the concentration of 20 µM (Fig. 1D and E), as shown by 
CCK‑8 assay. Moreover, GYY4137 reversed the decreased 
viability of CHs following co‑incubation with TBHP 20 µM 
(Fig. 1F). Collectively, these results indicated that treatment 
with 100 µM GYY4137 reduced the total number of CHs by 
inhibiting cell proliferation, and cell apoptosis contributed 
more to the reduction in the total cell number of CHs at toxic 
GYY4137 concentrations (>200 µM). Therefore, GYY4137 
at 100 µM and TBHP at 20 µM were selected for use in subse‑
quent experiments.

GYY4137 protects CHs from oxidative stress‑induced apop‑
tosis. To determine whether treatment with an antioxidant 
could attenuate the apoptotic effects of TBHP, chondrocytes 
were treated with NAC. NAC is a derivative of L‑cysteine that 
is well known for its ability to protects cells from ROS‑induced 
cellular senescence. The results demonstrated that both cyto‑
plasmic and mitochondrial ROS production were significantly 
increased in the TBHP group, an effect that was suppressed by 
GYY4137 or NAC treatment (Fig. 2A and B). Subsequently, 
SOD (Mn‑SOD) and CAT (mito‑CAT) activity in the mito‑
chondria of the CHs was detected to determine the mechanisms 
through which GYY4137 suppresses ROS production. TBHP 
inhibited Mn‑SOD and mito‑CAT activity, and this was attenu‑
ated by GYY4137 or NAC treatment (Fig. 2C and D). GYY4137 
markedly increased mitochondrial Mn‑SOD and mito‑CAT 
activity; therefore, it was hypothesized that exogenous H2S 
can suppress mitochondrial ROS production. Flow cytometry 
was conducted to detect CH apoptosis (Fig. 3A, C and D). 
The proportion of early and late apoptotic cells (necrosis and 
dead cells) was markedly decreased following treatment with 
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GYY4137 for 24 h, which suggested that GYY4137 reversed 
TBHP‑induced cell apoptosis (Fig. 3A, C and D).

Calcein/Co2+ staining was conducted to examine whether 
calcium‑dependent apoptosis induced by ER stress WAS 
mediated through the opening of mPTP. The results revealed 
that mitochondrial calcein in the cytoplasm decreased gradu‑
ally following TBHP stimulation and that GYY4137 or NAC 
treatment significantly inhibited mPTP opening at 24 h, while 
treatment with NAC did not lead to any significant difference 
compared with GYY4137 treatment (Fig. 3B and E). The anal‑
ysis of the activity of caspase‑3 illustrated the anti‑apoptotic 
effect of GYY4137 in the TBHP‑stimulated CHs. Treatment 
with GYY4137 decreased caspase‑3 activity compared with 
the TBHP group (Fig. 3F).

GYY4137 attenuates ER stress via the GRP78/mTOR signaling 
pathway. GRP78 is a key regulator of ER and previous 
research has reported that GRP78 overexpression aggravates 
ER stress (23). In the present study, siRNA against GRP78 
decreased the GRP78 expression levels by 80% compared with 
the control group (Fig. 4A and B), which demonstrated the 
transfection efficiency of si‑GRP78. Compared with the control 
group, DNA damage inducible transcript 3 (CHOP), GRP78 
and ATF6 levels were significantly increased in the TBHP 
group, but decreased in the GYY4137 group (Fig. 4C and D). 
Moreover, the results suggested that ER stress occurs in CHs, 
indicating the possibility of induction of a UPR‑like event. 
ER‑Tracker Green is highly selective for ER, consisting of 
the green‑fluorescent dye and glibenclamide (24). Following 

Figure 2. Effects of GYY4137 on hypoxia‑induced overproduction of reactive oxygen species in the mitochondria of CHs. Random micrographs of 
(A) DCFH‑DA and (B) MitoSOX‑derived fluorescence in CHs. Quantitative analysis of the mean fluorescence intensity was obtained in the indicated groups. 
Magnification, x200. (C and D) Effects of GYY4137 on superoxide dismutase and catalase activity in CHs. Data are presented as the means ± SEM (n=3). 
*P<0.05 vs. control; #P<0.05 vs. TBHP. CH, chondrocyte; DCFH‑DA, 2',7'‑dichlorofluorescin diacetate; TBHP, tert‑Butyl hydroperoxide.
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transfection with si‑GRP78, GYY4137 treatment protected 
the CHs against TBHP‑induced ER stress, as measured by 
ER‑tracker (Fig. 5A). Furthermore, the results demonstrated 
that the mean fluorescence intensity of ER‑tracker was 
increased in the CHs in the TBHP‑cultured group but was 
decreased following GYY4137 treatment for 24 h (Fig. 5B).

Chloroquine is an autophagy and Toll‑like receptor (TLR) 
inhibitor, which is used to lock the late stages of autophagy 
in in vitro studies (chloroquine inhibits autophagic flux by 
decreasing autophagosome‑lysosome fusion). Compared 
with the control group, the levels of p‑P70S6K/P70S6K 
and p‑mTOR/mTOR were significantly increased in the 
TBHP group. Compared with the TBHP group, the levels of 
p‑P70S6K/P70S6K and p‑mTOR/mTOR were significantly 
decreased following treatment with GYY4137, GRP78 siRNA 
or chloroquine. This suggested that GYY4137 suppressed the 
activation of the mTOR pathway induced by THBP through 
the inhibition of autophagy (Fig. 4E and F).

GRP78 knockdown leads to autophagy inhibition and cell 
dysfunction. The present study then determined whether 
GRP78 is necessary for increased ROS‑induced cell 
apoptosis following TBHP stimulation by using siRNA to 

silence of GRP78 in CHs. The CHs were transfected with 
si‑GRP78 to determine whether GRP78 was associated 
with GYY4137‑induced autophagy. The results suggested 
that microtubule associated protein 1 light chain 3α (LC3) 
II/I expression levels were increased in the GYY4137 group 
compared with the TBHP group. Compared with the control 
group, the expression levels of p62 were decreased in the 
TBHP group, which suggested the suppression of autophagy 
(Fig.  4G  and  H). The CHs displayed an increased LC3II 
expression in the GYY4137 group compared with the TBHP 
group (Fig. 4G. There was no marked increase in autophagy 
following treatment with GRP78 siRNA compared with the 
control cells (Fig. 5A, LC3B). These results indicated that H2S 
not only ameliorated autophagy, but also inhibited ER stress 
in a GRP78‑dependent manner. Hoechst 33342/PI staining 
revealed that the ratio of apoptosis (Hoechst) and necrosis 
(PI) in the CHs was reduced 24 h following transfection with 
siRNA targeting GRP78 compared with the TBHP group 
(Fig. 5C). As shown in Fig. 5D, the CHs displayed a marked 
decrease in caspase activity folowing treatment with GYY4137. 
Moreover, the caspase activity of CHs decreased with GRP78 
siRNA transfection, compared with the TBHP group. The 
results suggested that GRP78 activation was essential for 

Figure 3. GYY4137 protects CHs from oxidative stress‑induced apoptosis. (A, C and D) Cells were treated with 0 µM (control), 20 µM TBHP, 100 µM 
GYY4137 and 5 µM NAC for 24 h. Subsequently, cells were analyzed using a flow cytometer. Lower left quadrant, Annexin V‑/PI‑ (live cells); upper left 
quadrant, Annexin V‑/PI+ (mechanically damaged cells); upper right quadrant, Annexin V+/PI+ (late apoptotic or necrotic cells); lower right quadrant, Annexin 
V+/PI‑ (early apoptotic cells). The experiments were repeated at least 3 times. *P<0.05, significant difference vs. the control (n=4). (B and E) CHs were treated 
with 0 µM (control), 20 µM TBHP, 100 µM GYY4137 and NAC for 24 h. The mPTP opening was measured by staining with calcein‑AM and COCl2 (n=5). 
(F) Caspase‑3 activity in CHs. Data are presented as the means ± SEM. *P<0.05 vs. control, #P<0.05 vs. TBHP (n=3). TBHP, tert‑Butyl hydroperoxide; NAC, 
N‑acetyl cysteine; CH, chondrocyte; mPTP, mitochondrial permeability transition pore.
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the protective effects of H2S on the CHs under conditions of 
oxidative stress.

Discussion

OA, which leads to joint disorders, is a common disease 
that primarily affects elderly patients. For the past 20 years, 
intra‑articular treatment options for the management of OA 
have been limited to strategies that only provide symptomatic 
relief and are associated with serious adverse effects (25,26). 

Therefore, improving the therapeutic strategies is important to 
improve the efficacy of OA therapy. CHs are the unique cell 
type in the cartilage, which are implicated in multiple stresses, 
including oxidative stress, inflammation and ER stress. ER stress 
induces CH apoptosis, which is associated with the pathogen‑
esis of OA (27). GRP78 has been reported to serve as a critical 
mediator of ER stress, as demonstrated by decreased mTOR 
induction (28‑33). GRP78 was selected as a novel biomarker, 
as its level associated with cell process, cell integrity failure, 
and cell proliferation. In the present study, the suppression of 

Figure 4. GRP78 knockdown leads to autophagy inhibition and cell dysfunction. (A) Protein expression levels were measured by western blot analysis. The 
following groups were assessed: i) Scramble siRNA; and ii) Grp‑78 siRNA. (B) Densitometric results are expressed as a fold increase. (C) Protein expres‑
sion levels were measured by western blot analysis. The following groups were assessed: i) Control, normal DMEM; ii) TBHP; iii) TBHP + GYY4137, CHs 
pre‑treated with 100 µM GYY4137; and iv) TBHP + GRP‑78 siRNA, CHs transfected with 150 nM GRP‑78 siRNA for 48 h. The upper trace of each group 
displays representative blots of the respective proteins. The trace of each group displays representative blots of the respective proteins. (D) Densitometric results 
are expressed as a fold increase. (E) Protein expression levels were measured by western blot analysis. The following groups were assessed: i) Control, normal 
DMEM; ii) TBHP; iii) TBHP + GYY4137, CHs were pre‑treated with 100 µM GYY4137; iv) TBHP + GRP‑78 siRNA, CHs were transfected with 150 nM 
GRP‑78 siRNA for 48 h; and v) TBHP + CQ, CHs were treated with autophagic inhibitor CQ. The upper trace of each group displays representative blots of the 
respective proteins. (F) Densitometric results are expressed as a fold increase. (G) Protein expression levels were measured via western blotting. The following 
groups were assessed: i) Control, normal DMEM; ii) TBHP; iii) TBHP + GYY4137, CHs were pre‑treated with 100 µM GYY4137; and iv) TBHP + GRP‑78 
siRNA, CHs were transfected with 150 nM GRP‑78 siRNA for 48 h. (H) Densitometric results are expressed as a fold increase. *P<0.05 vs. control; #P<0.05 
vs. TBHP. TBHP, tert‑Butyl hydroperoxide; CH, chondrocyte; GRP78, 78‑kDa glucose‑regulated protein; siRNA, small interfering RNA; CQ, chloroquine.

https://www.spandidos-publications.com/10.3892/ijmm.2021.4867
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GRP78 was associated with increased mTOR levels (Fig. 4E), 
which is consistent with its role in cell autophagy (33).

In recent years, H2S has been recognized as a target in 
cardiovascular diseases, including diabetic cardiomyopathy, 
pulmonary arterial hypertension and atherosclerosis, but it 
is relatively novel in CHs. GYY4137, a H2S donor, releases 
H2S via hydrolysis both in  vitro and in  vivo, and exhibits 
prolonged biological activities, including anti‑inflammatory, 
anti‑autophagy, anti‑apoptotic effects  (18‑21). The present 
study aimed to evaluate the protective effects of H2S against 
OA‑induced CH ER stress, as well as the possible effects of H2S 
on oxidative stress. H2S is a useful antioxidant due to its radical 
scavenging abilities. Previous in vitro and in vivo studies have 
demonstrated that exogenous H2S can alleviate cell apoptosis in 
humans and animals. Both oxidative stress and ER stress have 
been associated with CH apoptosis in OA. However, whether 
H2S can protect CHs via suppressing ER stress‑induced apop‑
tosis is not yet completely understood.

The present study investigated whether H2S prevented apop‑
tosis by inducing oxidative stress in rat CHs, and also explored the 
possible underlying mechanisms. TBHP was used as an oxida‑
tive stress inducer instead of H2O2 due to its improved stability 

and longer lasting effects. TBHP has been widely applied in the 
investigation of the mechanisms underlying OA (31).

In the present study, it was hypothesized that exogenous H2S 
could protect cartilage against TBHP‑induced oxidative stress. 
The present study relied on the novel finding that GYY4137 
displays physicochemical properties that may be related to the 
inhibition of ER stress‑induced apoptosis (14,17,29) via the 
downregulation of the expression levels of CHOP, GRP78 and 
ATF6.

Previous studies have suggested another important role 
for the intrinsic or mitochondrial signaling pathway in trans‑
ducing a wide spectrum of death signals that originate both 
inside and outside the cells (4,15). The stimulation of these 
pathways is mediated by the translocation of death‑promoting 
proteins from the mitochondria to the cytoplasm, which initi‑
ates apoptosis via the activation of a class of cysteine proteases 
(caspases) (16,23). In the present study, GYY4137 treatment 
markedly decreased the activity of caspase‑3 and decreased 
the expression levels of p‑mTOR (Figs. 3F and 4E) following 
TBHP stimulation. The results suggested that treatment with 
exogenous H2S protected against caspase family activation and 
decreased TBHP‑induced CH apoptosis. Moreover, the results 

Figure 5. GYY4137 attenuates ER stress via the GRP78/mTOR signaling pathway. (A) Upper panel images: Cells were stained with ER‑tracker (green). 
Fluorescence was observed using a non‑confocal fluorescence microscope (magnification, x400). Middle panel images: The effect of GYY4137 and si‑GRP78 
on the number of apoptotic CHs was assessed by performing Hoechst/PI staining (magnification, x200). Lower panel images: The punctuate dots of a green 
fluorescent‑tagged LC3B protein in CHs following treatment with or without GYY4137 (magnification, x200). (B) Analysis of relative fluorescence intensity 
in CHs. (C) Quantification of Hoechst‑positive cells (as a percentage of total counted cells) and PI‑positive cells from 10 fields of view in 5 different areas. 
(D) The activity levels of caspase‑3, ‑8 and ‑9 in CHs by relative activity assay. Data are presented as the means ± SEM. *P<0.05 vs. control, #P<0.05 vs. TBHP 
(n=3). ER, endoplasmic reticulum; si‑, small interfering RNA; GRP78, 78‑kDa glucose‑regulated protein; CH, chondrocytes; LC3B, microtubule associated 
protein 1 light chain 3α.
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indicated that H2S inhibited TBHP‑induced ER stress via the 
apoptotic pathway (Fig. 5A and D). Exogenous H2S treat‑
ment and si‑GRP78 transfection protected the CHs against 
TBHP‑induced ER stress compared with the TBHP‑cultured 
group, as measured by ER‑tracker and the activity levels of 
caspase‑3, ‑8 and ‑9 (Fig. 5A).

Autophagy plays as a prominent role in improving cell 
survival. Previous studies have suggested that the interplay 
between autophagy and apoptosis is complex  (32). LC3 is 
initially synthesized in its unprocessed form, as evidenced by 
conversion of LC3I to LC3II. LC3II is localized in the autopha‑
gosome membrane and serves as a reliable protein marker 
of autophagy (34). The results of the present study suggested 
that the GYY4137‑mediated cytoprotective effects against 
TBHP‑induced oxidative stress may be due to its activation 
of autophagy via the GRP78/mTOR signaling pathway. The 
results indicated a protective role of GRP78 in CHs. Moreover, 
si‑GRP78 decreased mTOR phosphorylation, but successfully 
inhibited autophagy, leading to increased apoptosis and cell 
injury. GRP78 knockdown augmented apoptosis compared 
with the control group, but suppressed apoptosis compared 
with the TBHP group (Fig. 5C), suggesting the involvement 
of GRP78/mTOR‑dependent autophagy in cellular‑protection. 
However, the role of autophagy in OA is not yet completely 
understood, as it is a repair mechanism that is activated by mild 
stress and with increasing stress levels, apoptosis begins to occur.

A previous study demonstrated that miR‑495 targeted 
GRP78 and activated mTOR signaling to inhibit autophagy 
in multidrug resistant gastric cancer (GC) cells (33), whereas 
the present study demonstrated opposite results. First, the 
inconsistency between the results of the present study and the 
aforementioned previous study suggested that GC cells and 
CHs may be different cell types. Moreover, the inconsistency 
indicated that there may be an upstream microRNA modu‑
lating GRP78 at the post‑transcriptional level. In addition to 
activating mTOR and inhibiting ROS, H2S may be implicated 
in preventing apoptosis or inducing autophagy via modulating 
microRNAs, which should be investigated in future studies. The 
past quarter‑century has witnessed a tremendous expansion in 
the knowledge of H2S that is associated with anti‑apoptotic and 
anti‑oxidative mechanisms. It is worth noting that the develop‑
ment of H2S‑releasing drugs rarely translates into preclinical 
success. Thus, it would be important to not only identify the 
downstream signals of H2S, but also production of H2S in 
various types of cells under normal and disease conditions.
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